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Preface
From 1964 to 1999, one of the authors of this volume,
Dr. Nikolai Kobasko, worked at the Thermal Science and
Engineering Institute of the National Academy of Sciences
of Ukraine in Kyiv. At the institute, there were approximately
1,200 scientists and engineers working in all areas of ther-
mal science: heat conduction, radiation, thermal dynamics,
and fluid dynamics. In addition to the thermal sciences, Dr.
Kobasko placed a heavy emphasis on metallurgical science
and physics, as demonstrated in his book Steel Quenching in
Liquid Media Under Pressure, published in 1980.

The present book, Intensive Quenching Systems: Engi-
neering and Design, is an attempt to knit together three
disciplines: thermal sciences, metallurgy, and physics. The
cross-pollination of these disciplines shows the fundamental
correlations that exist between metallurgical processes and
the underlying thermal science. These correlations form the
foundation for more recent computer modeling of the com-
plex physical interactions that happen in the heat-treating
process.

Why is it important to read our book?
Knowing the fundamentals of the quenching processes,

the reader will be able to solve the following problems:
1. Calculating the cooling time (for dwell time in the intensive

quench for speed of conveyors, etc.) that will provide an opti-
mal quenched layer after intensive quenching of steel parts

2. Creating beneficial high compressive residual stresses at
the surface of steel parts, even when they are through-
hardened

3. Using the benefits of the “steel superstrengthening” phe-
nomenon to make higher-power-density parts

4. Developing synergies between the benefits from high
compressive residual stresses and the superstrengthen-
ing phenomenon to increase the fatigue life and service
life of steel parts significantly

5. Improving the environmental conditions in a factory by
switching from oil and polymer quenching to clean, fast
intensive quenching in plain water—thereby allowing the
incorporation of the heat-treating processes into the part
manufacturing cell

6. Optimizing distortion control in the quenching of steel
parts
In essence, this book is intended for use by both metal-

lurgists and mechanical engineers to assist them in their

work designing and implementing quenching systems. A crit-
ical component of any quench system is the quenchant. This
book is an effort to break down the quenching process into
many smaller, manageable increments and to examine the
dynamics present at surface of the part, as well as how each
phase of the quench and each phase in the material will
affect the end result.

This book will also be useful for undergraduate and
postgraduate students who are interested in learning more
about generalized equations for calculating the cooling time
of any configuration of steel parts and the duration of the
transient nucleate boiling process. Both generalized equa-
tions create a basis for quench system engineering design.

We will show that it is much easier to evaluate the gener-
alized Biot number (value of BiV) than to determine the Gross-
mann factor H (see Chapters 6 and 13). The use of the
generalized Biot number will allow the designer to get the
quenching process quickly into the proper “neighborhood,”
from where more sophisticated finite element and computa-
tion fluid dynamics (CFD) modeling (or actual part trials) can
fine-tune the process to its proper “home.”

The book examines the use of intensive water quenching,
IQ processes, to achieve the desired mechanical properties in
steel parts made with steel alloys of lower hardenability (and
presumably less expensive). Higher cooling rates and the
higher hardenability of the intensive quench process also
means that the carburization processing time can be reduced
(or eliminated). Since less carbon content is needed in the
carbon gradient, intensive quenching in water can achieve
the same hardness profile as oil-quenching a part that has
been carburized to a deeper total case.

In particular, this book discusses the development of
high compressive stresses on the part’s surface, both during
quench cooling (“current” compressive stress) and as resid-
ual compressive stress, through the establishment of a very
high (“intensive”) cooling rate, applied uniformly through
the martensite transformation range, and the control of dis-
tortion. The beneficial effects of these compressive stresses
on a part’s properties are also discussed. In addition, the
authors examine the relationship between hardness (and the
corresponding tensile strength, yield strength, and ductility)
and the management of residual stress profiles in the hard-
ened layer of the part to increase the fatigue life of the
hardened part.
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Introduction

This ASTM manual, Intensive Quenching Systems: Engineer-
ing and Design, contains 13 chapters. The primary focus of
this book is on highly forced heat transfer—that is, intensive
quenching (IQ) processes. Particular attention is paid to the
replacement of relatively expensive alloyed steels with less
expensive carbon steels for machine parts subjected to nor-
mal operating conditions. The use of carbon steels with
increased strength properties instead of alloyed steels will
provide opportunities for cost savings related to the reduc-
tion of alloying elements such as tungsten, nickel, molybde-
num, chromium, and others. In addition, IQ processes,
which are based on water and aqueous solutions, provide an
excellent and environmentally friendly alternative to petro-
leum quenching compositions. These various advantages are
accomplished through the use of the newly developed IQ
processes described herein.

Chapter 1 describes contemporary approaches of obtain-
ing high-strength materials. High-temperature and low-
temperature thermomechanical treatments are discussed, and
alternative methods of creating high-strength materials by
intensive quenching are considered. The primary focus of this
chapter and of the manual as a whole is to describe the attain-
ment of high-strength materials by intensive quenching within
the martensite range. It is emphasized that the combination of
high-temperature and low-temperature thermomechanical
treatments with accelerated cooling within the martensite
range significantly increases a part’s mechanical and plastic
material properties. It is shown that in some cases even inten-
sive quenching of low-carbon alloy steels by itself may
increase yield strength by 15 % and impact strength by 250 %.
Intensive quenching results in additional material strengthen-
ing and creation of high surface compressive residual
stresses—both of which increase the service life of steel parts.
IQ process technology is inexpensive and beneficial.

Chapter 2 is a study of transient nucleate boiling during
quenching of steel, which includes the self-regulated thermal
process. The main purpose of this chapter is to describe the
utilization of the duration of transient nucleate boiling as a
basis for designing quenching processes. The generalized
equation for the calculation of the duration of transient
nucleate boiling relative to the creation of IQ methods is dis-
cussed. Calculation and experimental results correlate well.
These processes are explained and illustrated by many prac-
tical examples used in the heat-treating industry.

Chapter 3 shows that the cooling capacity of quenchants
can best be characterized by the critical heat flux densities and
heat transfer coefficients during the three phases of cooling:
1. film boiling process
2. nucleate boiling process
3. single-phase convection
A new and preferred technique for determining the critical
heat flux densities is described.

Chapter 4 presents the criteria (dimensionless dependen-
cies) for the calculation of convective heat transfer coeffi-
cients with respect to steel quenching in directed water
streams and intensive jets. The primary focus is on intensive
quenching of steel parts in water flow, and calculation exam-
ples are provided. It is shown that very intensive quenching

of splined cylindrical specimens in pressurized water jets pre-
vents crack formation and increases surface hardness. The
results can be used for process and equipment design and
can be combined with other information provided throughout
this text to optimize quenching of steel parts.

Chapter 5 describes the generalized equation for calcula-
tion of the cooling time for bodies of arbitrary shape, based
on regular thermal condition theory. The generalized equa-
tion can be used for designing manufacturing processes and
calculation of conveyor speeds for quenching systems. This
information is obtained from simplified and rapid calcula-
tions and is required during the initial stages of design of
heat-treating and quenching systems for steel parts. The
equation makes it possible to calculate the ideal critical size
of steel parts of low-hardenability steels to provide an opti-
mal quenched layer and residual stress distribution. The
equation may also be used for the design of two-step inter-
rupted intensive quenching and two-step quenching proc-
esses combined with cryogenic treatment. Comparison of
the generalized equation with various analytical solutions
and calculation accuracy is discussed.

Chapter 6 describes Kondratjev form factors (K), which
are used in the generalized equations described throughout
this book. Also discussed are three methods for their deter-
mination: analytical, numerical, and experimental, which
have been developed for practical use. The results provided
here can be used for creating databases of Kondratjev form
factors suitable for use with different part geometries.
Throughout this discussion, there are literature references to
the development and use of Kondratjev numbers. Finally,
the determination of average heat transfer coefficients using
standardized probes is discussed.

Chapter 7 describes the distribution of transient and
residual stresses during steel quenching. It has been estab-
lished that high compressive stresses are formed at the sur-
face of parts quenched under conditions of intensive
cooling. It has also been shown that there exists an optimal
depth of the hardened layer where compressive stresses
reach their maximum value. The results introduced in this
chapter were used for the creation of three intensive
quenching methods designated IQ-1, IQ-2, and IQ-3. Due to
high residual compressive stresses at the surface, the service
life of steel parts has been significantly increased.

Chapter 8 describes the characteristics of steel quenching
under pressure. It has been shown that for conditions where
the Biot number Bi approaches infinity, it is possible to con-
trol the surface temperature during nucleate boiling. This
expands the potential for low-temperature thermomechanical
treatment (LTMT) and steel quenching in water under pres-
sure. Illustrations of the implementation of such processes are
provided. High-temperature thermomechanical treatment
(HTMT) is widely used for the mass production of rebars.
Information provided in this chapter suggests the possibility
of combining HTMT with LTMT and intensive quenching to
reduce production costs and increase service life. In addition,
these new technologies are environmentally friendly.

In Chapter 9, it is shown that intensive cooling within
the martensite range results in additional strengthening
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(“superstrengthening”) of a material, with simultaneous
improvement of its plastic properties. This phenomenon is
observed when the cooling rate within the martensite range
is higher than a critical value. There is also a different point
of view, according to which very fast cooling above the mar-
tensite start temperature results in additional strengthening
of metals due to “freezing of vacancies” formed during heat-
ing. Both hypotheses are presented in this chapter. The
mechanism of additional improvement of the material’s
mechanical properties is explained, as well.

Five intensive steel quenching methods, designated IQ-1
through IQ-5, are discussed in Chapter 10, and illustrations
of their application are provided. IQ processes result in the
creation of high compressive residual stresses at the surface
of steel parts and small tensile residual stresses at the core.
Such an optimal residual stress distribution created by inten-
sive cooling within the martensite range significantly increases
the mechanical properties of a material and improves its plas-
tic properties. Examples of the use of simplified calculations
are provided to aid in the design and application of intensive
quenching processes.

Chapter 11 describes the calculation of conveyor speed
for various kinds of conveyors and devices. These results are
particularly of interest for designers dealing with industrial
line construction.

Chapter 12 presents the rich experience of the use of IQ
methods in the United States and other countries. It has
been shown that, compared to traditional oil quenching, the
service life of steel parts after intensive quenching increases
by 1.5 to 2 times, or even more in some cases.

The final chapter analyzes heat flux densities and heat
transfer coefficients obtained by solving heat conduction
inverse problems. Current methods of solving inverse heat

conduction problems are described. These methods are
needed to study the initial period of the quenching process
and to determine the cooling characteristics of different
types of quenchants. The need for many industries to
develop standardized probes and methods for the quenchant
cooling capacity evaluation on the basis of solving inverse
heat conduction problems is discussed.

This manual contains results published previously in the
monograph “Steel Quenching in Liquid Media Under Pres-
sure” and results that were achieved by IQ Technologies, Inc.
(see Chapter 12), a company established in 1999 by Joseph A.
Powell (president), Dr. Michael A. Aronov (CEO), and Dr.
Nikolai I. Kobasko (COO), Fellow of ASM International
(FASM). Later, John Vanas (president of the Euclide Heat
Treating Company) built a furnace for batch intensive
quenching and became the vice president of IQ Technologies.
Due to their enthusiastic and creative work, IQ processes have
become familiar to a wide audience in the United States.

We would like to acknowledge the continued and vital
financial support of the Edison Materials Technology Center
(EMTEC) in Dayton, Ohio, for the development of IQ tech-
nology. Our thanks go to Dr. George E. Totten, FASM, for
the idea to write this book, his support, and his editing. We
also acknowledge prior fruitful cooperation with Prof. Hans
M. Tensi, FASM, and Prof. Bozidar Liščič, FASM, for their
contributions to the IQ processes, especially measurements
of their intensity. And finally, we would like to express spe-
cial appreciation to Deformation Control Technology, Inc.,
for its very fruitful cooperation, to many other U.S. compa-
nies with whom IQ Technologies has worked, and to Ukrain-
ian colleagues from the Thermal Science Institute of the
National Academy of Sciences of Ukraine and Intensive
Technologies, Ltd., Kyiv, Ukraine.
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1
Thermal and Metallurgical Basics of Design
of High-Strength Steels
N. I. Kobasko1

1.1 INTRODUCTION
The objective of heat treatment of metals is the creation of
high-strength materials by heating and quenching. It is often
recommended that alloy and high-alloy steels should be
through-hardened in petroleum oils or high concentrations
of aqueous polymer solutions and plain carbon, and that
low-alloy steels should be quenched in water. Petroleum oils
are used to reduce quench cracking and distortion of steel
parts during the through-hardening process. For this reason,
slow cooling is used, and expensive alloy elements provide
through-hardening. Oil quenching is most often performed
at low to moderate temperatures with generally acceptable
thermal gradients in the cross-sections of steel parts.

To increase the strength of parts, engineers often utilize
high-temperature or low-temperature thermomechanical treat-
ment. Typically, the potential use of intensive steel quenching
methods for alloy and high-alloy steel grades is not consid-
ered, because it is a widely accepted point of view that alloy
steels should be quenched very slowly within the martensite
range; this is commonly stated in various manuals and hand-
books on heat treatment of steels. In this book, the problem
of the creation of high-strength materials and minimizing
quench is addressed by the intensification of heat transfer
within the martensite range. So, what was previously discour-
aged is now used to achieve high-strength materials while
minimizing distortion.

To obtain a fundamental understanding of the physics
of processes occurring during intensive quenching of alloy
and high-alloy steels, the regularities involved in the quench-
ing of high-alloy steels will now be discussed. One of the fac-
tors exhibiting a significant effect on part distortion is the
formation of high thermal gradients in the cross-sections
during quenching.

This book describes a new approach in the quenching
technology of alloy and high-alloy steel grades [1], which
consists of the following:
• Intensive quenching is performed throughout the entire

quenching process, including the martensite tempera-
ture range.

• Intensive quenching is interrupted when an optimal
thickness of the outer quenched layer is formed.

• Intensive quenching results in the creation of high com-
pressive stresses at the surface of parts during the through-
hardening process.

• Intensive quenching within the martensite temperature
range creates a high dislocation density, resulting in
improvement of material strength.

• During intensive quenching, dislocations are “frozen”
and are not accumulated at the grain boundary, which
improves the plastic properties of the material.

• The creation of high dislocation density and high com-
pressive stresses within the surface layers increases the
service life of steel parts.
Intensive quenching provides the following benefits:

• Uses less expensive steels instead of more expensive
alloy and high-alloy steel grades

• Increases the hardness of the quenched surface by HRC
2–5, which in some cases provides for the elimination
of carburizing or a reduction of carburizing time

• Minimizes quench distortion
• Maximizes labor productivity
• Reduces the number of manufacturing operations
• Replaces expensive and flammable quench oils
• Provides for an environmentally friendly quenching process

Factors affecting the strength and service life of steel
parts will be considered in this book.

Intensive quenching provides additional opportunities
for high- and low-temperature thermomechanical treatment.
The first opportunity is the potential use of intensive quench-
ing of forged parts immediately after forging (direct forge-
quenching). The second is the delay of martensitic transfor-
mations with further low-temperature thermomechanical
treatment; this is of particular importance since intensive
quenching within the martensitic range is equivalent to low-
temperature thermomechanical treatment, which signifi-
cantly simplifies the manufacturing process. Detailed infor-
mation about high- and low-temperature thermomechanical
treatments is provided later in this chapter.

As stated above, material strengthening may be achieved
with intensive quenching and thermomechanical heat treat-
ment to achieve high strength and high plasticity. Both
approaches require process optimization to prevent quench
crack formation and to minimize distortion during rapid
quenching. This can be done by delaying transformation of
austenite into martensite during intensive quenching. Due to
the discovery of an unconventional phenomenon—that inten-
sive quenching prevents crack formation, decreases distor-
tion, and increases mechanical properties of the materials—
new opportunities are now available for heat treaters [1–3].

These problems are discussed in detail in many chapters
of this book. Chapter 2 contains a discussion of the so-called
self-regulated thermal process, which controls the tempera-
ture field and microstructure formation when the heat trans-
fer coefficient approaches infinity. This is obvious since at

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
1
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very large Biot numbers (Bi), that is, as Bi fi 1, the surface
temperature of steel parts is equal to the bath temperature.
Temperature field and microstructure formation control as
Bi fi 1 is discussed in Chapters 2 and 8. Application of
these quench process designs shows how agitated water
using jets and other means of controlling fluid flow can be
used to replace quench oils for agitated water for quenching
alloy steels. This issue is discussed in Chapter 4.

When the Biot number approaches an infinite value, the
heat transfer coefficient is very high, which means that there
will be significant temperature gradients inside the compo-
nent. Intensive quench process design to accommodate the
thermal stresses that are formed is discussed in Chapter 7,
where it is shown that during the intensive quenching process,
the formation of high surface compressive residual stresses is
used to prevent crack formation and increase service life.

It is also known that distortion can be decreased by pro-
viding uniform cooling around the quenched surface. When
steel parts are quenched in water, localized bubbles due to
steam formation appear around the surface, which signifi-
cantly deforms the temperature field and, as a result, causes
nonuniform microstructure transformation, resulting in unac-
ceptably large distortions. To decrease distortion, localized
film boiling must be eliminated, which will provide more uni-
form cooling. This is accomplished by optimizing the first crit-
ical heat flux density, which minimizes distortion. The critical
heat flux densities and methods of their optimization are dis-
cussed in Chapter 3.

To prevent quench cracking during intensive quenching,
it is important to provide compressive current and residual
stresses at the surface of steel parts. This can be done by
interruption of the intensive quenching process at a process-
and material-specific time to provide an optimal quenched
layer. The solution to this problem is described in Chapters
5, 6, and 7.

Maximum compressive stresses at the surface of steel
parts and very fast cooling of the optimized quenched layer
provide additional strengthening (superstrengthening) of steel,
which will result in increased service life. This issue is dis-
cussed in Chapter 9.

In Chapters 10, 11, and 12, new methods of quenching
are considered, and their benefits are shown using many
examples from the industry. Along with designing processes
to achieve highly strengthened materials, new methods of
simplified calculations are developed. Using CFD (computa-
tional fluid dynamics) modeling and analysis based on solv-
ing inverse problems (IP), the correctness and accuracy of
various intensive quenching processes are discussed. Thus,
the ideas presented in Chapter 1 can be widely extended.

This is the first book in which thermal science and heat
treatment of materials are discussed together. To increase
the applications of new quenching methods, several stand-
ards should be developed to facilitate the design of intensive
quenching technological processes. More information con-
nected with the intensive quenching processes and thermo-
mechanical heat treatment is available in [4–6].

1.2 FACTORS AFFECTING STRENGTH AND
SERVICE LIFE OF STEEL PARTS
The engineering strength of machine parts depends on the
grain size of the material and dislocation density. Fig. 1
shows the correlation of strength versus the number of
defects (dislocation density). With respect to the crystal

structure and interatomic forces, the theoretical strength of
the material can be determined by the following equation:

stheor �
G
2p

; ð1Þ

where G is the shear modulus.
The theoretical value of strength is greater by 100 to 1,000

times the actual strength. There are two ways to increase
strength:
1. create metals and alloys that are free of defects, or
2. increase the dislocation density,
as well as reducing the grain size and creation of fine car-
bides to impede movement of dislocations.

The minimum strength is determined by the critical dis-
location density. The dislocation density in annealed metals
is between 106 cm�2 and 108 cm�2. Currently, crystals have
been obtained that do not contain dislocations. In practice,
materials whose composition consists of soft metallic matrices
reinforced with filamentary crystals which are free of defects.

When the dislocation density of a material increases,
strength is increased as [7–9]:

rs ¼ r0 þ k1Gb
ffiffiffiffiffiffi
rD

p
; ð2Þ

where r0 is transverse stress before deformation (after
annealing); k1 is strengthening factor depending on the kind
of lattice and alloy composition; and b is Burger’s vector.

Grain boundaries are efficient barriers for the move-
ment of dislocations in metals. The finer grain, the higher
the metal strength. The dependence of yield limit upon the
grain size is described by the Hall-Petch equation [10].

rT ¼ r0 þ Kyd�1=2; ð3Þ
where d is grain diameter; r0, and Ky (strength factor) are
constant for every metal.

Fig. 1—Ultimate strength versus dislocation density in metal [1,3]:
1, theoretical strength; 2, strength of whiskers; 3, pure nonhardened
metals; 4, alloys hardened by hammer, heat treatment, and thermo-
mechanical treatment.
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Eqs 2 and 3 are the bases for all methods of hardening
metals and alloys: strain hardening, steel quenching, and
other treatments.

The following dependence has been established between
tensile strength and grain size [6]:

rB ¼ r0 þ KBd�1=2: ð4Þ
Tensile strength determines maximum loading capacity

of a part and is one of the basic characteristics of a metal
that determines its use. Theoretical aspects of the structural
sensitivity of the strength are considered in [11].

Tension tests with constant strain rate (e) show that the
strain force P during the process of plastic deformation at
first increases and then decreases. The engineering tensile
strength is a stress at the time when the maximum is
reached on the curve of P versus strain:

dP
de

¼ 0: ð5Þ

It is also important to take into account—in addition to
the yield strength, fracture strength, and tensile strength—
fatigue characteristics of the materials, such as fatigue
limit. Metal that is subjected to alternate loadings fails at
stresses that are much lower than the yield strength. The
accumulation of distortions in the lattice and development
of cracks under the action of repeated or alternating stresses
is called fatigue.

The maximum stress that does not cause failure under
infinitely large number of alternating loadings is the fatigue
limit. Fatigue limit is a very important characteristic of the
material. For example, it is possible to increase the fracture
strength of wire up to 350 kg f/mm2, while, at the same
time, the fatigue limit for experimental samples remains at
the level of 30–40 kg f/mm2. It is assumed that the main
cause of maintaining the endurance at low level while the
fracture strength increases is embrittlement [11].

Tempering of strained steel increases its cyclic strength.
The optimal temperature of tempering cold-drawn wire for
increasing the endurance strength is 150–200�C (300–390�F),
which corresponds to the maximum development of aging
processes. The cyclic strength increases due to the release of
residual stresses at tempering and strain aging, which exhib-
its unfavorable effects [11].

The experience of using high-strength materials has
shown that machine constructions or parts often exhibit brit-
tle failure suddenly at stresses less than the yield strength.
For this reason, to provide the reliability of constructions, in
addition to high yield strength and high fracture strength,
the material must exhibit high resistance to brittle failure.
For the determination of the resistance to brittle failure,
impact tests are often performed. The impact strength Af has
two components: Af ¼ Ab þ Ap, where Ab is the energy of
the deformation before the buildup of the crack, and Ap is
the energy of the crack propagation. At the brittle fracture,
Ap is approximately zero. At ductile fracture or semibrittle
fracture, the value of Ap is the main characteristic of the
metal viscosity. Some metals are susceptible to brittle frac-
ture when the temperature decreases. This phenomenon was
called cold brittleness.

Machine parts are subjected to gradual destruction due
to many other phenomena and processes of fatigue as well:
wear, corrosion, and so on. Resistance to these kinds of
destruction determines the service life of machine parts and

constructions. These issues are considered in detail in works
of Ivanova, Troschenko [12–14], and others.

The most efficient method with active effect upon the
structure of the material is plastic deformation of supercooled
austenite, which is implemented by means of thermomechani-
cal treatment [15,16]. This treatment yields a fine-grain austen-
ite structure. Methods of thermomechanical treatment can be
applied to steels during the time when supercooled austenite is
sufficiently stable so that decomposition of austenite in the
intermediary range, which is important as for the thermome-
chanical treatment, does not occur.

When designing the thermomechanical treatment, the
extent of deformation and time of maintaining a constant
temperature must be chosen so that the grains become as
fine as possible, which, according to Eqs 3 and 4, results in
strengthening of the material. The temperature of deforma-
tion must be selected so that dynamic or collective recrystal-
lization does not result in grain growth. It has been established
that while the temperature of deformation increases, the period
of recrystallization decreases.

The effects of the above-mentioned factors on the strength
and duration of the service life of steel parts are closely con-
nected with heating and cooling of the metal. Therefore, the
study of thermal and physical processes occurring during heat
treatment of steel parts is of practical importance.

1.3 ROLE OF PHASE TRANSFORMATIONS
DURING STEEL STRENGTHENING
1.3.1 Diffusion Transformations
of Supercooled Austenite
The heat treatment process consists of heating steel to the
austenitizing temperature and then cooling it by a particular
pathway to achieve the desired properties. In Fig. 2, the
crosshatched region is the area of optimal temperatures of
heating for hypoeutectoid (carbon content < 0.8 %) and
hypereutectoid (carbon content > 0.8 %) steels. Heating steel
parts above temperatures indicated in Fig. 2 is undesirable,
because higher temperatures result in increased austenite
grain growth, which leads to decreased mechanical proper-
ties. Also, at high temperatures, oxidation and decarburiza-
tion of the steel occurs. The total heating time prior to

Fig. 2—Austenitizing temperature versus carbon content in steel (A,
austenite; F, ferrite; P, pearlite; C, carbon content in % or cementite).
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quenching consists of time sı́ of heating to optimal tempera-
ture and holding (soaking) time sâ prior to the start of the
quenching process [15]:

stotal ¼ s�ı þ sâ: ð6Þ
Maintaining the total time at temperature prior to

quenching is necessary for completing phase transforma-
tions and equalization of phase composition due to diffusion
processes, which become slower with increasing alloy con-
tent. These issues are considered in detail in [17–19].

During the steel transformation process, ferrite-pearlite
mixes into austenite of hypoeutectoid steels and the grain
size becomes finer—which, according to Eqs 3 and 4, results
in the strengthening of material. The rate of grain refine-
ment increases with superhigh rates of heating and cooling
of metal. The first is achieved by surface heating of metal by
induction heating, and the second by the intensification of
heat transfer during quenching (intensive quenching). Dur-
ing intensive quenching, austenite is supercooled and its
transformation occurs not on the GSK (see Fig. 2) line but
at a lower temperature up to martensite start temperature,
which depends on the content of carbon.

Depending on the cooling rate, different phases are
formed, which are determined by TTT (time-temperature
transformation) and CCT (continuous cooling transforma-
tion) diagrams (Fig. 3). The characteristic critical point is
thermal hysteresis, which becomes apparent during heating
and cooling of metals and alloys. The greater the supercool-
ing of austenite, the finer the grain size. During grain refine-
ment, the energy is consumed for the formation of the
interface between the new and old phases. The total change
in free energy of the system during the formation of a new
phase (DF) is [20]:

DU ¼ �VDfV þ Sr; ð7Þ
where V is a volume of new phase; S is a surface area of
new phase particles; DfV is difference of free energy for one
unit of volume; and r is surface tension.

For ball-shaped nucleating centers, Eq 7 becomes:

DU ¼ � 4
3
pr3nDfV þ 4pr2nr ð8Þ

where n is the quantity of particles of a new phase; and r is
a radius of particles. As the size of particles of a new phase
increases, the first term of Eq 8 increases in proportion to
volume, and the second term increases in proportion to the
surface area. For small particles, the second term of Eq 8
prevails, and for large particles, its first term prevails.

Therefore, there exists a critical particle size determined by
the following condition:

dDU
dr

¼ 0; ð9Þ

or

rcr ¼ 2r=DfV : ð10Þ
This means that the new phase, when in equilibrium

with the old phase, should be in a more dispersed state
when the temperature is lower.

This approach is used in the practice when intensively
cooled to room temperature melted materials provide fine
microstructures and even nanomicrostructures [21].

The transformation starts with the formation of nucleat-
ing centers, and then crystals grow, at a rate depending on the
supercooling temperature, until they collide. Using the Kolmo-
gorov mathematical relationship for steel transformation, the
dependence of the phase volume transformation to transfor-
mation time, when the center formation rate is constant and
their growth rate is linear, is obtained from this equation [20]:

VðsÞ ¼ V0 1� exp � pnC3s4

3

� �� �
; ð11Þ

where V0 is initial volume occupied by the “mother phase”;
V(s) is the volume of the new phase that is appearing with
time s; n is the number of new crystallization centers; and C
is the rate of crystal growth. Eq 11 is related to the diffusion
processes of supercooled austenite transformation, which
occurs during pearlite formation. In the case where metal
cools at a rate exceeding a critical value, the austenite is
supercooled to the temperature at which the diffusion-free
process of transformation from austenite into martensite
occurs. Thus, during diffusion transformation in steel, the
grain size becomes finer with increasing supercooling of the
initial phase, and that results in steel strengthening.

1.3.2 Diffusion-Free Transformation in Steel
As discussed earlier, during the austenite–pearlite transfor-
mation, the leading role is played by carbon diffusion, and
during the austenite–martensite transformation, only the lat-
tice is reorganized without a change in the concentration of
reacting phases. Martensite is a hard solution of carbon in a-
iron with the same concentration in the initial austenite.
Since the solubility of carbon in a-iron is about 0.01 %, the
martensite is a supersaturated hard solution that results in a
tetragonal crystal structure [22–25].

The lattice parameters of martensite and austenite and
the ratio of tetragonal structure for the martensite lattice ver-
sus the carbon content of carbon steel are shown in Fig. 4.

The transformation of austenite into martensite has
shear cooperative character, and the martensite crystals in
steel are formed almost instantly, disregarding the tempera-
ture for about one ten-millionth of a second. Thus, Gulyaev
[22] notes that every plate is formed during the time interval
of about 1 3 10�7 s, and the entire portion of plates, con-
sisting of hundreds of thousands of crystals, in 1 3 10�3 s,
and afterward the transformation stops. During further cool-
ing, the transformation resumes as a result of the formation
of new portions of martensite, and so on [22,23]. The spe-
cific volume of martensite is much greater than the specific
volume of the initial phase of austenite, and therefore the
formation of martensite plates results in the appearance of

Fig. 3—Chart of isothermal decomposition of austenite for three
classes of steels [14]: (a) pearlite; (b) martensite; (c) austenite.
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inner stresses due to pulling-apart forces. Actually, the spe-
cific volume of different structural components of phases
can be determined by the following empirical equations [1]:

for ferrite:

Va ¼ 0:12708þ 5:5283 10�6T; ð12Þ
for austenite:

Vc ¼ 0:12282þ 8:563 10�6T þ 2:253 10�3C; ð13Þ
for martensite:

V�i ¼ 0:12708þ 4:453 10�6T þ 2:793 10�3C; ð13aÞ
and for carbide (Fe3C):

Vê ¼ 0:13023þ 4:883 10�6T; ð14Þ
where C is the mass concentration of carbon, and T is the
temperature in �C.

At room temperature, the specific volume of martensite is
greater than the specific volume of austenite by about 4 %.
It has been established that martensite transformation is the
main phase transformation in a solid body. Martensite trans-
formation in steels is a complicated process where a num-
ber of martensite phases are formed that differ from each
other by properties and lattice. Depending on the composi-
tion and heat treatment, four martensite phases—e0, e, w0, and
aı̀ (Fig. 5)—can be formed in steel. X-ray studies have shown
that the martensite transformations typically follow the
sequence [23]:

c ! e0 ! e ! c0 !!ai;

where: fi and !
! indicate cooling and heating correspondingly.

Intermediary martensite structures e0 and e with low energy
defects are observed in such steel alloys as iron-manganese-
carbon. In carbon steels and the majority of alloy steels with a
high energy of packing defects, there are no such structures,
and transformations are indicated by the scheme [23]:

c ! c
0 !
!aM or c ! ai:

Information about phase transformations occurring in
steels during heat treatment and cooling capacity of quen-
chants are available in [24–28].

Transformation of supercooled austenite into martensite
occurs over a specific temperature range, as indicated in Fig. 6.

The start (MS) and finish (MF) temperatures of martensite
transformations for a steel of a given composition are constant
when cooling rates are not large. Experimentally, it has been
shown that, for relatively low cooling rates, MS is constant if
the transformation temperature of austenite into martensite
under such conditions is cooling-rate independent and only the
transformation kinetics are affected. Below point MC in Fig. 7,
slower cooling results in a greater degree of transformations.
Here, MC is the temperature at the middle of martensite range
that doesn’t depend on the cooling rate of transformation.
When the temperature decreases below the MC temperature,
the slow cooling delays the transformation processes. In this
range of temperatures, intensive cooling results in more com-
plete transformation. Above MC, slow cooling results in martens-
ite transformation, and martensitic transformation is inhibited
because of the processes of stabilization.

When cooling rate increases, the MS temperature can
change. Thus, for steel having 0.5 % carbon, it has been

Fig. 4—Lattice parameters of martensite and austenite, and tet-
ragonal ratio of martensite lattice versus the carbon content of
carbon steel.

Fig. 5—Lattices of martensite phases in steel [23].

Fig. 6—Martensite start temperature (MS) and martensite finish
temperature (MF) versus content of carbon in steel.
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shown that MS was 370�C and remained the same until a
cooling rate of 660 �C/s, and when the cooling rate exceeded
16,500 �C/s, the MS increases almost linearly to 460�C; as the
cooling rate is increased further, the MS again remains con-
stant, as shown in Fig. 8. Increasing the total carbon content
shifts this curve to the area of lower temperatures [29,30].
Ansell et al. [29] reported that the dependence of the posi-
tion of martensite point MS on cooling rate is due to the
mechanism of athermal stabilization of austenite.

The character of the dependence of the position of the
martensite point for a number of steels versus austenite grain
size is shown in Fig. 9 [23]. Reducing the austenite grain size
from 200–300 lm to 20–30 lm results in the reduction of MS

for medium-carbon steel from 328�C to 303�C. In this case,
the initial rate of transformation increases. It has also been
established that high pressures do not significantly change the
initial martensite start temperature. For this reason, pressure
has not been used in practice for the control of phase trans-
formations. Using moderate pressures (up to 20 3 105 Pa), it
is possible to control the required surface temperature of
parts to be quenched in order to slow down or speed up the
transformation process of austenite into martensite for highly
forced heat transfer. This is important relative to the develop-
ment of new methods of steel strengthening.

There are two types of martensitic transformations: iso-
thermal and athermal, both of which exhibit specific kinetic

and morphological properties. Kurdyumov [31,32] notes that,
in different steels and ferrous alloys, martensite transforma-
tion can occur either with an outburst—when, during a very
short time, a significant number of martensite phases are
formed—or isothermally, which occurs if cooling stops and the
process is performed for a relatively long time and gradually
stops. For these cases, the morphology and substructure of
martensite crystals are different, which is observed by trans-
mission electronic microscopy (TEM) [31,32].

The explosion character of martensite transformations
results in the formation of a high density of dislocations in
steel. Thus, the study of hardened carbon steels containing
0.28 and 0.4 % carbon has exhibited one martensite needle
containing a dislocation lattice formed by series of straight
parallel dislocations. In this case, the dislocation density is
1011 cm�2 and greater [30,33]. In high-carbon steels contain-
ing 0.98–1.4 % carbon, a dislocation lattice was also found.
However, the dislocation density was so large that it is diffi-
cult to distinguish them even under high magnification.

The probability of self-tempering in high-carbon steels
after quenching is lower because of the lower MS tempera-
ture. Therefore it is difficult to explain the increase in the
dislocation density by the possibility of self-tempering of
martensite. This effect is likely due to the increase in specific
volume of martensite plates, which results in more intensive
processes of plastic strain of untransformed austenite, lead-
ing to a higher dislocation density. Indeed, in low-carbon
steels, the lower specific volume of martensite and higher
MS lead to a relatively low dislocation density of about
1011 cm�2. It has been noted that, for these steels, one
should expect greater redistribution and annihilation of dis-
locations formed at martensite transformation, resulting in
the reduction of their density [30].

These data show that diffusion-free martensite transfor-
mations are efficient means for forming high dislocation
density in steel, which results in significant improvement of
strengthening properties.

1.4 HIGH-TEMPERATURE
THERMOMECHANICAL TREATMENT (HTMT)
Various thermomechanical treatments of steel are widely used
in practice. The most widespread methods are high-temperature
thermomechanical treatment (HTMT) and low-temperature

Fig. 7—Martensite curve for intensive and slow cooling within the
range of martensite transformations: 1 – slow cooling; 2 – reduc-
tion of martensite due to stabilization; 3 – intensive cooling;
4 – increase in martensite due to isothermal transformation.

Fig. 8—Temperature of martensite start versus cooling rate [29]:
1, Fe – C – 0.5 % C; 2, Fe – C – 0.7 % C.

Fig. 9—Martensite start temperature point for a medium carbon
steel (1) and high carbon alloy steel (2) versus grain size [1,23].
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thermomechanical treatment (LTMT). The conditions required
to perform thermomechanical treatment and cooling are deter-
mined based on the CCT and TTT diagrams for the steel alloy
of interest.

CCT and TTT diagrams are invaluable. For example,
they are used for the calculation of optimal conditions to
cool steel parts. CCT and TTT diagrams are also used to
select quenching processes, determine steel hardenability,
and calculate residual stresses. Typically, kinetics of isother-
mal transformations of supercooled austenite are presented
as coordinates of transformation temperature versus isother-
mal soaking times required to provide a given degree of
decomposition. Fig. 10 shows TTT diagrams for steels with
different carbon contents. Fig. 11 shows CCT diagrams for
selected steel grades.

Thermomechanical treatment consists of heating, defor-
mation, and cooling (in various sequences), resulting in the
formation of high density dislocation imparted by plastic
deformation [15,24,26]. The particular process to be used
must provide the optimal and most efficient method of plas-
tic deformation and the best scheme of joint implementation
of heat treatment and plastic deformation. Classification of
different schemes of thermomechanical treatment, their
analysis, and generalization based on experimental studies
have been reported by Bernshtein [15].

LTMT consists of heating steel to a temperature above
AC3 and then cooling it at a rate greater than the critical
cooling rate to the temperature range of high stability of
supercooled austenite, holding at this temperature, deforma-
tion of supercooled austenite within the range of its high sta-
bility, and further quenching (the AC3 temperature in
hypoeutectoid steel is the temperature at which transforma-
tion of ferrite into austenite is completed upon heating).
Supercooling is necessary for suppressing the recrystallization
process. The HTMT process consists of austenitizing, deforma-
tion, quenching, and final operation of low-temperature
tempering.

The principal difference of HTMT from heat treatment
after rolling or forging is the suppression of the recrystalliza-
tion process during HTMT, where a specific structural state is
formed with the higher dislocation density and the position
with respect to the formation of branched sub-boundaries.
HTMT improves the plastic properties of a material, and
LTMT improves its strength properties. HTMT eliminates the
development of reversible temper brittleness within the dan-
gerous range of tempering, produces higher impact strength
at room and low temperatures, increases the impact strength
by 1.5 to 3 times, significantly reduces the ductile–brittle tran-
sition temperature (DBTT), and decreases the potential for
crack formation during heat treatment.

LTMT is preferably applied for high-alloy steels having
1–7 % chromium, 1–5 % nickel, and other alloys. When per-
forming LTMT on carbon wire (steel U7A [AISI 1070], U10A
[AISI W1]), highly complex mechanical properties (Rm up to
3,000 MPa) are obtained. For steel 40KhS (AISI 5140), the
fracture strength Sk was 2,400 MPa; at the same time after
conventional heat treatment for the same hardness, the frac-
ture strength was 1,550 MPa. It has been established that in
some cases due to LTMT, impact strength increases, the incli-
nation for temper embrittlement is not reduced, and there is
no effect on the temperature of transition from viscous
destruction to brittle destruction. It has also been reported
that the amount of retained austenite increases in the case
of LTMT [15].

One mechanism for improving strength characteristics
of steel after LTMT is the formation of a high density of dis-
locations in austenite. The interaction of dislocations with
carbon atoms in martensite is another mechanism of steel
strengthening due to LTMT. Japanese investigators have
noted that, in the process of LTMT, the dislocation density
formed reaches values of 1012–1013 cm�2, resulting in higher
strength [33].

The presence of carbides in steel provides obstacles to
the movement of dislocations [26]. Bernshtein has noted
that the most universal explanation of the nature of steel
strengthening during LTMT focuses on the changes in the
dislocation structure of austenite during its deformation and
further transfer of these changes to martensite. However,
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Fig. 10—Time of isothermal transformation versus temperature
for different steel grades: (a) steel 30 (0.29 % C), heating to
1,000�C; (b) steel 60 (0.62 % C), heating to 900�C; (c) steel U9
(0.88 % C), heating to 780�C.

Fig. 11—CCT diagrams: (a) steel 45 (AISI 1045); (b) steel U8 (AISI
1080); (c) steel U12 (AISI W1).
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even this mechanism is not comprehensive, because it is not
possible to explain the changes in mechanical properties of
steel during tempering after LTMT without considering car-
bide reactions in some steels [15,16].

HTMT may be used in conjunction with intensive quench-
ing of forgings. Forgings are usually annealed, and forging
heat is rarely used in practice, resulting in higher manufactur-
ing costs. Moreover, the opportunity for additional strengthen-
ing by utilizing this heat to conduct HTMT is typically lost.
The potential of utilizing forging heat with HTMT to provide
additional strengthening will now be considered based on pre-
viously published work of Bernshtein [15,16].

High-temperature thermomechanical steel treatment is
the process of heating to the temperature of stable austenite,
at which time the steel is deformed and immediately
quenched to obtain martensite (Fig. 12). The final conven-
tional operation is low-temperature tempering. The deforma-
tion temperature for HTMT is normally above the AC3. A
combination of hot pressure treatment of steel with heat
treatment has been studied, but primarily from the point of
view of reducing costs for repeated heating due to quench-
ing or normalization.

The principal difference between HTMT and rolling heat
treatment lies in the creation of conditions of high-temperature
plastic deformation and subsequent quenching under which
the development of the recrystallization process is suppressed
and a structural state is created that is characterized by a
higher density of dislocations and their location with the crea-
tion of branched sub-boundaries. This process also produces
distinctive mosaic properties of steel after HTMT. With respect
to the probable orientational effect of substructure elements
upon the final steel structure after quenching, it is important
to select the optimal kind of deformation for thermomechani-
cal treatment for each part.

When comparing HTMT and LTMT, it is often emphasized
that it is difficult to prevent the development of recrystallization

at high temperatures, and due to this, it is necessary to
make some special improvements in technology. To obtain
a high complex of mechanical properties, it is necessary to
achieve not only the high specific density of dislocations
but also their optimal configuration (distribution). Grange
and Mullhauser established that the higher the tempera-
ture of austenitizing is, the slower the process of recrystal-
lization after the plastic deformation becomes [34]. This
fact is of great importance for HTMT. It is also well
known that the process of recrystallization depends on the
degree of deformation (see Fig. 13). The effect of the ini-
tial grain size (heating temperature) upon the recrystalliza-
tion time is shown in Fig. 14.

When using HTMT, one cannot always suppress the
recrystallization processes completely, either because condi-
tions of technology do not allow quenching immediately after
the deformation or due to higher temperatures at which the
plastic deformation occurs. To what extent does the process of
partial recrystallization during treatment result in the reduc-
tion of the effect of strengthening in the case of HTMT?

It has been shown that it is necessary to suppress recrys-
tallization completely to obtain the best result from HTMT
[15–17]. However, partial recrystallization during earlier

Fig. 12—Scheme of high-temperature thermomechanical steel
treatment (HTMT).

Fig. 13—Time necessary for full recrystallization at various
degrees of 51V60 steel deformations with heating at 2,200�F
(1,200�C), rolling at 1,700�F (930�C), and recrystallization at 1,400–
1,800�F (760–1,000�C) [15].
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Fig. 14—The effect of the initial grain size (heating temperature)
upon the recrystallization for AISI 51B60 steel at 1,500�F (820�C):
1, after heating at 927�C, grain size ASTM 7; 2, after heating at
1,200�C, grain sizes ASTM 4–5 [34].
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stages results in an insignificant reduction in strengthening.
It has been established that the initial stages of recrystalliza-
tion exhibit a positive influence upon not only plasticity but
also fatigue strength. As for recrystallization, there is an
accompanying reduction in the yield limit [15].

1.4.1 Influence High-Temperature
Thermomechanical Treatment Parameters
on Mechanical Properties of Steels
In laboratory experiments and industrial tests of HTMT, differ-
ent methods of deformation have been used: rolling of rods,
strips, or bands; forging; closed and open stamping; extrusion;
pressing with a pressing lathe; dragging; torsion; high-speed
deformation (by explosion). The methods that proved to be
the most effective are rolling, stamping, and forging. For
HTMT, the steel grades used in the countries of the former
USSR are: 40 (AISI 1040), 45 (AISI 1045), U9 (AISI 1090),
40Kh (AISI 5140H), 40KhN (AISI 3140), 30KhGSA (AISI
5130), 50KhG (AISI 5150), 60S2 (AISI 9260), 55KhGR (AISI
5155H), 65G (AISI 1566), ShKh15 (AISI 52100), 9Kh (AISI L2),
and P18 (AISI T1), among others.

Reduction of the deformation temperature (and its
approach to the AC3 temperature) always exhibits a favorable
effect on the increase in strength due to HTMT. However, it
is necessary to consider the slower recrystallization proc-
esses as the austenitizing temperature increases. Therefore, it
is advisable to austenitize at high temperatures and to
deform at temperatures close to the AC3 temperature.

The effect of HTMT on the fracture strength Sk and
plasticity for steel 30KhGSA (AISI 5130) in the case of ten-
sion at –320�F (–195�C) is shown in Fig. 15.

The most significant improvement of mechanical proper-
ties is achieved in the case of HTMT with a relatively low
degree of deformation (25–40 %). Further increase in the
degree of deformation does not yield an additional increase in
strength, and changes in plastic characteristics reach the stage

of saturation even at 40–50 %. The latter values of deforma-
tion degree are the limits advisable for HTMT (see Fig. 16).

The effect of carbon on strength in the case of HTMT
is analogous to the effect of conventional heat treatment:
strength increases with carbon content. Although plasticity is
known to decrease with increasing carbon content, with
HTMT this tendency occurs to a lesser extent. Brittle fracture
occurs sooner than expected if the carbon content is high. The
optimal carbon content for steel subjected to conventional
heat treatment is about 0.4 %; for steel subjected to HTMT, it
is about 0.5 %. In the case of vacuum steel melting and if steel
is made of especially pure charge materials, this limit value is
shifted higher since the plastic strength increases.

The advantage of HTMT is that higher values of plastic-
ity are obtained up to a maximum carbon content of about
0.6 %. In this case, the shear strength is high, and it is possi-
ble to obtain a high strength of martensite when the carbon
content is high (see Fig. 17) [15].

The effect of carbon appears in the fixation of dislocation
structure of strengthened austenite and also in changes in dis-
location structure of austenite during plastic deformation for
thermomechanical treatment (increase in the dislocation den-
sity and changes in the character of dislocation distribution).
The addition of carbon exhibits a drastic effect on the increase
in dislocation density of steel subjected to HTMT.

1.4.2 Machine-Construction Steels
At United States Steel Laboratories, Grange and his col-
leagues [34] investigated the application of HTMT for steels
possessing the following compositions:
A. 0.26 % carbon, 0.52 % nickel, 1.32 % chromium, 1.0 %

molybdenum, 0.35 % vanadium
B. 0.57 % carbon, 1.16 % nickel, 1.07 % chromium, 0.26 %

molybdenum
C. 0.87 % carbon, 4.95 % nickel, 2.07 % manganese

Fig. 15—Effect of high-temperature thermomechanical treatment
upon the break strength Sk and plasticity for steel 30KhGSA (AISI
5130) in the case of tension at –320�F (–195�C): 1, conventional
heat treatment; 2, thermomechanical treatment [15].

Fig. 16—Strength (while the plasticity is constant) and plasticity
(while the strength is constant) versus degree of deformation for
steel 55KhGR (AISI 5155) in the case of high-temperature thermo-
mechanical treatment [15].
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D. 0.41 % carbon, 1.90 % nickel, 0.82 % chromium, 0.28 %
manganese

E. 0.25 % carbon, 0.59 % nickel, 0.73 % chromium, 0.27 %
vanadium
It has been shown by investigations that mechanical and

plastic properties of machine construction steels increase
after high-temperature thermomechanical treatment [34].

Kula and Lapata [35] studied 4340 steel (0.39 % carbon,
1.75 % nickel, 0.8 % chromium, 0.23 % molybdenum) during
open melting and showed that HTMT resulted in significant
strengthening (increasing the yield limit by 25 %). In this
case, plasticity and viscosity in the high-strength state are
very high [34,35] and the temperature where cool fracture
occurs decreases, and there is a decreased potential for frac-
ture during tempering (see Fig. 18). The correlation among
values of strength, plasticity, and viscosity on longitudinal
and transverse samples after HTMT is the same as after
conventional heat treatment; impact strength after HTMT

significantly increases, especially in low-temperature tests, in
the area of threshold of brittleness.

There is essential improvement of properties of steel
4340 after HTMT at 1,550�F (845�C), with 75 % pressing out,
even in the quenched state (without tempering): while the
yield limit after conventional heat treatment is 1,370 MPa, after
HTMT it goes up to 1,770 MPa. This is probably connected with
the increase in the plastic strength due to the high-temperature
thermomechanical treatment. The authors of [15,36,37] have
made the conclusion that HTMT can be successfully applied for
the production of strips, sheets, and wire.

1.5 LOW-TEMPERATURE THERMOMECHANICAL
TREATMENT (LTMT)
Low-temperature thermomechanical treatment (LTMT) is
shown schematically in Fig. 18. To perform low-temperature
thermomechanical heat treatment, it is necessary to super-
cool austenite to 400–500�C, where it should be deformed to
a certain degree that has the designation kdf. Transformation
at this time should be delayed, and supercooled austenite
should be stable. For this purpose, as a rule, high-alloy steels
are strengthened by this method. This is an expensive process
that is rather complicated to perform. It will be shown here
that intensive quenching can replace both low-temperature
and high-temperature thermomechanical treatment.

The process of LTMT requires a delay of the transforma-
tion of austenite into martensite during quenching. This is
especially important when applying intensive quenching. Dur-
ing intensive quenching, the surface temperature decreases
rapidly to the bath temperature, while temperature at the core
remains very high. Immediately at the surface, a brittle mar-
tensitic layer is formed, which precludes mechanical deforma-
tion (see Fig. 19(a)).

To successfully design a low-temperature thermome-
chanical treatment, it is necessary to delay transformation of
austenite into martensite during the intensive quenching
process (see Fig. 19(b)). This may be accomplished by utiliz-
ing the self-regulated thermal process (to be described in
detail in subsequent chapters of this text) [38,39]. It is
known that a delay of the transformation of austenite into
martensite can be fulfilled by using appropriate pressure or
water salt solutions [1,38].

Until now, LTMT has been used for high-alloy steels,
where supercooled austenite remains when cooling at a low
rate up to 400–500�C. Unfortunately, this cannot be per-
formed for low-alloy and plain carbon steels. That is why
LTMT is not widely used in practice.

1.6 THE USE OF THERMOMECHANICAL
HEAT TREATMENT
The steel grade 30KhN2MA (AISI 4330), with a chemical
composition of 0.27–0.34 % carbon, 0.3–0.6 % manganese,
0.17–0.37 % silicon, 1.25–1.65 % nickel, 0.6–0.9 % chromium,
0.2–0.3 % molybdenum, 0.05 % titanium, and less than 0.3 %
copper is widely used in the industry. The mechanical prop-
erties of steel 30KhN2MA (AISI 4330) after conventional
heat treatment and thermomechanical treatment with the
deformation in the area of stable and metastable austenite
are presented in Table 1. Table 1 shows that ultimate
strength Rm, after kdf ¼ 70, increases by 11 % compared with
the conventional heat treatment. Similar results are provided
in Table 2 for 40KhNM steel. Note that in all cases, after the
thermomechanical treatment or conventional quenching, the

Fig. 17—Rm and Z versus carbon content: 1, high temperature
thermomechanical treatment; 2, conventional quenching [15].

Fig. 18—The scheme of low-temperature thermomechanical
treatment.
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final operation was tempering at 210�F (100�C) for 4 hours.
More information connected with the degree of deformation
and tempering temperature is provided in Table 3.

It is important to compare HTMT after oil and water
quenching because of the difference in cooling rate. As fol-
lows from Table 1, after thermomechanical treatment in
water, tensile strength increased by 4.6 % when deformation
was 85 % and by 20 % when deformation was 70 %. This
means that a high degree of deformation decreases the
effect of HTMT. Obviously, there exists an optimal degree of
plastic deformation for the HTMT process where the effect
is maximal. Final conclusions can be made after analyzing
more experimental data. However, it is worth keeping in
mind that combining thermomechanical treatment with the
intensive quenching can provide improvement of mechani-
cal properties of more than 20 %. Such tendency is clearly
seen from Table 1.

There is an improvement of 4340 steel properties after
high-temperature thermomechanical treatment at 1,550�F
(845�C) with 75 % deformation even just after quenching
(without tempering).

Data given in Table 2 show that HTMT facilitates the
attainment of high mechanical properties. In addition, the

LTMT (which also possesses significant process difficulties)
has an advantage over HTMT for high strength only for
chrome-nickel steel with 0.4 % carbon. For steel with lower
carbon content, like 30KhN2M steel, the increase in the
strength after high-temperature and low-temperature thermo-
mechanical treatment was almost the same. Advantages of
thermomechanical treatment relative to conventional heat
treatment regarding plastic strength in high-strength condi-
tions has also been shown [40–43].

It should be noted that cooling from the austenitizing
temperature to the metastable area, when applying LTMT,
must be sufficiently rapid to avoid the formation of ferrite
and, after deformation, the cooling should be fast enough to
prevent the formation of bainite (see Fig. 20(a)). The
strength achieved as a result of LTMT increases as the defor-
mation temperature is decreased, presumably because of the
greater strain hardening induced in the austenite. In any
case, the temperature chosen should be low enough to avoid
recovery and recrystallization, but high enough to prevent
bainite from forming during the deformation. The amount
of deformation is a most important variable. One of the
most significant trends is that, for many steels, the ductility
actually increases with increasing deformation, although this

Fig. 19—Scheme of incorrect (a) and correct (b) low-temperature thermomechanical heat treatment (LTMT).

TABLE 1—Mechanical properties of steel 30KhN2MA (GOST 4543 (71) or approximately AISI
4330) after conventional heat treatment and thermomechanical treatment with the deformation
in the area of stable and metastable austenite [15]

Treatment

In water In oil

Rm (MPa) Z (%) A (%) Rm (MPa) Z (%) A (%)

Thermomechanical treatment from 1,650�F (900�C) with kdf ¼85 % 2,007 9.8 5.7 1,919 9.9 6.3

Conventional heat treatment from 1,650�F (900�C) 1,864 9.3 5.3 1,777 10.0 7.0

Thermomechanical treatment at 1,020�F (550�C), kdf ¼70 % 2,060 9.2 5.7 1,716 10.4 7.4

Note: Composition of 30KhN2MA steel: 0.27–0.34 C; 0.3–0.6 Mn; 0.17–0.37 Si; 0.6–0.9 Cr; 1.25–1.66 Ni; 0.2–0.3 Mo; <¼ 0.1 Al; <¼ 0.3 Cu; <¼ 0.05 Ti.
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only becomes significant at deformations above 30 % reduc-
tion in thickness.

As might be expected, steels subjected to heavy deforma-
tion during LTMT exhibit very high dislocation densities (up
to 1013 cm�2), formed partly during deformation and partly
during the shear transformation to martensite [42]. The
deformation is usually carried out in the temperature range
(500–600�C) in which alloy carbides would be expected to
precipitate, so it is not surprising that fine alloy carbide dis-
persions have been detected by dark field electron micros-
copy [30,42].

On transforming deformed austenite to martensite, it is
likely that at least part of the dislocation substructure, together

with the fine carbide dispersion, is inherited by the martensite
(see Fig. 20b). The martensite plate size has been shown to be
very substantially smaller than in similar steels given a straight
quench from the austenitizing temperature [42,43].

Several factors must contribute to strength, because no
one mechanism can fully account for the high degree of
strengthening observed. However, it seems likely that the
major contributions are from the very high dislocation den-
sity and the fine dispersion of alloy carbides associated with
the dislocations [43]. It should also be added that the fine
precipitate particles can act as dislocation multiplication cen-
ters during plastic deformation. The martensitic transforma-
tion is an essential part of the strengthening process, as it

TABLE 2—Mechanical properties of steel 40KhNM (AISI 4140) after conventional heat treatment
and thermomechanical heat treatment (TMT) [15]

Heat Treatment Rm (MPa) Z (%) A (%)

I TMT at 1,650�F (900�C), kdf ¼ 85 %, oil quenching 2,416 9.8 5.8

Conventional oil quenching from 1,470�F (800�C) 2,243 9.7 6.3

II TMT at 1,020�F (550�C) (in salt), kdf ¼ 81 %, oil quenching 2,629 9.6 7.3

TMT at 1,020�F (550�C) (in air furnace), kdf ¼ 81 %, oil quenching 2,586 9.9 7.4

Many-stage oil quenching from 1020�F (550�C) 2,261 4.3 3.9

Note: Composition of 40KhNM steel: 0.38–0.45 C; 0.50–0.80 Mn; 0.17–0.37 Si; 0.80–1.20 Cr; 0.15–0.25 Mo.

TABLE 3—Mechanical properties of steel 55KhGR (AISI 5155H) with respect to conditions of
thermomechanical treatment and tempering [15]

Tempering temperature Degree of deformation, kdf (%) Rm (MPa) Rp0.2 (MPa) A (%) Z (%) HRC

210�F
(100�C)

0 1,759 — 0 4.5 59.5

15 1,666 — 0.9 8.5 51.0

25 1,803 — — — 63.0

50 2,391 — 2.25 13.8 62.0

75 2,068 — — — 62.0

390�F
(200�C)

0 1,749 — 0 5.9 59.0

15 2,293 1,779 — 8.9 58.5

25 2,352 1,745 — 14.0 59.0

50 2,352 1,725 5.6 18.0 58.5

75 2,254 1,705 2.5 9.0 59.0

480�F
(250�C)

15 2,107 1,808 2.57 13.0 53.0

25 2,107 1,835 4.6 20.0 53.0

50 2,097 1,825 3.2 19.0 53.5

75 2,068 1,797 4.0 21.0 55.0

570�F
(300�C)

0 1,833 — 2.0 9.5 43.8

15 2,019 1,735 3.7 14.0 50.0

25 2,029 1,803 5.0 25.0 51.0

50 1,960 1,725 4.12 24.0 52.0

75 1,989 — 3.20 22.0 53.7
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substantially increases the dislocation density and divides
each deformed austenite grain into a large number of mar-
tensitic plates, which are much smaller than those in conven-
tional heat treatments. It is also likely that these small plates
have inherited fine dislocation substructures from the deformed
metastable austenite [42,43].

One can expect that combining HTMT with LTMT leads
to a significant increase in the mechanical and plastic

properties of a material. The scheme of the combined proc-
ess is shown in Fig. 18. To support this, examine the data
presented in Table 4. When applying LTMT (35 % deforma-
tion) combined with the quenching in oil for martensite, ten-
sile strength is 2,550 MPa and elongation is 8 %; the scheme
of such a process is shown in Fig. 20(a). When applying
HTMT (35 % deformation) combined with the quenching in
oil for martensite, tensile strength is 2,500 MPa and elonga-
tion is 7.5 %; this process is shown in Fig. 20(b). However,
prevention of martensite transformation (see Fig. 20(c) and
Table 4 bottom) decreases the mechanical properties of
steel. For example, when applying isoforming transforma-
tion, the tensile strength is only 1,370 MPa and elongation is
5 %. This conclusion is very important for developing high-
strength materials based on the self-regulated thermal proc-
ess that is considered in Chapter 2. Especially, that is related
to improvement of tools made of alloy high-carbon steels
where the martensite start temperature is within 120–180�C.
This kind of steel process, shown in Fig. 20(a), can be easily
performed providing fast cooling both in the pearlite and
martensite ranges. Draper [44] came to the conclusion that
HTMT and tempering steel at 200�C makes possible an
increase in the erosion resistance of the steel by more than
five times.

The influence of HTMT involved approximately 20–60 %
deformation in the temperature range of about 1,000–1,150�C
and conventional quenching of W-Mo-V high-speed steel was
investigated by the authors of [15,45]. The HTMT—comprising
austenitizing at 1,190�C, drop forging at approximately 1,000–
1,150�C, and tempering at 540�C—may be employed for mak-
ing particular tools from 12�0�2þC high-speed steel. The
authors of [45] underlined that the method can be recom-
mended for the manufacture of parts of gear-cutting hobs. It is
possible also to use HTMT for parting-off tools and other high-
speed steel tools of simple geometrical shapes. The method,
with deformation by hot rolling, is suitable for the manufac-
ture of twist drills, rebars which are usually hot rolled [43,65].

The positive effect of HTMT (rolling at 1,650�F/900�C
after cooling from 2,200�F/1,200�C at the rate of 1.5 �C/min
and 20–30 % deformation and with the further tempering at
390�F/200�C, 705�F/375�C, 1,020�F/550�C, and 1,200�F/
650�C) upon the impact strength for 30KhGSA steel is
shown in Fig. 21. After tempering at 390�F (200�C) and
705�F (375�C), the number of impacts before fracture
increased by a factor of three, while after tempering at
1,020�F (550�C) and 1,200�F (650�C) the number of impacts
increased only by a factor of 1.5. Due to HTMT, brittle

Fig. 20—Schematic diagrams of thermochemical treatments: (a) aus-
forming low-temperaturemechanical treatment; (b) high-temperature
mechanical treatment; (c) isoforming transformation [43].

TABLE 4—Results of tests with chrome-nickel-molybdenum steel of 50KhN4M after
thermomechanical treatment in different conditions (after austenitizing at 1650�F/900�C) [15]
Deformation temperature Degree of deformation (%) Next treatment Rm (MPa) Rp (%) A (%) Z (%) ak (J/cm2)

— — Oil quenching 2,350 1,720 6 9 20

1,650�F (900�C) 90 2,650 1,860 9 22 20

1,650�F (900�C) 35 2,500 1,670 7.5 17 35

930�F (500�C) 35 2,550 1,720 8 18 30

1,650�F (900�C) 35 Isothermal heat
treatment

2,060 1,470 5 8 15

930�F (500�C) 35 1,370 980 5 14 20
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fracture between grains in the zone of advanced develop-
ment of cracking was suppressed. After HTMT, a crack exits
within the body of the grain (the same as after tempering in
the brittleness zone); after conventional heat treatment, the
crack was observed between boundaries of austenite grains.

The effect of HTMT upon the structure and properties of
50KhN4M steel was also investigated [15,18]. Samples of 20
by 20 by 65 mm were deformed up to 80 % (see Fig. 22) in a
hydraulic press at 1,650�F (900�C), and then some samples
were immediately quenched in oil and others were heat-treated
isothermally for 2 hours at a bath temperature of 610�F
(320�C). After high-temperature and low-temperature thermo-
mechanical treatment, the steel was tempered at 210�F (100�C).
Table 3 shows that HTMT provides high strength and plasticity.
For a relatively low deformation degree (35 %), properties after
HTMT and LTMT are almost the same. Some reduction of val-
ues of the yield limits after HTMT with 10–30 % deformation
(and also the change in the plasticity) is probably connected
with non-monotonous changes in the amount of residual aus-
tenite (see Fig. 22), which reaches the maximum at low degrees
of deformation in the case of HTMT.

For 55KhGR (AISI 5155H) steel, it has been established
that HTMT produces a stable strengthening effect. Thus, con-
ducting high-temperature short-time tempering at 1,110�F
(600�C) for 30 minutes with hardness 32–34 HRC after
HTMT and then quenching after short-time heating (4
minutes at 1,620�F/880�C in salt bath, oil cooling) and tem-
pering at 480�F (250�C), the properties achieved will exceed
those obtained immediately after HTMT and tempering at
the same temperature.

1.7 THERMOMECHANICAL TREATMENT OF
SPRING STEELS AND SOME CHARACTERISTICS
OF THE PROCESS
Spring steel is a low-alloy, medium-carbon steel with a high
yield strength. This allows objects made of spring steel to
return to their original shape despite significant bending or
twisting. Silicon is the key component to most spring steel
alloys. An example of a spring steel used for cars would be
AISI 9255 or Russian steel 55S2, containing 1.5–1.8 % sili-
con, 0.70–1.00 % manganese, and 0.52–0.60 % carbon. Most
spring steels (as used in cars) are hardened and tempered to
about 45 HRC [46,47]. The thermomechanical heat treat-
ment of spring steels increases their quality significantly.

The effect of the deformation degree after HTMT is
shown in Table 5. An increase in mechanical properties is
still achieved after HTMT with 25 % deformation (with the
use of hot rolling) [15,48].

HTMT for steels of 55S2, 55S2Kh, and 55S2M grades elim-
inated fragile fracture and significantly improved the mechani-
cal properties (see Figs. 23 and 24 and Tables 6 and 7). While
the deformation degree increases up to 50 %, strength does
not significantly increase, and the further increase to 75 %
deformation results in decreased strength, which may be con-
nected with more intensive development of recrystallization
processes in the steel that is highly deformed.

It appears that HTMT reduces the strength-lowering
effect of tempering [10]. For example, high-temperature ther-
momechanical treatment of steel and subsequent tempering
within the range of 400–750�F (200–400�C) increases the
fracture strength by 340–390 MPa and the yield strength by
more than 390–490 MPa compared to steel subjected to con-
ventional heat treatment. It is believed that maintaining high
mechanical properties after HTMT with the increase in the
tempering temperature is related to the stability within the
thin structure formed.

Shukyarov and Paisov [48] established that after high-
temperature thermomechanical treatment of 55S2 steel alloyed
with chromium, molybdenum, tungsten, and vanadium, the ulti-
mate strength and yield strength are increased by 150–300 MPa
and the plasticity is increased 1.5 to 3 times. It is said that the
higher the austenization temperature (900–1,050�C), the higher
the plasticity after tempering at 350–400�C.

An important conclusion can be made concerning the
recrystallization process of deformed austenite. The recrys-
tallization of the steel occurs comparatively rapidly in the
process of HTMT. With an increasing degree of deformation
and temperature, the process of recrystallization increases,
too, and is accelerated. When 55S2 steel is alloyed with chro-
mium, molybdenum, and vanadium, the rate of recrystalliza-
tion decreases four to ten times. That favors the use of
HTMT for parts of considerable size [48].

Figs. 25 and 26 show that for a steel grade having 0.59 %
carbon and 2.62 % silicon, when subjected to HTMT with 70 %

Fig. 21—The number of impacts until the fracture of specimens
made of 30KhGSA (AISI 5130H) steel versus the tempering tem-
perature in the case of (1) conventional heat treatment and (2)
thermomechanical treatment. Rolling is at 1,650�F (900�C) after
cooling from 2,200�F (1,200�C) at the rate of 1.5 �C/min and with
25–30 % deformation [15].

Fig. 22—Effect of the deformation degree upon the amount of
residual austenite for 50KhN4M steel. Cooling after deformation
is at 1,650�F (900�C) in oil [15].
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deformation at 1,740�F (950�C) for one pass, the fracture
strength increases up to 2,350–2,450 MPa and fatigue limit
increases more than 300 MPa. For the same high-temperature
thermomechanical treatment with the same deformation, but
for two passes, it is 2,650–2,700 MPa. Fatigue stress test data
for steel having 0.62 % carbon and 2.16 % silicon are given in
Fig. 26. The limit strength for the steel used in Fig. 26 after
conventional heat treatment is very low.

1.8 COMBINING THERMOMECHANICAL
TREATMENT WITH THE INTENSIVE QUENCHING
PROCESS COULD BE VERY BENEFICIAL
There are not enough data providing the impact of intensive
quenching combined with the thermomechanical treatment
(TMT) process on mechanical properties of a material. This
is because the TMT process is used mostly for alloy steels to
make low-temperature thermomechanical treatment reliable.
As a rule, alloy steels are quenched in oil.

Let’s compare the mechanical properties of AISI 5140
steel with those of AISI 1040 steel, both subjected to TMT.
The AISI 5140, after TMT, was quenched in oil; the AISI
1040 was quenched in water. The martensite start tempera-
ture for both steels was about 350�C. The heat transfer

coefficient of oil within a range of temperature of 100–
350�C is 300 W/m2K, and the heat transfer coefficient within
the same interval for water is about 4,000 W/m2K due to the
boiling process, which occurs above 100�C. This means that
the cooling rate within the martensite range differs signifi-
cantly between the two.

The equation for cooling rate evaluation, depending on
heat transfer coefficients, is well known [1,49]:

v ¼ abKn
D2

ðT � TmÞ; ð15Þ

where v is the cooling rate in �C/s; a is the thermal diffusivity
of a material in m2/s; b is the coefficient depending on the
configuration of steel parts; Kn is the Kondratjev number (a
dimensionless value); D is size (diameter or thickness) in m; T
is temperature in �C; and Tm is bath temperature in �C.

For a cylindrical 10-mm specimen, when quenching in
oil (300 W/m2K) and water (4,000 W/m2K), the Kondratjev
numbers are 0.05 and 0.4 [1]. According to Eq 15, the cool-
ing rate within the martensite range in cold agitated water is
eight times faster than with the still oil.

Let’s see how the mechanical properties of alloy steels,
subjected to TMT and quenched in oil, differ from the

TABLE 5—Effect of the deformation degree in the case of
high-temperature thermomechanical treatment upon mechanical
properties of 55S2 steel (AISI 9255) (with tempering at
480�F/250�C, austenitizing temperature 1,760�F/960�C) [15,48]
Steel grade kdf (%) Rm (MPa) Rp (MPa) A (%) Z (%)

55S2
(AISI 9255)

Usual Fragile fracture

25 2,256 2,010 5 10

50 2,276 2,020 7 9

75 2,158 1,982 6 10

55S2Kh Usual Fragile fracture

25 2,433 2,207 9 18

50 2,492 2,266 9 18

75 2,453 2,246 10 19

55S2M Usual Fragile fracture

25 2,394 2,178 8 25

50 2,472 2,256 7 20

75 2,423 2,207 8 27

55S2V 0 2,158 1,942 4 10

25 2,453 2,246 13 26

50 2,550 2,286 10 24

75 2,472 2,256 12 25

55S2FM Usual 2,256 2,040 5 12

25 2,472 2,256 9 18

50 2,531 2,286 8 18

75 2,492 2,266 9 20
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mechanical properties of plain carbon steel, subjected to
TMT and quenched in cold water. It is well known that alloy-
ing increases the mechanical properties of steel consider-
ably, depending on the content of the alloying elements [50].
The chemical composition of steels AISI 1040, AISI 5140,
and 40KhN is presented in [51].

The data in Table 8 are averages for tests with three,
five, or more specimens. The deviation of stress values is
within 2–3 %. In all cases, heating at a constant temperature
before quenching is for 10 minutes. Below the lines, the data
correspond to conventional heat treatment in oil. The data
above the line correspond to properties obtained by high-
temperature thermomechanical treatment.

The mechanical properties of AISI 1040 steel subjected
to HTMT and quenched in cold water have more advantages
as compared with AISI 3140 steel subjected to HTMT and
quenched in oil (see Tables 8 and 9).

For example, the yield strength of AISI 1040 steel (see
Table 9) after TMT with quenching in water and tempering
at 600�C is 883 MPa. The yield strength of AISI 5140 steel
(see Table 9) after TMT with quenching in oil and tempering
at 600�C is 804 MPa. The elongation of AISI 1040 steel after
TMT with quenching in water and tempering at 600�C is 17
%; the elongation of AISI 5140 steel after TMT with quench-
ing in oil and tempering at 600�C is 16.5 %. This comparison
shows that yield strength of AISI 1040 steel is better by 10 %
compared with AISI 5140 steel quenched in oil during the
TMT process.

As is seen from Table 10, AISI 5140 steel contains 0.8–
1.1 % chromium and about 0.3 % Ni. Instead of that, its yield
strength is less by 10 % than that of AISI 1040 steel
quenched in water. The same tendency remains for AISI
5140 steel that was additionally alloyed with 0.63 % tung-
sten. In this case, the alloyed steel yield strength was 863
MPa and elongation was 16 %. However, plain carbon steel
that went through the TMT process but was quenched in
water has a yield strength of 883 MPa and elongation of 17 %
(see Tables 8 and 9). It looks like it is possible to save 1 % chro-
mium, 0.3 % nickel, and 0.6 % tungsten by combining TMT
with accelerated cooling within the martensite range.

To be sure that conclusion is correct, the author [15]
compared mechanical properties of AISI 5140 steel quenched
in oil with those of the same steel quenched intensively in
water. More information on intensive quenching is provided
in [52]. It appears that intensively quenched AISI 5140 steel
has better mechanical properties, especially impact strength,
which is increased 1.5 to 2 times (see Table 11). It follows
also that the higher the martensite start temperature is, the
higher are the mechanical properties of steel. For example,
yield strength after intensive quenching of AISI 4118 steel is
14 % higher and the impact strength increases 2.4 times [52].
With increasing martensite start temperature, the cooling rate
within the martensite range, according to Eq 15, increases in
direct proportion to the increased temperature. There is no
doubt that a high cooling rate within the martensite range
can increase the mechanical properties of steel significantly.
This issue is discussed in detail in Chapter 9.

1.9 THE PROBLEMS ARISING DURING STEEL
HEAT TREATMENT
It follows from the above discussion that, for increasing the
strength properties, service life, and reliability of steel parts, it
is necessary to minimize grain size to the extent possible and
to form a high density of dislocations. This is achieved by
thermomechanical treatment and intensification of heat trans-
fer processes during phase transformations, and as a result,
austenite is cooled to lower temperatures so that finer struc-
ture is formed. This is related to diffusion processes. The
intensification of heat transfer processes in the range of

Fig. 23—Mechanical properties of 55S2 steel upon tempering tem-
perature after high-temperature thermomechanical treatment
(deformation degree of 50 % and austenitizing at 1,760�F/960�C):
1, high-temperature thermomechanical treatment; 2, conven-
tional heat treatment [15].

Fig. 24—Mechanical properties of 55S2V steel versus tempering
temperature after high-temperature thermomechanical treatment
(deformation degree of 50 % and austenitizing at 1,760�F/960�C):
1, high-temperature thermomechanical treatment; 2, conven-
tional heat treatment [48].
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martensite transformations is related to the propensity for
quench cracking, distortion, and unfavorable distribution of
residual stresses. For this reason, it is often recommended
that quenching should be performed intensively in the pearl-
ite or intermediary areas, and slowly within the martensite
range.

TABLE 6—Tempering effect upon mechanical properties of 55S2M steel for high-temperature
thermomechanical treatment and conventional heat treatment [48]

Tempering Rm (MPa) Rp (MPa) A (%) Z (%) Tempering Rm (MPa) Rp (MPa) A (%) Z (%)

480�F
(250�C)

2,472a

F.F.b
2,256
F.F.

7
F.F.

20
F.F.

750�F
(400�C)

2,220
2,000

2,080
1,860

7.5
8

33
27

570�F
(300�C)

2,472
2,158

2,256
1,962

7
4

22
12

840�F
(450�C)

1,870
1,700

1,760
1,610

8
9

34
28

660�F
(350�C)

2,354
2,109

2,217
1,923

7.5
6

27
20

930�F
(500�C)

1,750
1,550

1,640
1,450

9
10

34
28

Notes:
a Above the line are properties in the case of high-temperature thermomechanical treatment (kdf ¼ 50 %); below the line are properties in the case of
conventional heat treatment.
b F.F. ¼ fragile fracture.

TABLE 7—Fracture strength for 55S2M steel after tempering [15,48]

Heat treatment

Rp0.005 (MPa) after tempering at:

570�F 660�F 750�F 840�F 930�F

(300�C) (350�C) (400�C) (450�C) (500�C)

High-temperature thermomechanical
treatment

1,372 1,500 1,509 1,548 1,450

Conventional heat treatment 1,303 1,333 1,362 1,352 1,176

Fig. 25—Mechanical properties for steel having 0.59 % C and 2.62 %
Si after treatment in different conditions: 1, without deformation,
quenching at 1,740�F (950�C), and tempering at 390�F (200�C) for
1 hour; 2, deformation at 70 % for one pass, quenching from
1,740�F (950�C), and tempering at 390�F (200�C) for 1 hour; 3, defor-
mation at 70 % for two passes, quenching from 1,560�F (850�C), and
tempering at 390�F (200�C) for 1 hour [15,48].

Fig. 26—Fatigue strength for steel samples having 0.62 % C and
2.16 % Si after treatment in different conditions: 1, without
deformation, quenching from 1,740�F (950�C), and tempering at
570�F (300�C) for 1 hour; 2, 85 % deformation for two passes,
quenching from 1,740�F (950�C), and tempering at 570�F (300�C)
for 1 hour [10,42].

CHAPTER 1 n THERMAL AND METALLURGICAL BASICS OF DESIGN OF HIGH-STRENGTH STEELS 17



There are many quenchants that possess these proper-
ties. Among them are aqueous polymer solutions, various
kinds of oils with additives that intensify the process of cool-
ing at high temperatures, and others. Unfortunately, for

most quenchants, reducing cooling rates within the martens-
ite range also reduces cooling rates at high temperatures,
which relates to the reduction of hardenability of steel parts.
For increasing the depth of the hardened layer and

TABLE 8—Mechanical properties of 40Kh (AISI 5140) and 40KhN (AISI 3140) steel in the case of
different treatment

Steel grade Processing conditions Rm (MPa) Rp (MPa) A (%) Z (%)

40KhN TMT, kdf ¼ 40 %, oil quenching from 1,650�F (900�C),
tempering at 1,200�F (650�C) for 1.5 h

927
785

795
613

16
23

65
55

40KhN
þ0.3 % Mo

Same 1,069
868

956
716

16
22

58
63

40KhN
þ0.63 % W

Same 996
834

863
633

16
21

63
63.5

40Kh Improvement, cool riveting (k ¼ 35 %), oil quenching
from 1,560�F (850�C), tempering at 750�F(400�C) for 1.5 h

1,432
1,207

1,418
1,158

17
10

47
44

40Kh Same, tempering at 930�F (500�C) 1,118
1,010

1,015
873

11.5
14

51.5
45

40Kh Same, tempering at 1,110�F (600�C) 917
829

804
746

16.5
17

68
60

Note: The data above the line correspond to properties in the case of high-temperature thermomechanical treatment, and data below the line correspond
to properties in the case of normal (conventional) heat treatment.

TABLE 9—Mechanical properties of AISI 1040 steel for heavy rolling
with 19-mm diameter in the case of high-temperature thermome-
chanical treatment and conventional heat treatment

Tempering Rm (MPa) Rp0.2 (MPa) A (%) Z (%) ak (J/cm2)

390�F (200�C) 1,972
1,422

1,570
1,246

7.0
2.0

40.0
16.0

35
30

570�F (300�C) 1,766
1,628

1,472
1,511

7.5
7.0

39.0
35.0

30
40

750�F (400�C) 1,373
1,177

1,226
1,099

8.5
8.5

53.0
50.0

80
85

930�F (500�C) 1,324
1,001

1,177
883

11.0
12.0

55.0
60.0

105
120

1,110�F (600�C) 991
785

883
667

17.0
16.0

60.0
60.0

130
200

Note: The data above the line correspond to properties in the case of high-temperature thermomechanical
treatment, and data below the line correspond to properties in the case of normal (conventional) heat
treatment.

TABLE 10—Chemical composition of 40 (AISI 1040), 40Kh (AISI 5140), and 40KhN (AISI 3140)
steels [51]

Steel C Mn Si Cr Ni Mo Cu Al Ti

AISI 1040 (40) 0.37–0.45 0.50–0.80 0.17–0.37 0.25 max 0.25 max — 0.25 max — —

AISI 5140 (40Kh) 0.34–0.44 0.50–0.80 0.17–0.37 0.8–1.1 0.3 max — 0.3 max — —

AISI 3140 (40KhN) 0.38–0.43 0.50–0.80 0.17–0.37 0.45–0.75 1.0–1.4 0.15 max 0.3 max � 0.1 � 0.05
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improving the strengthening of parts, it becomes necessary
to use alloy and high-alloy steels. The majority of machine
parts are made of high-alloy steels, not because plain carbon
steels do not provide sufficient strength and reliability in
service but because of the potential for quench cracking dur-
ing quenching; it is impossible to provide sufficiently high
hardness of the parts after quenching.

For parts of complicated configuration or parts prone
to quench cracking during intensive quenching, it is neces-
sary to use alloy steels and to quench in oils. Therefore, elim-
ination of quench cracks during the intensification of heat
transfer processes in the area of martensite transformations
is an extremely important practical problem.

It is noted in [2,53] that increasing the cooling rate
within the martensite range initially increases the probability
of quench cracking to a maximum value, but above this cool-
ing rate, the probability for quench cracking approaches
zero. It is suggested that this is based upon the transforma-
tion of austenite into martensite and that the effect on the
reduction of quench cracking is caused by a high cooling
rate within the martensite range. For every steel grade, there
is a critical cooling rate within the martensite range beyond
which quench cracking is minimized and strengthening
properties increase [2,53].

An analogous observation of reducing the probability of
quench cracking when the cooling rate within the martensite
range increases is that quench cracking is related to the non-
uniformity of cooling at the surface during quenching [54].
If uniform cooling of the surface for highly forced heat
transfer is facilitated, then there will be no quench cracks,
because favorably distributed structural and thermal stresses
will be formed in a part to be quenched. However, the inten-
sification of heat transfer processes within the martensite
range—that is, cooling steel parts at the rate exceeding a criti-
cal value—results in very high strengthening of material. It is
believed that intensification of heat transfer processes within
the martensite range is equivalent to low-temperature ther-
momechanical treatment. Indeed, when the cooling rate
within the martensite range increases, less time is required
for the process of the transformation of austenite into mar-
tensite; as a result, the transformation has a character of an
explosion. Since the specific volume of martensite is greater
than the specific volume of the initial phase of austenite (see
curves of Figs. 16 and 17), the plastic deformation of super-
cooled austenite formed between martensite plates will
occur. When the transformation has an explosive character,
avalanche formation of dislocations takes place, and they are
frozen by rapid cooling to low temperatures. Aspects of
explosion phenomena and processes connected with freezing
dislocations have been highlighted by Ivanova [9,12].

It is also well known that low-temperature thermome-
chanical treatment of some steels increases the endurance
limit to 1,100–1,200 MPa. It has been calculated that steel
can be deformed at a dislocation density not exceeding
1013 cm�2 [7]. It is possible that, in some cases, with the
explosive character of transformations and avalanche forma-
tion of dislocations, their density can reach very high values,
which must result in very large increases in the complex of
mechanical properties of the material. Thus, the intensifica-
tion of heat transfer processes within the martensite range
starting with an alloy-specific critical cooling rate reduces
quench cracking and improves the strengthening properties
of the material.

On the other hand, intensive cooling creates high com-
pressive residual stresses at the surface of steel parts, which
prevents crack formation, too [55,56].

Currently in Ukraine and Russia, the technology of heat
treatment of semi-axles of automobiles at a high cooling rate
within the martensite range is in use [4,55]. As a result, high-
alloy steels have been replaced with steels having lower alloy
content, and the service life of semi-axles has been increased,
resulting in substantial manufacturing cost reductions [1,4].
In the case of conventional quenching in water, aqueous sol-
utions and electrolytes are used during nucleate boiling
where the temperature of the surface of a part to be
quenched typically remains high for a relatively long time
just above saturation temperature of water. Within this
range of temperatures, steel transformations, such as mar-
tensitic transformation, are delayed because the temperature
of the surface during nucleate boiling typically varies within
the range of 110–130�C, while the temperature in the core
of the steel part can vary within the range of 300–860�C (see
Chapter 2) [1,4]. When the transformation of supercooled
austenite into martensite is delayed, stabilization of super-
cooled austenite is observed and the material loses strength
due to self-tempering, annihilation and fixing dislocations by
carbon atoms and other alloy elements occurs, and, as a
result, the material becomes fragile. During nucleate boiling,
the highest thermal and structural stresses are obtained.
Depending on the degree of the transformation of austenite
into martensite in a part to be quenched, quench cracks can
occur due to thermal stress formation.

Shteinberg [57] has reported that quench cracks are
formed only if a part to be quenched contains more than 50 %
martensite. For low-carbon and medium-carbon steel grades
(see Fig. 6), at temperatures of 110–130�C, more than 50 %
martensite is formed, and therefore, during water quenching
of steels such as 40Kh and 45, there exists a substantial pro-
pensity for quench cracking. To avoid these unfavorable phe-
nomena, it is necessary to change the boiling temperature of

TABLE 11—Mechanical properties at the core of conventional (oil) and intensively quenched
steels [52]

Steel Quench Tensile strength (MPa) Yield strength (MPa) Elongation (%) Reduction (%) Impact strength (J/cm2)

40Kh In oil 780 575 21 64 113

40Kh Intensive 860 695 17 65 168

AISI 4118 In oil 755 630 18 74 70

AISI 4118 Intensive 920 820 15 68 170
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the quenchant so that during the process of nucleate boiling,
when parts are quenched in underheated liquid, no more than
50 % martensite is formed. This can be achieved by using vari-
ous additives to increase the boiling temperature or by chang-
ing the pressure acting on the quenching media. In this way,
the boiling temperature of the quenching can be controlled by
controlling the pressure with respect to the temperature field
of a part to be quenched to speed up or slow down the transfor-
mation of austenite into martensite. It is important in this
approach that the temperature field of a part to be quenched
and, therefore, the process of phase transformations can be
controlled when heat transfer is highly forced, that is, when the
Biot number approaches infinity (heat transfer and Biot num-
bers will be discussed in detail in subsequent chapters in
the book).

Many quenching methods are available to vary the heat
transfer coefficient in different temperature ranges and con-
trol phase transformation processes. This approach does not
solve this problem completely, because reducing the heat
transfer coefficient a requires the application of high-alloy
steels, and increasing a results in an abrupt reduction of the
surface temperature, at which more than 50 % martensite is
formed, which is connected with the danger of quench crack-
ing. Therefore, changes in the quenchant boiling temperature
by means of changing pressure or applying additives is the
preferred methodology to control the temperature field of
parts to be quenched when the heat transfer is highly forced.

The intensification of heat transfer processes within the
martensite range and regulation of the surface temperature
by pressure result in decreasing the probability of quench
cracking and improving the strengthening properties of
steel, and thereby allow the use of plain carbon steels
instead of expensive alloy steel grades. Delaying the transfor-
mation of austenite into martensite by means of pressure
until the finish of nucleate boiling, and then cooling a part

within a martensite range at a rate exceeding a critical value,
avoids quench cracking and increases the material strength.

The service life and reliability of service of steel parts
are affected also by residual stresses in hardened steel parts.
These can be surface tensile or compressive stresses. Tensile
stresses are formed during the work with external loads,
which reduces the service life of parts. If the stresses at the
surface are compressive, then tensile stresses appear in inter-
nal layers, which can cause the formation of cracks or chip-
ping, as observed, for example, at the service of carburized
parts. In connection with this, the most favorable distribu-
tion of residual stresses is when stresses at the surface are
compressive and tensile stresses are in the core [58,59].
Since residual stresses during quenching are formed mainly
because, during phase transformations, kinematic changes
(superplasticity) occur, the change in pressure acting on the
quenchant can delay phase transformation and also control
the value of residual stresses [1,60].

Therefore, the quenching problem is also a problem of
the control of residual stresses to facilitate a favorable distri-
bution on cross-sections of a part, which will increase the
service life of steel parts. For solving these important prob-
lems, it is necessary to calculate temperature fields and
residual stresses formed at quenching. These issues are con-
sidered in more detail in [4,61,62].

1.10 SELECTED CURRENT PROCESS EXAMPLES
A rebar, or reinforcing bar, is a common steel bar, often used
in reinforced concrete and reinforced masonry structures. It
is usually formed from low-carbon steel and is given ridges for
better mechanical anchoring into the concrete (see Fig. 27(a)).
It can also be described as reinforcement or reinforcing steel
[63–65]. The resulting reinforced concrete or other material is
an example of a composite material. The ASTM Standard
Specification A706/A706M-96b for low-alloy-steel deformed

Fig. 27—Use of the thermomechanical treatment combined with the interrupted intensive quenching for mass production of rebars [65]:
(a) thermomechanically treated rebars; (b) microstructure through section of bar where a hardened layer is seen clearly; (c) tempered
martensite in hardened layer; (d) ferrite-pearlite at the core of bar.
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and plain bars for concrete reinforcement can be found in
[63]. The rebar should have high mechanical properties, fine
microstructure (see Figs. 27c, 27d), and high plastic and bend-
ing properties (see Fig. 28).

A production process in bar mills where, directly after the
last rolling stand, the bar passes through the cooling system
that provides a short and intensive cooling of the surface is
described in [64,65]. Since the reduction in temperature occurs
at a rate higher than the critical rate for martensite quenching,
the surface layer of the rebar is converted to a hardened struc-
ture forming a shell (see Fig. 27(b)), while the core remains aus-
tenitic, which then transforms to a ferrite-pearlite structure
(see Fig. 27(d)) upon further cooling. The shell or rim of the
bar possesses a fine tempered martensite structure (see
Fig. 27(c)). Mechanical properties of the bar material are signif-
icantly improved compared with conventional manufacturing,
as shown in Table 12 [65]. Note that the yield strength and ulti-
mate strength are simultaneously improved, and increased
plastic properties are also obtained (see Table 12 and Fig. 28).
In addition, the bending properties of the rebars are consider-
ably improved relative to those obtained by the conventional
process of manufacturing [64,65].

It should be noted that optimizing the thermomechani-
cal treatment and intensive quenching process and combin-
ing them together can significantly improve the existing
mechanical and plastic properties of rebars and other prod-
ucts [66,67].

It has been shown that intensive quenching can produce
many improvements for steel materials [68,69]. If material is
subjected to thermomechanical treatment and intensively
quenched, mechanical properties will be improved further
than is shown in this chapter. More detailed information on
interrupted intensive quenching for achieving optimal hard-
ened layer in steel parts can be found in [68]. To successfully
apply thermomechanical treatment combined with the inten-
sive quenching in practice, further careful investigations are

needed in the field of heat transfer control during quenching
and its mathematical descriptions [70,71].

1.11 SUMMARY
1. It is established on the basis of analyzing high-temperature

thermomechanical treatment (HTMT) and low-temperature
thermomechanical treatment (LTMT) that combining ther-
momechanical treatment with accelerated quenching sig-
nificantly increases the mechanical and plastic properties
of materials.

2. When correctly used, LTMT can be effectively applied to
high-carbon steels by adjusting the surface temperature
of steel parts during the self-regulated thermal process.

3. In some cases, intensive quenching of low-carbon alloy
steels increases yield strength by 15 % and impact
strength by 250 %. Intensive quenching results in addi-
tional material strengthening and creation of high sur-
face compressive residual stresses. Both factors increase
the service life of steel parts.

4. Combining HTMT, LTMT, and optimized intensive quench-
ing, it is possible to manufacture high-strength materials
using plain carbon steels.

5. It makes sense to optimize thermomechanical treatment
and intensive quenching processes and combine them
for mass production of rebars, tubes, fasteners, tools,
and others products.

6. The optimal temperature for thermomechanical treat-
ment is 900–930�C and optimal deformation is 25–35 %.

7. The high-strength materials are based on the formation
of high dislocation density in material and formation of
fine grains (microstructure). This can be done by very
fast cooling within the martensite range, which seems to
be equivalent to LTMT (see Chapter 9).
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2
Transient Nucleate Boiling and
Self-Regulated Thermal Processes
N. I. Kobasko1

2.1 INTRODUCTION
The investigation of transient nucleate boiling is of great impor-
tance since knowledge of the laws of nucleate boiling processes
are used to control phase transformations in metals. It is espe-
cially related to martensite transformations where the martens-
ite start temperature MS is comparable to the boiling
temperature of the boundary liquid layer. Since the self-regu-
lated thermal process has been introduced, which is the main
part of transient nucleate boiling where wall temperature
changes very slowly and is supported at approximately the
same level up to the start single-phase convection, it makes
sense to use this discovery to control phase transformation in
steel. It is necessary to develop a generalized equation for deter-
mination of the duration of transient nucleate boiling process.

Note that pressure can shift boiling temperature to the
martensite start temperature MS, which may be used to con-
trol martensite phase formation. This is possible when the
self-regulated thermal process is established. However, in prac-
tice, it is always difficult to determine the duration of transient
nucleate boiling. This chapter describes a generalized equation
for the determination of the time of transient nucleate boiling
and the self-regulated thermal process, which do not differ sig-
nificantly from each other. Calculation results obtained using
the generalized equation agree well with the experimental data.

The generalized equation has been used to create inten-
sive steel quenching technologies designated as IQ-1, IQ-2,
and IQ-3 (see Chapter 10) and for proving the steel super-
strengthening phenomenon (see Chapter 9). This chapter
starts with the survey of nucleate boiling parameters and fin-
ishes with the practical application of the generalized equa-
tion for intensive technologies development.

2.2 BUBBLE PARAMETERS AND DYNAMICS
During intensive steel quenching, nucleate boiling and one-
phase convection prevail, and therefore it is important to
study their regularities. When IQ-2 technology is imple-
mented, nucleate boiling prevails. With IQ-3 technology, the
one-phase convection prevails, and there is neither film boil-
ing nor nucleate boiling. The regularities of nucleate boiling
processes are discussed in [1–7].

The inner characteristics (bubble dynamics) of the boiling
process will be considered first. During the boiling process,
the bubble departure diameter d0 on a heated metal surface at
atmospheric pressure is about 2.5 mm. When the pressure
increases, value of d0 decreases. Some parameters—bubble
departure diameter, bubble release frequency, and vapor bub-
ble growth rate—are presented in Tables 1 and 2.

When austenitized steels are immersed into a cold
quenching bath, at the time of immersion, a boundary liquid
boiling layer is formed. The boundary liquid layer is heated
to the saturation (boiling) temperature, and at the same time
the surface is intensively cooled. Then the liquid at the
boundary layer starts to boil and a certain heat flux density
is reached, which depends on the shape and size of the part
to be quenched and the thermal conductivity of the material.
Depending on the heat flux density, film boiling may occur
or may be absent. If there is no film boiling, transient nucle-
ate boiling is established where the heat flux density is
reduced exponentially. It is important to determine the
effect of heat flux density variation on the inner characteris-
tics of boiling, in particular, multiplication of d0f. This multi-
plication (d0f) is called vapor bubble growth rate and
designated by W

00
; that is,

W
00 ¼ d0f : ð1Þ

Tolubinsky [1] showed that the effect of heat flux density
varied by four or five times with the average value of W

00
.

The average vapor bubble growth rate W
00
is affected by

pressure. Fig. 1 shows the relationship of W
00

W00
0:1

versus pres-

sure. The value of W00
0:1 is vapor bubble growth rate at nor-

mal pressure; W
00
is the vapor bubble growth rate at a higher

pressure. As the pressure increases, the ratio of W00
W00

0:1

� �
:

abruptly decreases (see Fig. 1).

It is of practical interest to understand the effect of
aqueous salt solution concentrations on the inner character-
istics of the nucleate boiling process, including the bubble
dispatch diameter, dispatch frequency, and their multiplica-
tion, the steam bubble growth rate W

00
. Experimental results

obtained with boiling solutions of sodium chloride (NaCl)
and sodium carbonate (Na2CO3) at normal pressure are pre-
sented in Table 3.

Table 3 shows that in the case of boiling of high-
concentration solutions of sodium chloride and sodium
carbonate, the vapor bubble growth rates are the same as
for water. Vapor bubble growth rate for boiling aqueous
solutions is determined by properties of the solvent (water)
and its vapor pressure and is only very weakly affected by
properties of the dissolved substances, viscosity, and
Prandtl number of the solution [1]. Therefore, the value of
W00 for boiling aqueous solutions can be considered to be
equal to W00 for boiling water.

Unfortunately, there are no data for optimal concentra-
tions of aqueous solutions (10–12 %) where the most

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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uniform intensive cooling is achieved. For these concentra-
tions, the effect can be determined from the double electric
layer, which changes the surface tension of liquid at the sur-
face layer [2].

2.2.1 Surface Properties
The material surface properties, to some extent, affect the
average value bubble departure diameter d0 and bubble
release frequency f (see Table 4). However, while d0 changes,
corresponding changes occur in the opposite direction with
respect to the bubble release frequency f.

In numerous experiments [1], it has been noted that for
the overwhelming majority of vapor bubbles formed at that
surface, greater frequency corresponds to lower departure
diameter at which the value of W00 is kept constant. There-
fore, the average value of W

00 ¼ d0f is a characteristic value
for a liquid and its vapor.

Thus far, we have introduced some parameters for boil-
ing water and aqueous solutions related to vapor bubble
departure diameter, bubble release frequencies, and average
vapor bubble growth rate W00. It is also of practical interest to
evaluate overheating of the boundary liquid layer. The effect
of temperature on the thickness of the boundary layer at con-
stant heat flux densities was first reported by Jacob and Fritz
[1]. Typical profiles of temperature distributions are pre-
sented in Fig. 2, which shows that there is no large overheat-
ing of the liquid within the thickness of the boundary layer.

Oscillations (pulsations) of the temperature in the bound-
ary layer are also important [1,3]. When the total temperature
difference is TSf – TS ¼ 9K, the amplitude Tmax – Tmin of
temperature oscillations in this layer achieves is � 5K. Fig. 3

TABLE 2—Effect of pressure upon the
average vapor bubble growth rate W

00
at the

saturation point [1]

Pressure (MPa) 0.1 0.2 0.3 0.4 1.0

W
00
(m/s) 0.155 0.0775 0.059 0.0465 0.022

Fig. 1—Effect of pressure upon the average vapor bubble growth
rate at boiling of water (1–3) and ethyl alcohol (4–6) on the sur-
face of different materials: 1 and 4, permalloy; 2 and 5, brass; 3
and 6, copper [1].

TABLE 3—Comparison of parameters of
boiling process for water and aqueous salt
solutions at normal pressure

Substance d0 (mm) f (Hz) W00 (m/s)

Water 2.5 62 0.155

25 % NaCl solution 2.4 64.5 0.155

29 % Na2CO3 solution 2.4 65 0.156

TABLE 1—Bubble departure diameter and bubble release frequency versus pressure [1]

Substance Boiling parameters

Pressure (MPa)

0.02 0.05 0.08 0.1

Water at 100�C (212�F) d0 (mm) 13.3 5.4 2.9 2.3

f (Hz) 22 43 66 67

d0f (m/s) 0.293 0.232 0.192 0.154

Aqueous sugar solution at 100�C (212�F) (70–72 %) d0 (mm) 8.3 3.7 2.2 2.0

f (Hz) 31 55 79 76

d0f (m/s) 0.257 0.204 0.174 0.152

Note: do is diameter of bubble in mm; f is frequency of bubble in Hertz; d0f is vapor bubble growth rate in m/s

TABLE 4—Effect of heated surface material
on bubble departure diameter and release
frequency in the case of boiling water at
normal pressure

Material d0 (mm) f (Hz) W00 (m/s)

Permanite 2.5 61 0.153

Brass 2.3 67 0.157

Copper 2.8 56 0.157

Average 2.5 62 0.155
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illustrates changes of temperature and temperature oscilla-
tions by thickness y of a water boundary layer.

Temperature oscillations are caused by growth of the
bubbles [1,4]. When nucleate boiling of liquid occurs, large
temperature oscillations also occur at the heat transfer sur-
face and at boundary layer of the boiling liquid. Tempera-
ture oscillations of the heated surface when boiling occurs
at single centers are shown in Fig. 4.

Overheating in the boundary layer is greater when the
heat flux is moving to the boiling liquid. When the liquid
overheat DT ¼ TSf – TS increases, the number of nucleating
centers also increases.

According to Tolubinsky [1], the number n of nucleating
sites increases in direct proportion to the cube of the tem-
perature difference:

ns � DT3: ð2Þ
It is also well known that the average heat flux density

during nucleate boiling, too, is proportional to the cube of
temperature difference:

q � DT3: ð3Þ
Tolubinsky has reported that the average heat flux den-

sity per one nucleating center, in the case of full nucleate
boiling, is constant [1]:

q0 ¼ q
n
ffi const: ð4Þ

This is the basis for the (d0f) of bubble departure diame-
ter d0 and bubble release frequency f, which has been
obtained from the experiments and is the main value for
heat transfer evaluation during nucleate boiling process.

As the heat flux density q increases, overheat DT ¼ TSf –
TS of the boundary layer also increases, and new nucleating
centers are activated. Average characteristics d0, f, and W

00
are

reasonably stable with respect to changing heat flux density
and contribute to the average vapor bubble growth rate,
which does not depend on q.

It is customary to consider that the measure of heat
transfer intensity during boiling is given by

a
W

m2K

� �
: ð5aÞ

The coefficient a is:

a ¼ q=DT; ð5bÞ
where q is the heat flux density (W/m2); and DT is wall over-
heat in (K).

This expression for a follows from the heat transfer
equation for boiling, written in the form of Newton’s law of
cooling. The value of a is called a heat transfer coefficient.
However, during convection, it is assumed that DT is the dif-
ference between the temperature of a wall and the quen-
chant temperature. During boiling, this is a difference
between the surface temperature of a body and the satura-
tion (boiling) temperature of the quenchant. The heat trans-
fer coefficient is the quantity of heat removed from a unit
of a surface area per one degree.

It is important to relate the heat flux density during boil-
ing to the difference DT ¼ TSf – TS, instead of difference
DT ¼ TSf – Tm, as it is done during the convection, where TSf is
the temperature of a wall (a surface to be cooled); TS is a satura-
tion temperature; and Tm is the temperature of the medium
(quenchant). Therefore, formation of nucleating centers depends
on the overheat of a boundary layer, which is determined by:

Rcr ffi 2rTS

r�r00DT
; ð6Þ
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Fig. 2—Temperature profile at the boundary water boiling layer:
1, maximum; 2, average; and 3, minimum values of overheating [4].

4

2

0 0.5 1.0 y, mm

Tmax – Tmin, K

Fig. 3—Amplitude of liquid temperature oscillations (Tmax – Tmin)
in the boundary liquid layer [4].

Fig. 4—Oscillations of the surface temperature in the case of boil-
ing at single centers: 1, q ¼ 0.25 MW/m2; 2, q ¼ 0.30 MW/m2; 3,
q ¼ 0.43 MW/m2; 4, q ¼ 0.46 MW/m2; 5, q ¼ 0.65 MW/m2; 6, q ¼
0.88 MW/m2. The dashed line indicates the surface overheating
average in time surrounding the nucleating center [1].
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where:
Rcr is a critical size of a bubble which is capable to grow and

function;
r is surface tension (N/m);
TS is a saturation (boiling) temperature (K);
r* is latent heat of evaporation (J/kg);
r00 is vapor density (kg / m3); and
DT ¼ TSf – Tm is wall overheat.

Active nucleating centers are the basic carriers that
remove heat from a surface and transfer it to a cooler bath,
as explained by Dhir [2, p. 372]: After initiation, a bubble
continues to grow (in a saturated liquid) until forces cause
it to detach from the surface. After departure, cooler liquid
from the bulk fills the space vacated by the bubble, and the
thermal layer is re-formed. When the required superheat is
attained, a new bubble starts to form at the same nuclea-
tion site. Bubble dynamics include the processes of growth,
bubble departure, and bubble release frequency, which
includes time for reformation of the thermal layer (induc-
tion period). The bubble acts like a pump, removing hot liq-
uid from the surface and replacing it with cooler liquid.
This mechanism is the essential factor causing the high
intensity of heat transfer during boiling, and the bath tem-
perature essentially has no effect [1,2]. Therefore, it is nec-
essary for the heat flux density during boiling to relate to a
difference of TSf – TS, but not to TSf – Tm, which can lead
to large errors since

TSf � TS << TSf � Tm:

These calculations were conducted at the saturation
temperature of a liquid. However, it is important to deter-
mine the effect of underheat on the inner characteristics of
the boiling process. Underheat is defined as a difference in
temperatures between the saturation temperature and the
bath temperature (bulk temperature):

DTuh ¼ TS � Tm: ð6Þ
The effect of underheat on the maximum diameter

dmax of bubbles and their departure frequency f, and also
on the average vapor bubble growth rate W

00
during boiling

of underheated water at normal pressure, is shown in
Fig. 5.

From Fig. 5, when underheating increases, the bubble
departure diameter decreases and the release frequency
increases. The average growth rate of vapor bubbles also
increases. All of these facts are probably also true for partial
nucleate boiling. Shock boiling and developed nucleate boil-
ing close to transition boiling have, as yet, not been exhaus-
tively studied.

When pressure increases, the bubble departure diame-
ter, bubble release frequency, and average vapor bubble
growth rate decrease (see Fig. 6).

These characteristics will be used for the computation
of temperature fields during steel quenching.

Tolubinsky obtained the following generalized equation
for the calculation of a heat transfer coefficient during nucle-
ate boiling:

Nu ¼ 75K0:7 Pr�0:2; ð7Þ
where:
Nu ¼ a

k

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðr0�r00Þ
q

is the Nusselt criterion (number);

Pr ¼ v
a is the Prandtl number;

a is the heat transfer coefficient during nucleate boiling
(W/m2K);

k is the heat conductivity of the liquid (W/mK);
r is the surface tension (N/m);
g is gravitational acceleration (m/s2);
r0 is liquid density (kg/m3);
r00 is vapor density (kg/m3);
q is heat flux density (W/m2);
r* is latent heat of evaporation (J/kg);
W00 is vapor bubble growth rate (m/s);
m is kinematic viscosity (m2/s); and
a is thermal diffusivity of liquid (m2/s).

In the expanded form, Eq 7 can be rewritten as follows:

a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðr0 � r00Þ
r

¼ 75 	 q
r�r00w00

� �0:7 a
v

� �0:2
: ð8Þ

Fig. 5—The effect of underheat upon the maximal diameter
dmax (1), bubble release frequency f (2), and average vapor bub-
ble growth rate W

00
(3) at boiling of underheated water (P ¼ 0.1

MPa) [1].

Fig. 6—The effect of pressure upon bubble parameters at boiling
of underheated water (DTuh ¼ 20K): solid dots indicate bubble
departure frequency; open dots show bubble departure diameter;
lower graph plots vapor bubble growth [1].

CHAPTER 2 n TRANSIENT NUCLEATE BOILING AND SELF-REGULATED THERMAL PROCESSES 27



Therefore, the heat transfer coefficient during nucleate
boiling is easily determined from:

a ¼ 75k
gðr0 � r00Þ

r

� �0:5 a
v

� �0:2 1
r�r00w00

� �0:7

	q0:7: ð9Þ

At constant temperature and constant pressure, the physi-
cal properties of the cooling medium are constant. Therefore,
Eq 9 becomes:

a ¼ Cq0:7; ð10Þ
where:

C ¼ 75k
gðr0 � r00Þ

r

� �0:5 a
v

� �0:2 1
r�r00w00

� �0:7

:

From Eq 10, it follows that the heat transfer coefficient
during nucleate boiling is proportional to the heat flux den-
sity to a power of 0.7. These results will now be compared
with the results of other authors.

It is well known that, during nucleate boiling, the rela-
tionship between a and q can be presented as an exponential
function with the exponent of about 2/3:

a ¼ cq2=3: ð11Þ
Accordingly, the function DT of q is determined from:

DT ¼ 1
c
q1=3; ð12Þ

or

q ¼ c3 DTð Þ3: ð13Þ
Thus, the heat flux density is proportional to the temper-

ature difference (wall overheat) raised to the third power. It
follows that insignificant overheating of a boundary layer
results in a sharp increase of heat flux density, and insignifi-
cant reduction of the overheat of the boundary layer, con-
versely, sharply reduces the heat flux density. Therefore,
during nucleate boiling, the surface temperature does not
change significantly.

The equation for the determination of the heat transfer
coefficient during nucleate boiling when water is heated to
the saturation temperature is [5]:

a ¼ 3:4 p0:18S

1� 0:0045 pS
q2=3; ð14Þ

where pS is pressure in bar and q is heat flux density in W/m2.
These results illustrate the similarity between the Tolu-

binsky equation (Eq 10) and Eqs 11 and 14. According to
Tolubinsky, the exponent is equal to 0.7 [1]. It should be
noted that the heat transfer coefficient during nucleate boil-
ing is determined with accuracy of ±25 % [1].

In general, a correlation has been established between
the heat transfer coefficient and the heat flux density that
can be written as a ¼ bqn. These types of correlations are
presented in Table 5. The value b and thermal properties are
provided by Tables 6, 7, and 8.

Using these data, the boundary conditions to be used
for steel quenching may be determined. It is known that
boundary conditions of the third kind can be presented as:

k
@T
@r

				
r¼R

þaðTSf � TSÞ ¼ 0; ð15Þ

where:
k is the thermal conductivity of steel; and

@T
@r

is a gradient of temperature at the surface.

TABLE 6—Coefficient b (the coefficient of the
equation a ¼ bqn) versus pressure

Equation number

Pressure (MPa)

0.1 0.2 0.3 0.4 1.0

No. 2 from Table 5 3.41 3.890 4.20 4.44 5.39

No. 1 from Table 5 3 3.329 3.537 3.693 4.238

Note: Atmospheric pressure is equal to 0.1013 MPa.

TABLE 5—Equations obtained by different authors for the computation of heat transfer
coefficients a during nucleate boiling and value b

No. Authors Equation
Coefficient b at
pressure of 1 bar Source

1. V. P. Isachenko, V. A. Osipova, and
A. S. Sukomel

a ¼ 3q0:7p0:15 3 [6]

2. D. A. Labuntsov a ¼ 3:4p0:18

1� 0:0045pq2=3 3.41 [5]

3. D. A. Labuntsov
a ¼ b

k2

vrTS

 !1=3

q2=3;

b ¼ 0:075 1þ 10
q00

q0 � q00

� �2=3
" #

3.39 [5]

4. S. S. Kutateladze a ¼ bq0:673 4.3 [7]

Note: a is the heat transfer coefficient in W/m2K; q is heat flux density in W/m2; p is pressure in bars; b is the coefficient of the equation a ¼ bqn; k is the
heat conductivity of liquid in W/mK; q00 is vapor density in kg/m3; q0 is liquid density in kg/m3; r is surface tension in N/m; m is kinematic viscosity of liquid
in m2/s; and Ts is saturation temperature in K.
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TABLE 7—Physical properties of water

T (�C) PÆ10-5 (Pa) q (kg/m3) cp (kJ/kgK) k(W/mK)
aÆ108

(m2/s)
lÆ106

(PaÆs)
mÆ106

(m2/s)
b0Æ104

(1/K)
rÆ104

(N/m) Pr

0 1.013 999.9 4.212 0.560 13.2 1,788 1.789 –0.63 756.4 13.5

10 1.013 999.7 4.191 0.580 13.8 1,306 1.306 þ0.70 741.6 9.45

20 1.013 998.2 4.183 0.597 14.3 1,004 1.996 1.82 726.9 7.03

30 1.013 995.7 4.174 0.612 14.7 801.5 0.805 3.21 712.2 5.45

40 1.013 992.2 4.174 0.627 15.1 653.3 0.659 3.87 696.5 4.36

50 1.013 988.1 4.174 0.640 15.5 549.4 0.556 4.49 676.9 3.59

60 1.013 983.1 4.179 0.650 15.8 469.9 0.478 5.11 662.2 3.03

70 1.013 977.8 4.187 0.662 16.1 406.1 0.415 5.70 643.5 2.58

80 1.013 971.8 4.195 0.669 16.3 355.1 0.365 6.32 625.9 2.23

90 1.013 965.3 4.208 0.676 16.5 314.9 0.326 6.95 607.2 1.97

100 1.013 958.4 4.220 0.684 16.8 282.5 0.295 7.52 588.6 11.75

110 1.43 951.0 4.233 0.685 17.0 259.0 0.272 8.08 569.0 1.60

120 1.98 943.1 4.250 0.686 17.1 237.4 0.252 8.64 548.4 1.47

130 2.70 934.8 4.266 0.686 17.2 217.8 0.233 9.19 528.8 1.35

140 3.61 926.1 4.287 0.685 17.2 201.1 0.217 9.72 507.2 1.26

150 4.76 917.0 4.313 0.684 17.3 186.4 0.203 10.3 486.6 1.17

160 6.18 907.4 4.346 0.681 17.3 173.6 0.191 10.7 466.0 1.10

170 7.92 897.3 4.380 0.676 17.2 162.8 0.181 11.3 443.4 1.05

180 10.03 886.9 4.417 0.672 17.2 153.0 0.173 11.9 422.8 1.03

190 12.55 876.0 4.459 0.664 17.2 144.2 0.165 12.6 400.2 0.965

200 15.55 863.0 4.505 0.658 17.0 136.4 0.158 13.3 376.7 0.932

Note: P is pressure in Pa; q is liquid density in kg/m3; cp is specific heat capacity of liquid in kJ/(kgK); k is heat conductivity of the liquid in W/mK; Pr ¼ m/a
is the Prandtl number; m is kinematic viscosity in m2/s; a is thermal diffusivity of liquid in m2/s; l is dynamic viscosity in PaÆs; and b0 is the coefficient of vol-
ume expansion.

TABLE 8—Properties of water vapor at the saturation temperature

T (�C) PÆ10-5 (Pa) q00 (kg/m3) r* (kJ/kg) cp (kJ/kgK) kÆ102(W/mK) aÆ108 (m2/s) lÆ106 (PaÆs) mÆ106 (m2/s) Pr

100 1.013 0.598 2,256.8 2.135 2.372 18.58 11.97 20.02 1.08

110 1.43 0.826 2,230.0 2.177 2.489 13.83 12.46 15.07 1.09

120 1.98 1.121 2,202.8 2.206 2.593 10.50 12.85 11.46 1.09

130 2.70 1.496 2,174.3 2.257 2.686 7.072 13.24 8.85 1.11

140 3.61 1.966 2,145.0 2.315 2.791 6.130 13.54 6.89 1.12

150 4.76 2.547 2,114.3 2.395 2.884 4.728 13.93 5.47 1.16

160 6.18 3.258 2,082.6 2.479 3.012 3.722 14.32 4.39 1.18

170 7.92 4.122 2,049.5 2.583 3.128 2.939 14.72 3.57 1.21

180 10.03 5.157 2,015.2 2.709 3.268 2.339 15.11 2.93 1.25

190 12.55 6.397 1,978.8 2.856 3.419 1.872 15.60 2.44 1.30

200 15.55 7.862 1,940.7 3.023 3.547 1.492 15.99 2.03 1.36

Note: q00 is density of vapor in kg/m3; r* is latent heat of evaporation in kJ/kg; other units defined in notes for Table 7.
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To determine the heat transfer coefficient during nucle-
ate boiling, Tolubinsky’s equation (Eq 8) is substituted into
Eq 15. In this case, boundary conditions of Eq 15 will be set
in the following form:

@T
@r

þ bm

k
ðT � TSÞm

� �				
r¼R

¼ 0; ð16Þ

where m ¼ 3.33 for Tolubinsky’s equation and m ¼ 3 for
the Labuntsov equation [5]. In the boundary conditions of
Eq 16, the value of b has the following form:

b ¼ 75k0ðr0 � r00Þ0:5g0:5
r0:5ðr00r�w00Þ0:7 Pr0:2 : ð17Þ

(Table 6 presents values of b for different equations.) Eq 17
was obtained from Tolubinsky dimensionless correlation by
the replacement of q with

a TSf � TS

 �

:

It is possible to do this procedure using Eq 11:

a ¼ c a TSf � TS

 �� 2=3

or
a
c
¼ a2=3 TSf � TS


 �2=3
:

It follows that:

a ¼ c3 TSf � TS

 �2

: ð18Þ

Substituting the found value (from Eq 18) to boundary
conditions of the third kind in Eq 15:

@T
@r

				
r¼R

¼ c3

k
TSf � TS

 �3¼ 0: ð19Þ

Thus, the boundary conditions during nucleate boiling
are given by:

@T
@r

				
r¼R

þ bm

k
TSf � TS

 �m¼ 0; ð20Þ

where 3 < m < 3.33.
It is very important to determine these boundary condi-

tions, since it is practically impossible to measure the sur-
face temperature during nucleate boiling because:
1. There is little change of temperature within the limits of

accuracy of measurement results with respect to the change
of heat flux density that affects the intensity of steel cooling.

2. While the accuracy of experimental measurements
increases, there are other difficulties associated with the
fluctuation of surface temperatures during nucleate boil-
ing. In this case, it is necessary to use a statistical approach,
which consumes additional expense and time.

3. During transition boiling, local film boiling occurs, which
complicates three-dimensional problems for determina-
tion of heat transfer coefficients.
Therefore, the statement of boundary conditions based

on careful study of parameters and dynamics of bubbles
during nucleate boiling is of significant practical interest for
solving problems of transient heat conductivity. It is also
important to have boundary conditions for the determina-
tion of time transient nucleate boiling.

In the boundary conditions of Eq 16, most important is
value b, which depends on physical properties of the quench-
ing medium. Tables 7 and 8 provide physical properties of a
liquid and vapor, depending on temperature.

The vapor bubble growth rate depends on pressure and
underheat of the liquid medium. Tolubinsky’s empirical cor-
relation for the determination of vapor bubble growth rate
at higher pressures is:

W00

W00
0:1

¼ r0:1
r00

� �2:3þ0:5 lg P
Pcr

; ð21Þ

where:
W00 is bubble growth at current pressure;
W00

0:1 is bubble growth rate at normal pressure;
r000:1 is vapor density at normal pressure (kg/m3);
r00 is vapor density at current pressure (kg/m3);
rcr is critical pressure; and
P is the pressure at which the steam bubble growth rate is

determined.

2.3 HEAT TRANSFER DURING
STEEL QUENCHING
Typically, steel parts are quenched in cold quenchants, and for
intensive quenching it is assumed that there is no film boiling.
This condition is achieved by reducing the quenchant tempera-
ture, using aqueous salt solutions at optimal concentrations,
and creation of intensive jets and water flow during quenching.

Consider the process of quenching when a part is
immersed into a cold quenchant. At the time of immersion
into the cold quenchant, a boundary boiling layer is formed
and its formation can be divided into several stages:
1. During the first stage, the cold liquid is heated to the satura-

tion temperature. The surface of ametal at this time is cooled
significantly, and the surface temperature drops rapidly.

2. During the second stage, the boundary layer is over-
heated, and nucleating centers of vapor formation are
created. At the surface layer of the metal, a significant
temperature gradient is established.

3. During this last stage, the surface of the metal becomes
completely covered by tiny vapor bubbles (shock boiling
starts). Additional cooling of the steel can proceed by
different pathways.
If vapor bubbles have completely covered the surface of

metal and heat flux density inside of the heater increases, then
film boiling begins. The maximum heat flux density at which
there is transition of bubbles in a continuous vapor film is
called the critical heat flux density. If the heat flux density is
less than the critical value, then, after the formation of a
boundary liquid boiling layer, nucleate boiling is established. If
the heat flux density is close to the critical value, then the tran-
sition mode of boiling is initiated, where localized vapor films
are formed on the surface; this is undesirable, since it is associ-
ated with nonuniform hardness distribution and distortion.

Critical heat flux densities are considered in detail in
Chapter 3. There are actually two critical heat flux densities.
The first is a transition from nucleate boiling to film boiling.
The second is a transition from full film boiling back to
nucleate boiling. Between the first and second critical heat
flux densities, there is a well-known correlation [6,7]:

qcr1
qcr2

� 0:2; ð22Þ

30 INTENSIVE QUENCHING SYSTEMS: ENGINEERING AND DESIGN



where:
qcr1 is the first critical heat flux density (W/m2); and
qcr2 is the second critical heat flux density (W/m2).

This dependence is very important and widely used for
the computation of temperature fields for steel quenching in
liquid media.

In most cases, steel parts are heated up to the austeniza-
tion temperature of the steel, higher than AC3 temperature. In
this case, the temperature field is uniform, since all points
within the part are at the furnace temperature T0. Upon
immersion into the cold quenchant, the boundary liquid layer
is formed. When compared to the duration of quenching proc-
ess, the formation of the boundary layer is very short, and its
duration in many cases can be neglected. What is most impor-
tant is not the time for formation of the boundary liquid boil-
ing layer, but the process of further cooling that can proceed
with or without film boiling. These processes are completely
different, and their development depends on events during the
initial period of time. Therefore, the study of the processes
occurring at the initial period of time are extremely important.

Assume that there is no film boiling and the main cool-
ing process is nucleate boiling followed by single-phase con-
vection. The mathematical model for computation of the
temperature fields for steel quenching when there is no film
boiling and nucleate boiling prevails has the form:

Cr
@T
@r

þ divðk gradTÞ ¼ 0; ð23Þ
@T
@r

þ bm

k
ðT � TSÞm

� �
S
¼ 0; ð24Þ

Tðr; 0Þ ¼ T0: ð25Þ

Boundary conditions in Eq 24 can be also obtained
using approximate equations (see Table 5). At the establish-
ment of single-phase convection, these boundary conditions
are the normal boundary conditions of the third kind:

@T
@r

þ aconv

k
ðT � TmÞ

� �
S
¼ 0: ð26Þ

Initial conditions include temperature distribution of the
cross-section after nucleate boiling, which can be shown as:

Tðr; snbÞ ¼ uðrÞ; ð27Þ
where:
aconv is the heat transfer coefficient during convection;
r is a radius of a cylinder or a sphere, and r ¼ x for a plate;
snb is time of transient nucleate boiling;
/(r) is the temperature field of the cross-section at the time

of completion of nucleate boiling; and
Tm is bulk temperature.

It should be noted that Tm < TS, where TS is a saturation
temperature of the quenchant in a boundary liquid layer.

The time of transition from nucleate boiling to the
single-phase convection is determined from:

qnb ffi qconv; ð28Þ
where:
qnb is the heat flux density at the conclusion of nucleate

boiling; and
qconv is heat flux density at the beginning of convection.

For the approximate analytical solution of this problem,
a method of variational calculus will be used [8]. The proc-
ess of cooling is divided into two stages. The first stage is an

irregular thermal process. Minimizing functions are built on
the basis of laws of calculus of variations. The solution
found will satisfy Eqs 23 and 24. The method of solving this
problem is described below [9–12].

2.4 ANALYTICAL SOLUTION TO THERMAL
PROBLEMS RELATED TO STEEL QUENCHING
2.4.1 Statement of the Problem
In the process of heating and cooling of steel parts (heat
treatment technology), new structures and mechanical prop-
erties of material are formed [1,13]. The selection of optimal
conditions for heat treatment of metals is impossible without
the computation of temperature fields, which are necessary
to predict structural and thermal stresses. When there is a
wide range of different parts being heat-treated, the use of
numerical methods is even more difficult because of the
time and expense involved, especially for parts with a com-
plex configuration. In these cases, approximate solutions are
often utilized. Therefore, it is important to develop approxi-
mate analytical methods to facilitate the calculations of tem-
perature fields encountered during quenching.

The mathematical model describing the heat transfer
during quenching is [8]:

CV Tð ÞTs ¼ div½k Tð Þr
!
T
 þ qV Tð Þ; s > 0; ð29Þ

Tðx; 0Þ ¼ f ðxÞ; x 2 D; ð30Þ

kðTÞ @T
@ n

! þ FðTÞ
� �

S

¼ 0; x 2 S; ð31Þ

where:
CV (T) is volumetric heat capacity;
k(T) is thermal conductivity;
n
!

is outer normal;
S is the surface surrounding area D;
qV (T) is the density of internal heat sources; and
F(T) is the heat flux density at the surface.

The system of equations 29–31 describes both heating and
cooling processes. During heating, F(T) is a total heat flux den-
sity due to processes of radiation, convection, and heat trans-
fer and during cooling, processes of boiling and convection.

2.4.2 Statement of the Variational Problem
The variational problem equivalent to problem of Eqs 29–31
is a universal approach [9,10] that is used in nonequilibrium
thermodynamics for the description of quasi-linear processes
of heat transfer. For the heat transfer processes discussed
here, the function will be:

I<T>¼
Zs
0

ds
Z
V

(
½CVðTÞTs�qVðTÞ


3

ZT
f

kðTÞdT�1
2
k2ðTÞðrTÞ2

! )
dV

�
Zs
0

ds
Z

ds
ZT
f

FðTÞkðTÞdT

þ
Z
V

dV
ZT0

f

CVðT0Þ½T0 � f ðxÞ
kðT0ÞdT0 �! min ð32Þ
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Here T0 ¼ Tðx; s ¼ 0Þ. The first two integrals in Eq 32
take into account differential equation 29 and boundary con-
ditions from Eq 31, and the last integral is the initial condi-
tion of Eq 30 [8].

2.4.3 Algorithms to Obtain Approximate Solutions
The process of cooling is divided into two steps. During the
first step (irregular thermal condition), the temperature dis-
tribution is:

#ðr; sÞ ¼ #0 � ð#0 � #sf Þ 1� r
n

� �n

; ð33Þ

where:
# ¼ T � Ts ;
#0 ¼ T0 � Ts ; and
x is depth of temperature penetration during the first step

of cooling.
During the second step (regular thermal condition), the

temperature distribution is:

#ðr; sÞ ¼ #c � ð#c � #sf Þ 1� r
R

� �n
; ð34Þ

where:
# ¼ T � Ts ;
#c ¼ Tc � Ts ;
#sf ¼ Tsf � Ts ; and
TSf is surface temperature and TS is saturation (boiling)

temperature.
The duration of the irregular thermal condition can be

approximated by [8,17]:

sir � B
R2

a
; ð35Þ

where B depends on Biot number and configuration of a
body (see Fig. 7).

Kobasko and Zhovnir [8] used existing theories [9–13]
and the variational method, including Eqs 32, 33, and 34,
to develop a simplified method for the calculation of tem-
perature field distribution during quenching of canonical
bodies: plates, cylinders, and spheres. More information on
transient boiling processes during quenching can be found
in [13–26]. From these data, the following equation may be
derived for calculation of the duration of transient nucleate
boiling [27]:

s ¼ Xþ b ln
#I

#II

� �
K
a
; ð36Þ

where b ¼ 3.21;

#I ¼ 1
b

2kð#0 � #IÞ
R

� �0:3
; ð37Þ

#II ¼ 1
b
½aconvð#II þ #uhÞ
0:3; and ð38Þ

b ¼ 75k0ðr0 � r00Þ0:5g0:5
r0:5ðr00r�W00Þ0:7 Pr0:2

: ð39Þ

Eq 36 provides a generalized dependence for the deter-
mination of the time of transient nucleate boiling including
the self-regulated thermal process [27].

Table 9 shows the duration of transient nucleate boiling
for cylindrical test specimens (probes) of 20, 30, and 50-mm
diameters. Cooling time was calculated using Eqs 36–39.
Austenitizing temperature was 860�C. The quenchant (a
water-salt solution) temperature was 20�C. The saturation
(boiling) temperature of the quenchant was 120�C. From the
equations above, the minimum value of b was 3 and the
maximum value was 7.36. For these calculations, an average
thermal conductivity and thermal diffusivity used were:

k ¼ 22
W
mK

and a ¼ 5:36 	 10�6 m
2

s
:

Comparison of the calculated results with the experi-
mental data is shown in Fig. 8 [8].

Eqs 36–39 are the basis for the creation of new intensive
steel quenching technologies. Along with the calculation of the

TABLE 9—Analytical calculation of transient nucleate boiling
duration and temperature at the core of cylindrical specimens at
the beginning and at the end of the self-regulated thermal
process

Dia (mm)
Nucleate boiling
duration, snb (s)

Core temperature
when
boiling starts, TI

C (�C)

Core temperature
when
boiling ends, TII

C (�C)

20 18.3 849 162

30 29 850 165

50 70.8 — —

Fig. 7—Value B versus Biot number Bi: 1, plate; 2, cylinder; 3,
sphere [8].
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duration of nonstationary nucleate boiling, it is possible to evalu-
ate the temperature at the core of steel parts. Using the same
approach, an equation was determined for the core temperature:

#c ¼ #sf þ bmR
nk

#m
sf : ð40Þ

Here n ¼ 2 and m ¼ 10/3 or 3.333.
To perform these calculations, the physical properties of the

liquid quenchants must be known. To calculate the time of tran-
sient nucleate boiling, it is necessary to start with the calculation
of factor b, using these fluid properties. For water, the value b is
provided in Tables 6 and 7. In addition, values of #I and #II are
calculated iteratively. According to Tolubinsky and Dhir [1,2],
wall overheat cannot be significant because the heat flux density
is proportional to overheat to the cubic power (or greater). The
value of #I is within the range of 10–15�C and depends on the
shape and the sizes of steel parts being quenched.

The value of #I is wall overheat at the beginning of the
self-regulated thermal process, and #II is wall overheat at the
end of this process. The first step of the iterative calculation
is to select any value from the range discussed above. The
closer the selected value is to the true value, the less steps
will be required for the exact calculation of #I and #II.
Table 6 shows that the most reliable value is b ¼ 7.36.

Using this value of b, the overheat temperature at the
beginning and at the end of nucleate boiling will be estimated,
and the values of #I and #II will be determined using Eqs 37
and 38 for cylinders and spheres of different sizes. Cylinders
are cooled from a temperature of 860�C. The average heat con-
ductivity k is 22 W/mK, and average thermal diffusivity a is
5.6Æ10�6 m2/s. The average convection heat transfer coefficient
in slightly circulating water at a temperature of 20�C is equal
to 1,000 W/m2K. Using these initial data, values #I and #II for
cylinders of diameter 20, 50, and 100 mm have been calculated
and are shown in Table 10. The change in wall overheat is
within the range of the error of the thermocouple in meas-
uring the surface temperature.2 The time of transient nucleate
boiling is sufficient for developing new intensive quenching
technologies, especially IQ-2 processes (see Chapter 10).

Table 10 shows the number of iterations that are neces-
sary for the calculations of #I and #II by Eqs 37 and 38. The

initial value for #I is 20, and for #II is 5. Using a well-known
approach, after two or three iterations, the exact results are
obtained, which are presented in Table 9.

As seen in Table 10, the surface temperature during nucle-
ate boiling does not change significantly, which is quite typical
for very large steel parts. Thus, during quenching of cylinders
of 100-mm diameter, the wall temperature is maintained
almost constant for a relatively long time (138 s), changing
only 2�C from 106.16�C to 104.1�C (see Tables 10 and 11).

Impact of the value b on transient nucleate boiling dura-
tion and wall superheat according to the generalized equa-
tion (Eq 36) is shown in Table 12.

It should be noted that the duration of the self-regulated
thermal process was considered when developing processes
for interrupted cooling to monitor conveyor speeds and also
is used for developing the new quenching processes [28,29].
Self-regulated thermal processes were investigated using
noise control systems [28], which are based on depicting spe-
cific frequencies of bubble oscillations responsible for the
nucleate boiling process. Acoustic measurement can be used

TABLE 10—Values of #I and #II for cylinder-
shaped samples quenched from 860�C in
water at 20�C

Diameter
(mm) #I #II

Number of
iterations
for #I

Number of
iterations
for #II

20 12.25 4.1 2 2

50 9.32 4.1 2 2

100 6.16 4.1 3 2

Note: #I ¼ TI – TS and #II ¼ TII – TS, where TI is overheat at the beginning
of nucleate boiling; TS is saturation temperature; and TII is overheat at
the end of nucleate boiling.

Fig. 8—Temperature versus time for the surface and center of a
cylinder 20 mm in diameter: 1, temperature at the core; 2, tem-
perature at the surface; a, experiment; b, analytical solution; c,
numerical solution.

TABLE 12—Impact of the value b on transient
nucleate boiling duration and wall superheat
according to the generalized equation (Eq 36)

b snb (s) #I #II

3 22.34 24.0 10.8

4.3 22.53 17.35 7.46

5 22.72 15 6.39

7.36 22.95 10.2 4.30

TABLE 11—Time snb of transient nucleate
boiling during quenching cylinder-shaped
steel parts in conventional water at 20�C
from a temperature of 860�C
Diameter (mm) 20 50 100

snb (s) 12 60 138

2 Accurate calculations requite accurate temperature-time data. This means that the actual temperature at the point of interest must be meas-
ured with minimum time lag. The most significant contributors to a time-lag problem are thermocouple size and materials of construction
and the contacts between the thermocouple and the specimen (or probe) on which the temperature is being measured. The problem is dis-
cussed by Liscic [13] and Totten, Tensi, and Stich [15].
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to investigate boiling processes, especially shock and boiling.
This issue is discussed in Chapter 3. The noise control sys-
tem can be used for monitoring quenching technologies
including IQ processes [30–32].

Self-regulated thermal processes were also investigated
by using a noise control system [33–36]. Having experimental
data achieved on the basis of the noise control system and
temperature–time data recorded by thermocouples, it is possi-
ble to solve correctly the inverse problem (IP) [37,38].

2.5 THE SELF-REGULATED THERMAL PROCESS
Previously, it was shown that during nucleate boiling, high val-
ues of heat transfer coefficients are obtained due to the large
growth rate of vapor bubbles and their relatively large surface
area. It is of interest to determine values of heat transfer coef-
ficients during nucleate boiling depending on wall superheat
DT ¼ TSf – TS. Such calculations can be performed if heat flux
density q is taken as q ¼ anb TSf � TS


 �
. During nucleate boil-

ing, the heat transfer coefficient is very high, several times
greater than natural convection. Therefore, the surface tem-
perature of a steel part decreases very rapidly when approach-
ing the boiling temperature; at that point, it decreases very
slowly and is maintained above the saturation temperature.

This is proven by considering experimental data
obtained previously by French [26], who investigated the
behavior of the surface temperature of steel and copper
spheres of 38.1-mm diameter that were heated to 875�C and
cooled in cold water, boiling water, and water saturated with
various gases. The temperature–time cooling curve results
are presented in Figs. 9 and 10.

As shown in Fig. 9, steel spheres quenched in cold flow-
ing water exhibit no film boiling. The surface temperature of
the sphere decreases rapidly to approximately 100�C and
then remains at the boiling temperature of the quenchant.
The temperature at the center of the sphere did not vary sig-
nificantly. It is also seen that the formation of a boundary
boiling layer and appearance of active bubbles occurs within
only 0.5 seconds. The core temperature of a sphere cools
875�C to 200�C over 28 seconds. Therefore, when there is no

film boiling, the first stage of the formation of a boundary
boiling layer requires only approximately 2 % of the total
cooling time. After the formation of a boundary boiling layer
and establishment of the nucleate boiling, the surface tem-
perature does not change significantly and is maintained at
the boiling temperature of the quenchant.

When quenching spheres in water saturated with gases,
film boiling is clearly observed (see curves 4 and 5 in Fig. 10).

Film boiling is observed when cooling copper spheres
because the heat conductivity of copper is much greater than
that of steel. The film boiling can be eliminated if the steel
and copper spheres are cooled in intensive water jets. In this
case, there will be a fast formation of a boundary boiling
layer, and then, during nucleate boiling, the surface will be
maintained at the boiling temperature of the quenchant.

Lykov, citing Yaryshev’s work, explained this unusual
character of change in temperature of a surface during
quenching by associating the change of average surface tem-
perature with the generalized Biot number (BiV) [12]:

TSf �TS

TV�TS
� 1
Bi2vþ1:437BiVþ1

¼ Bi2vþ1:437BiVþ1

 ��0:5

; ð41Þ

where:
TSf is an average value of temperature with respect to area

of a surface of a part to be cooled;
TV is an average value of temperature with respect to vol-

ume of a part to be cooled;
TS is a saturation temperature of a quenchant; and
BiV is a generalized Biot number, given by:

BiV ¼ a
kK

S
V ;

(in this case, it is necessary to consider the heat transfer
coefficient during nucleate boiling where a ¼ anb);

k is a heat conductivity of steel (W/m K);
K is a Kondratjev form factor (m2) (see Chapter 6);
S is surface area (m2); and
V is volume (m3).

Fig. 9—Temperature at the surface and in the core versus time for
steel and copper balls of 38.1-mm diameter, quenched from 875�
C in water at room temperature (French’s experiment [26]): 1,
core; 2, surface.

Fig. 10—Temperature at the surface versus time for a steel sphere
of 38.1-mm diameter, quenched from 875�C in water of room
temperature, saturated with various gases [26]: 1, tap water con-
taining small amount of salts (simply metal ions from hard water);
2, boiled water; 3, water saturated with oxygen; 4, water satu-
rated with air; 5, water saturated with carbonic gas.
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Since, during the nucleate boiling, the heat transfer
coefficient is very high:

anb >> aconv; ð42Þ

which is especially true for cooling in a lightly agitated or
nonagitated quenchant. From Eq 42, it follows that:

BiVmu >> BiVconv :

In Eq 41, when there is no film boiling and the nucleate
boiling is established, the generalized Biot number BiV
approaches infinity. When the BiV fi 1, according to Eq 41,

TSf � TS

TV � TS
! 0:

When this occurs, TSf approximates TS, which means
that during transient nucleate boiling, the surface tempera-
ture of a part is maintained at the boiling temperature.

If the surface temperature TSf is less than saturation
temperature TS, then nucleate boiling stops and a single-
phase convection is established where aconv << anb. When
the value of aconv is small, the generalized BiV number is
also small, and according to Eq 41, at BiV fi 0,

TSf � TS

TV � TS
! 1;orTSf � TV :

This means that equalization of the temperature field
occurs on cross-sections of parts and that the surface tem-
perature must increase. It follows that, during nucleate boil-
ing, the surface temperature is maintained at TS and cannot
be lower than TS while boiling is in progress and condition
aconv << anb is satisfied.

Thus, the self-regulation of heat flux density—which
depends on the size and shape of parts to be hardened, the
thermal conductivity of the material, and the initial tempera-
ture of the heated part—depends on the austenization tem-
perature. Self-regulation occurs during transient nucleate
boiling. The time of transient nucleate boiling is determined
by Eqs 36–38. Therefore, the time of the self-regulated ther-
mal process also is determined by Eq 36; however, it is less—
approximately one second, as compared with the complete
duration of the nucleate boiling process.

During full film boiling, there is no self-regulated process
because the temperature field is more uniform on cross-

sections of parts to be hardened. and at the time when film
boiling starts, the temperature gradient may be insufficient for
the occurrence of the self-regulation process. This was illus-
trated with experiments utilizing plate-shaped, cylindrical, and
spherical test specimens [25,33]. The time of the self-regulated
thermal process was determined by Eq 36, which was com-
pared with the results obtained by numerical solution and
from experimental data which are presented in Table 13.

2.6 EXPERIMENTAL DETERMINATION
OF THE TIME OF THE SELF-REGULATED
THERMAL PROCESS
The determination of the time of nonstationary nucleate
boiling or the self-regulated thermal process is a difficult
problem. Thus far, three experimental methods of determin-
ing the time of nonstationary nucleate boiling are known
[27,30,31,33]. These methods include:
• Character of change in temperature of surface of the

part [13,27]
• Visual monitoring [13,28]
• Recording sound effects [30,31,35]

During the self-regulated thermal process, a certain
character of change in the temperature of the surface of a
part is observed. During nucleate boiling, the surface tem-
perature is maintained at approximately the boiling tempera-
ture of the quenchant. When the convection cooling process
occurs, the surface temperature decreases significantly.

Using the first approach, the duration of the self-regulated
thermal process can be determined if the convective heat trans-
fer coefficient aconv is sufficiently large. In this case, the transi-
tion from nucleate boiling to single-phase convection is clearly
observed. However, it should be noted that the first method is
less accurate than the other two methods. To measure the
exact temperature at the surface and the duration of nucleate
boiling using thermocouples is still a difficult problem. Most
suitable for such measurement is a Liscic-Nanmac probe [13].

The second method involves visual monitoring and
demands considerable time, material consumption, and cost
[13,28]. However, at present, with the availability of high-speed
video, the cost of such experiments has significantly decreased.
The technique includes observing the appearance and disappear-
ance of the vapor bubbles or moving of the wetting front [13].

The third method, recording of sound effects, is the
most promising, although a great deal of work and under-
standing of the sound effects that are observed during the
nucleate boiling is required [30,31,35]. In the subsequent

TABLE 13—Time of the self-regulated thermal process when
cooling a test specimen of AISI 304 steel from 850�C in a 12 %
aqueous solution of CaCl2

Sample
shape

Thickness or
diameter (mm)

Time of self-regulated thermal process (s)

Eq 36
Numerical
calculation Experiment

Plate 20 25 28 —

Cylinder 10 3.54 3.7 3.8

30 24.4 22.5 23

Sphere 20 7.9 7 —

Note: Experimental studies are described in more detail in [27].
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discussion, a brief description of the methodology used to
record sound (acoustic) effects will be provided, related to
the occurrence and growth of vapor bubbles.

At the time of bubble generation, their size (diameter) is
less than the critical value and bubbles are very small. Accord-
ingly, the frequency of their oscillations will be characteristi-
cally high. Upon the establishment of advanced nucleate
boiling, the bubble diameter increases, their dispatch frequency
becomes stable, and therefore their oscillation frequencies are
also stable. The only difference is that at greater heat flux den-
sities, the intensity of sound effects will be higher, since more
bubbles participate during boiling. While heat flux increases,
the quantity of bubbles per surface area also increases, and
their growth rate W00 ¼ d0f remains essentially constant. By
recording the sound effects during nucleate boiling, it is possi-
ble to precisely determine the time of nonstationary nucleate
boiling or the time of the self-regulated thermal process.

When a heated steel part or standard test specimen (or
a probe) is initially immersed into the quenchant, the heat
flux is sufficiently high that full film boiling arises. In this
case, a continuous steam film is formed around the part or
probe, which separates the liquid (the quenchant) from the
heated surface. Thus, the oscillation of a film is observed
with much smaller frequency than when bubbles first
appear or for bubbles during nucleate boiling.

By comparison of the frequencies, the duration of film
and nucleate boiling can be estimated. It is even possible to
record the first stage of bubble generation, since they fluctu-
ate at high frequencies that can be easily recorded [29,36]. It
was possible to make such investigations because noise
sounds were subdivided into 200 channels [36].

It has been established that each mode of boiling pos-
sesses corresponding characteristic frequencies of sound
effects that lie within the range of 1–20 kHz. To record these
oscillations, a sound analyzer [30] was used, connected
through an amplifier to the sensor (hydrophone) used to meas-
ure the sound effects emitted during the quenching process.
The sensor gauge is constructed of a piezoelectric element that
responds to acoustic oscillations. The range of acoustic oscilla-
tions of 1–20 kHz was separated into 200 channels. Each chan-
nel recorded frequencies over a range of 100 Hz. The
integrated intensity of sound fluctuations was also measured.
The chart of experimental measurements is shown in Fig. 11.
Studies in this area are described in more detail in [29,36].

Results of some experimental measurements are shown
in Fig. 12. Fig. 12(a) illustrates the cooling process for a
Kh18N9T (AISI 304) cylindrical test probe of 20-mm diame-
ter. The temperature was measured at the center of a sample
(curve 1) and at the surface (curve 2). After heating to
850�C, cooling was conducted in a concentrated aqueous
solution of calcium chloride (CaCl2) with a density of r ¼
1,320 kg/m3 and temperature of 40�C. Integrated acoustic
oscillations intensity was measured using an analyzer and
the device shown in Fig. 11. The function of integrated inten-
sity of sound effects versus time is shown in Fig. 12(b).

It is possible to select three characteristic acoustical
regions during the cooling process. During the first region
(I), an increase in acoustic oscillations intensity is observed;
during the second region (II), the sound is attenuated; and
during the third region (III), an increase in the integrated
intensity of acoustic oscillations is once again observed, com-
pletely fading away when convection starts. It should be
noted that in the third region during the time of maximum

acoustic oscillations intensity, there is no appreciable change
in the surface temperature. From beginning to end of the
full nucleate boiling, the temperature gradually decreases,
which, in this case, is at the level of the boiling temperature
of a boundary liquid layer (about 120�C).

We can give the following explanation to the character
of change in intensity of the sound effects shown in
Fig. 12(b). When a cylindrical sample is immersed into an
aqueous solution of calcium chloride during Region I, a
boundary boiling layer is formed, and liquid boils with the
formation of numerous bubbles, resulting in an increase in
sound intensity. In Region II, a localized steam film is
formed, which decreases the intensity of acoustic oscilla-
tions. In Region III, the full nucleate boiling is observed and
the sound intensity increases as the localized steam film is
replaced with numerous bubbles. After 16 seconds, the

Fig. 11—Simplified schematic illustration of the experimental
apparatus used for acoustical measurements [29,30].

Fig. 12—Temperature–time curve of a cylinder-shaped probe (a)
and noise intensity (b) during quenching from 860�C in an aque-
ous solution of CaCl2: 1, center; 2, surface [29,30].
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sound effects ceased because the nucleate boiling process
ended and convection was established.

The duration of transient nucleate boiling will now be
estimated using Eq 36 and then compared with the experi-
mental data. The following initial conditions were used:
T0 ¼ 850�C;
TS ¼ 120�C;
#0 ¼ T0 – TS ¼ 850�C – 120�C ¼ 730�C;
k ¼ 22 W/mK;
a ¼ 5.36 3 10�6 m2/s;
R ¼ 0.01 m; and
aconv ¼ 427 W/m2K.

Using these data and Eq 36, the time of transient nucle-
ate boiling snb is equal to 15.5 s. Experimentally, it was
determined to be approximately 16 s, which agrees reason-
ably well with the calculated result. The computational result
is less by 0.5 s because the existence of shock boiling and
possible localized vapor films were considered [36].

A portable device has been developed for recording
sound effects directly in a production quench tank so that sim-
ilar computations can be performed in the heat treating shop
[29–31]. The results of calculations of the time of the self-
regulated thermal process and time of sound effects for pins
of various diameters are shown in Table 14. Experimental and
computational results are in excellent agreement for these
parts of simple configuration. If parts possess a more compli-
cated configuration consisting of thin and thick sections, it is
difficult to determine the time of nonstationary nucleate boil-
ing precisely, since thin sections are cooled much faster, while
the quenching process (and noise associated with this portion
of the overall cooling) continues for thicker sections. However,
using Eq 36, it is still possible to estimate with sufficient preci-
sion the average time of the self-regulated thermal process,
which coincides with nonstationary nucleate boiling.

2.7 DISCUSSION
Boiling is a phase change process in which vapor bubbles
are formed either on a heated surface or in a superheated
liquid layer adjacent to the heated surface. Dhir [2] reported
that heat flux on polished surfaces varies with wall super-
heat approximately as:

q / DTm; ð43Þ
where m has a value between 3 and 4. This means that wall
superheat DT during quenching of steel parts does not
change significantly with a change of q. This process was
investigated by French [26] by quenching a steel ball 38.1
mm in diameter in cold water containing a small amount of
salts and making calculations of the duration of the self-
regulated thermal process and the surface temperature at
the beginning and end of the quenching process.

In this study, the steel ball was heated to 875�C and
then cooled in water at 20�C containing mineral salts. For
these calculations, the following input data were used:
T0 ¼ 875�C;
Tm (bath temperature) ¼ 20�C;
TS (saturation temperature) ¼ 100�C;
aconv ¼ 1,200 W/m2K;
k ¼ 22 W/mK; and
R ¼ 0.01905 m.

Overheat DT at the beginning and at the conclusion of
the self-regulated thermal process can be evaluated from Eqs
36–38, where:

K is Kondratjev form factor in m2 (see Chapter 6);
a is the thermal diffusivity of steel (m2/s);
k is the thermal conductivity of steel (W/mK);
T0 is the initial temperature (�C);
TI is the initial temperature of the surface at the beginning

of nucleate boiling (�C);
TII is the temperature of the surface at the end of nucleate

boiling (�C);
#0 ¼ T0 – TS;
#I ¼ TI – TS;
#II ¼ TII – TS;
#uh ¼ TS – Tm;
aconv is convective heat transfer coefficient (W/m2K); and
b ¼ 7.36 [3].

Overheat at the beginning of the self-regulated thermal
process can be evaluated using Eq 37:

#I ¼ 1
7:36

23 223 ð775� #IÞ
0:01905

� �0:3
¼ 10:28C;

and overheat at the end of the process can be evaluated
using Eq 38:

#II ¼ 1
7:36

1; 2003 ð775þ #IIÞ½ 
 ¼ 4; 38C:

The duration of the self-regulated thermal process is
then calculated from Eq 36:

snb ¼ 0:48þ 3:21 ln
10:2
4:3

� �
36:773 10�6

5:363 10�6
¼ 22:4s:

Here K ¼ R2

p2
¼ 36:773 10�6m2 which is the Kondratjev

form factor for a ball of 38.1-mm diameter. The thermal diffu-
sivity of steel is a ¼ 5.36 3 10�6 m2/s. From these calcula-
tions, the surface temperature during the self-regulated
thermal process changes from 110.2�C to 104.3�C and its dura-
tion is 22.4 s. If an average temperature of (110.2�C þ
104.3�C)/2 ¼ 107.25�C is used, the difference between the
actual temperature and the average temperature is ±2.7 % This
difference decreases as the diameter increases, which means
that the simplified approach provided by Eq 36 can be used.
This is important, since it provides a practice approach for
heat treaters to delay the transformation of austenite into mar-
tensite during the intensive quenching process and facilitates
the development various customized quenching processes.

2.7.1 Quench Process Investigations
Performed by French
Quenching is a very old technology. Ancient experienced
heat treaters—blacksmiths—had their own specialized know-
how for quenching products, evaluating the duration of tran-
sient nucleate boiling (although they probably didn’t recog-
nize this particular physical process in this way). The key
element of heat treating was to transfer quenched products
from one quenchant to another at the end of nucleate boil-
ing. The duration of nucleate boiling was evaluated simply
by the noise and small vibrations the blacksmiths felt in
their hands. Only experienced heat treaters could do this job,
and they were highly respected in ancient societies. Nowa-
days, heat treating may be completely automated, and pro-
duction lines are equipped with the conveyors, robots, and
various kinds of hardware and software.

CHAPTER 2 n TRANSIENT NUCLEATE BOILING AND SELF-REGULATED THERMAL PROCESSES 37



TABLE 14—Comparison of the time of the self-regulated thermal process meas-
ured experimentally with computational results obtained using Eq 36 for cooling
conducted in an optimal concentration of a cold aqueous solution of CaCl2
Type of pin Steel grade Time of nucleate boiling (s) Calculation by Eq 36 (s)

M10 3 50 AISI 5140 4.4 4.0

AISI 5136 4.4

20KhN3A 4.3

SAE 4130 4.4

AISI E9310 4.3

M12 3 100 AISI 5140 6.0 6.0

AISI 5136 6.1

20KhN3A 6.0

SAE 4130 6.2

AISI E9310 5.9

M16 3 130 AISI 5140 10.0 10.0

AISI 5136 10.2

20KhN3A 10.1

SAE 4130 10.3

AISI E9310 9.4

M20 3 180 AISI 5140 14.9 15.0

AISI 5136 15.0

20KhN3A 14.9

SAE 4130 15.1

AISI E9310 14.7

M24 3 120 AISI 5140 20.9 21.0

AISI 5136 21.0

20KhN3A 20.9

SAE 4130 21.2

AISI E9310 20.8

M27 3 240 AISI 5140 28.0 28.0

AISI 5136 28.3

20KhN3A 28.1

SAE 4130 28.4

AISI E9310 27.5

M30 3 190 AISI 5140 31.9 32.0

AISI 5136 32.3

20KhN3A 32.0

SAE 4130 32.8

AISI E9310 31.7

Note: Composition of 20KhN3A steel: 0.17–0.24 C; 0.3–0.6 Mn; 0.17–0.37 Si; 0.6–0.9 Cr; 2.75–3.15 Ni; < 0.15 Mo; < 0.1 Al; < 0.03 Ti
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One of the serious investigations of quenching processes
was performed by French in 1926–1930 [26]. At the time, he
prepared and utilized unbelievably accurate spheres, cylinders,
and plates, which were instrumented with thin thermocouples.
Spheres were made from steel and copper. Fig. 13 shows how
accurately spheres were prepared for investigations.

The experimental results from French’s studies are sum-
marized in Table 15, which shows that during quenching of
the spheres in a cold 5 % water alkaline solution, film boil-
ing is absent. Also, independently of size of sphere, the wall

temperature decreases very quickly from 975�C to 150�C
within one second, which would seem impossible. However,
using computational methodology, such as finite element
analysis, it is possible to solve this heat transfer problem as
an inverse problem (IP). Details and methods of solving the
inverse problem are provided in Chapter 13.

A regularization method for solving an IP problem was
developed by Tikhonov [37]. This method was used and fur-
ther developed by various authors [38–42]. Some results of
computations using the software IQLab [40] are shown in
Figs. 14 and 15. Fig. 14 shows that the heat flux density is
very high at the very beginning of the quenching process and
varies smoothly as the process proceeds. Fig. 15 shows that
the maximum heat transfer coefficient (more than 200,000
W/m2K ) is achieved at the time of 2 seconds. Furthermore,
the heat transfer coefficient decreases exponentially and
reaches 30,000 W/m2K within 20 seconds after immersion.

To be sure that these large values are reliable, the criti-
cal heat flux densities were determined (see Chapter 3, Sec-
tion 3.4). The results of these calculations are shown in
Table 16 for the critical heat flux densities for water and
aqueous salt solutions and alkaline solutions.

Fig. 13—Depiction of how thermocouples were arranged and accu-
rately flattened to the wall of spheres and polished by French [26].

TABLE 15—Time required for the surface of steel spheres of different sizes to cool to different
temperatures when quenched from 875�C (1,605�F) in 5 % NaOH-water solution at 20�C and
moving at 3 feet per second (0.914 m/s), according to French [26]

Average size

Time (s)

700�C 600�C 500�C 400�C 300�C 250�C 200�C 150�C

1/4 inch (6.35 mm) 0.025 0.030 0.033 0.040 0.06 0.10 0.21 1.05

0.025 0.040 0.050 0.063 0.12 0.23 0.42 0.67

0.030 0.040 0.043 0.050 0.09 0.13 0.23 0.36

0.027 0.037 0.043 0.051 0.09 0.15 0.29 0.69

1/2 inch (12.7 mm) 0.033 0.040 0.050 0.053 0.07 0.11 0.15 0.43

0.035 0.038 0.046 0.060 0.09 0.13 0.22 0.49

0.032 0.050 0.073 0.090 0.11 0.14 0.32 0.92

0.016 0.043 0.050 0.083 0.17 0.24 0.35 0.65

0.020 0.040 0.060 0.077 0.10 0.15 0.26 0.53

0.028 0.042 0.058 0.071 0.11 0.15 0.26 0.60

1 inch (25.4 mm) 0.035 0.040 0.045 0.060 0.08 0.10 0.15 0.40

0.050 0.050 0.080 0.083 0.11 0.19 0.40 1.20

0.028 0.040 0.045 0.064 0.14 0.21 0.34 0.71

0.020 0.020 0.050 0.086 0.19 0.32 0.32 0.99

0.033 0.042 0.055 0.074 0.13 0.21 0.35 0.82

2.5 inches (63.5 mm) 0.025 0.040 0.060 0.065 0.08 0.10 0.29 0.65

0.020 0.030 0.040 0.050 0.07 0.13 0.25 0.80

0.030 0.043 0.070 0.100 0.15 0.20 0.31 0.52

0.020 0.040 0.075 0.120 0.19 0.23 0.35 0.84

0.020 0.043 0.080 0.130 0.21 0.28 0.39 0.56

0.023 0.039 0.065 0.093 0.14 0.19 0.32 0.59
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Note that the first critical heat flux density is maximal
heat flux when nucleate boiling changes by film boiling.
These problems (shock boiling and critical heat flux den-
sities) are discussed in Chapter 3.

It has been shown that the maximum critical heat flux den-
sities in water-salt solutions can reach 9–15 MW/m2 [27]. From
the maximum critical heat flux, it is possible to calculate the
maximum heat transfer coefficients during nucleate boiling
when quenching. If overheat is 50K, the heat transfer coeffi-
cient during quenching in an aqueous alkaline solution can be:

anb ¼ qmax

TW � TS
¼ 153 106W=m2

50K
¼ 300; 000

W
m2K

:

For water, a lower value is obtained because of the
lower first critical heat flux density:

anb ¼ qmax

TW � TS
¼ 6:93 106W=m2

50K
¼ 138; 000

W
m2K

:

It should be noted that Tolubinsky and Kutateladze
underlined many times that maximal overheat is within 10
to 30�C [1,7]. During immersion of steel parts heated to
800–1,000�C into cold liquid, due to very big gradient of
temperature, overheat can be more than 30�C.

From Fig. 14, in one second the heat flux density
decreases to 3 MW/m2 where the self-regulated thermal proc-
ess is already established. At that time, the wall overheat is
10.2K and the heat transfer coefficient is:

anb ¼ qmax

TW � TS
¼ 33 106W=m2

10:2K
¼ 294; 000

W
m2K

:

Due to the very high heat transfer coefficient during
nucleate boiling, the surface temperature of steel parts dur-
ing quenching decreases immediately to a temperature close
to the saturation temperature. Further surface temperature
changes very slowly until the boiling process is completed.
This phenomenon is designated as the self-regulated thermal
process [33].

Many equations, including the equations of Labuntsov
(see Table 5), should provide approximately equivalent val-
ues of the heat transfer coefficients, especially for water at
atmospheric pressure. According to Labuntsov, at DT ¼ 10K,
a is approximately 8,400 W/m2K. Such a big difference can
be explained by highly forced processes and existing boiling
sites on the surface of steel parts; there is no need to spend
energy to grow them from the very beginning.

The heat transfer coefficients calculated using the equa-
tions from Table 5 are rather low as compared with the heat
transfer coefficients during quenching. One cannot say that
Labuntsov’s equations are not true. All of equations in
Table 5 are true for the conditions for which they were
developed—most commonly for electrically heated wires and
different elements placed into boiling liquids. It should be
noted that experiments of Labuntsov and others were very
precisely performed; however, in many cases they don’t coin-
cide with the results derived from the quenching processes.

During quenching, heat flux density radically decreases
from the high temperature where shock boiling exists. Dur-
ing heating of thin specimens, heat flux density slowly
increases when the liquid is approximately at the boiling
temperature. These processes (quenching and heating) are
absolutely different. During quenching, the wall temperature
decreases very quickly to the initial temperature of the self-
regulated thermal process #I and then decreases very slowly
until reaching the value #II. For a cylinder of 100-mm diame-
ter, the wall temperature during the self-regulated thermal
process, which is equal to 138 s, changes from 106.16�C to
104.1�C. It is possible to use an average temperature of

Fig. 14—Heat flux density versus time for a sphere 38.1 mm in dia-
meter quenched from 875�C in a 5 % NaOH-water solution at 20�C.

Fig. 15—Shock and nucleate boiling heat transfer coefficients ver-
sus time for a sphere of 38.1 mm in diameter quenched from
875�C in a 5 % aqueous NaOH solution at 20�C.

TABLE 16—The first critical heat flux density
for water and water salts and alkaline
solutions at 20�C

Quenchant at 20�C
Critical heat flux densities,
qcr1 (MW/m2)

12 % NaCl water solution 13

5 % NaOH water solution 15

12 % NaOH water solution 15–16

Water 6.9–7.0
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105.1�C (see Eq 44) and average temperature differ from
real temperature only ±3 % (see Eqs 37 and 38)

Tsf ¼ TS þ n0 � const; ð44Þ
where:
Tsf is the surface (wall) temperature of a body;
TS is the saturation temperature; and
n0 ¼ Tsf � TS is average wall overheat.

Such a simplified approach is more reliable than heat
transfer coefficient calculations. The self-regulated thermal
process, in many cases, starts immediately after immersion
of a steel part into the quenchant if film boiling is absent.

It is unusual to consider that full film boiling could be
absent during quenching from 800�C to 900�C in cold water
salt solutions. Usually, it is assumed that three modes of heat
transfer will exist: film boiling, nucleate boiling, and convective
heat transfer. Evidence for the absence of film boiling include:
• Prior to boiling, cold liquid should be heated to the satu-

ration temperature, and during this time, the wall tem-
perature of the steel part decreases significantly because
the specific heat of water and aqueous salt solutions is
rather high [27].

• When quenching in water and aqueous salt solutions, a
double electrical layer is established between wall and
liquid, which eliminates film boiling [27,43] (see Chap-
ter 3, Section 3.5).

• Recent studies show that initial heat flux density, mov-
ing from wall to liquid at the very beginning of immer-
sion, is a finite value that is often less than the first
critical heat flux density [34,39].

• CFD (computational fluid dynamics) modeling has
shown that during quenching in agitated water, the tem-
perature of the boundary layer remains below satura-
tion temperature [39].

• It has been discovered that shock boiling increases the
critical heat flux density and wall superheat [31,36].

• Acoustical analyses have provided evidence that film
boiling is absent [29,30].
These factors have been effectively used since 1968 in

heat-treating industries [20,31,32,42]. An important discus-
sion was published in 1976 in which the self-regulated ther-
mal process was considered [44,45]. The primary issue there
was whether vapor bubbles can affect quenching processes.
As seen from Figs. 14 and 15, during immersion of steel
parts into a cold quenchant, heat flux and heat transfer coef-
ficients are huge, which is a result of the behavior of the
small bubbles formed during boiling in cold liquids. Types
of boiling processes are presented in Fig. 16 [2].

The presence of bubbles in a quenching system:
• can be seen,
• can be heard,
• can be felt due to tiny vibrations of thin steel parts dur-

ing quenching,
• can be measured by noise control systems, and
• can be calculated.
More information is provided [2] (see Fig. 16).

The Labuntsov [5] equation works well when we
approach the scheme shown in Fig. 16 from the left side.
However, the quenching processes should be considered
from the opposite upper side, where at the beginning shock
boiling is observed (see Fig. 17).

Shock boiling during quenching in cold liquids, accord-
ing to French, is very short-lived (see Table 15). Independently

of the size of the steel part, the duration of shock boiling is
less than one second. Based on these facts, the generalized
analytical equation (Eq 36) was achieved to calculate the
duration of transient nucleate boiling and the self-regulated
thermal process [27]. The difference between transient nucle-
ate boiling and the self-regulated thermal process is less than
one second.

2.7.2 Why Is It Important to Study Shock Boiling?
The initial stage of the formation of nucleate boiling
requires much more careful attention to understand the

Fig. 17—Scheme showing three possible ways of evolution of the
boiling processes: (a) conventional quenching where film boiling
exists; (b) intensive quenching in water-salt solutions of optimal
concentration where film boiling is completely absent; (c) quench-
ing of large steel parts in cold, slightly agitated water where film
boiling is absent, but transition boiling exists.

Fig. 16—Typical boiling curve, showing qualitatively the depend-
ence of the wall heat flux, q, on the wall superheat, DT, defined
as the difference between the wall temperature, Tw, and the sat-
uration temperature, TS, of the liquid. Schematic drawings show
the boiling process in five regions, designated I–V, illustrated and
discussed in [2], including the transition points A–E.
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shock boiling phenomenon [44–47]. There is a need to
develop a theoretical approach for explaining the absence of
film boiling during immersion of heated steel parts into cold
liquids [27,38,41].

The duration of the first stage is very short, probably
due to shock boiling, which removes a huge amount of heat
from the heated surface. Let us analyze experimental data of
French [26]. At quenching of steel spheres 38.1 mm in diam-
eter from a temperature of 875�C in cold water containing
some salts, the first stage takes only 0.5 s, whereas the time
of the self-regulated thermal process calculated by Eq 36 is
22–23 s. The average convection heat transfer coefficient
was equal to 1,200 W/m2K. Thus, the duration of the first
stage equates to only 2 %. During this insignificant time, the
boundary liquid layer is heated to the temperature of boil-
ing, and then is overheated to DT ¼ TSf – TS, where forma-
tion of tremendous nucleating centers occur. It takes only
0.5 s for all these complicated processes.

Despite the insignificant duration of the first stage, its
careful study is of practical interest. Using special additives
effecting surface tension, one can control processes occur-
ring in the boundary liquid layer at the initial period of time
[27,38,41].

Really, when considering Eq 6 connecting the critical
size of bubbles with the surface tension r (in N/m), one can
see the essential effect of the surface tension of a liquid on
the critical size of a bubble. The smaller the critical size of a
bubble, the more bubbles can arise in a unit of surface area.
Finally, it will affect the first critical heat flux density, which
causes film boiling processes “to be or not to be.”

For intensive quenching technologies, film boiling is
undesirable and should be suppressed completely. Therefore,
it is very important to have special additives that consider-
ably increase the first critical heat flux density qcr.1.

Because the initial period of the formation of a bound-
ary boiling liquid layer has been poorly studied, it is impor-
tant to plan ways that could help to start such investigations.
In our opinion, the analysis of sound effects that occur at
the formation of a boundary boiling liquid layer has good
prospects. One of the most promising studies is the analysis
of many channels, each responsible for a certain frequency
range of the sound oscillations of vapor bubbles. This makes
it possible to draw important conclusions about the first
stage of quenching [29–31].

The sound analysis of the initial stage should also be
accompanied by visual examination using a high-speed camera-
recorder. It is also important to make accurate measurements
of the surface temperature and duration of the first stage at
quenching of samples or steel parts. For this purpose, one can
use the well-known Liscic-Nanmac probe [13]. The probe meas-
ures temperatures at the surface and at a distance of 1.5 mm
from the surface precisely enough by means of special, very
exact thermocouples with a thickness of 0.025 mm.

The combination of visual examination with exact mea-
surement of temperature at the surface and the appropriate
analysis of sound effects through many channels can lead to
a profound understanding of the phenomena that are
observed at the time of immersing parts to be quenched into
the cold quenchant. On the other hand, it is important to
acquire statistical data related to the character of changes in
surface temperature, which sharply reduces from the initial
value (temperature of austenization) up to the saturation
temperature of the quenchant.

Having such statistical data, it is possible to calculate
precisely the heat transfer coefficients for the first stage of
intensive cooling, that is, the forming and boiling up of a
boundary liquid layer. In some cases, these data can be used
as boundary conditions of the first kind.

Measurement of the surface temperature of parts at
nucleate boiling, as already mentioned, is quite a difficult
problem. Here it is more expedient to measure the time of
transient nucleate boiling using sound effects. This will allow
proceeding to boundary conditions of the first kind, since
the computation of temperature fields by such an approach
will be very accurate.

For the determination of the time of nonstationary
nucleate boiling, it is important to know a convection heat
transfer coefficient. For its determination, one can use tech-
niques described in [29,30,36].

These issues have been discussed in more detail in
[27,31] and applied in practice [48–51].

2.7.3 The Self-Regulated Thermal Process Is Widely
Used in Practice
The self-regulated thermal process is widely used in practice
[31,51]. It canbe also used tomanufacture extremely high-strength
materials with plain carbon steels by applying high-temperature
thermomechanical treatment (HTMT) or low-temperature ther-
momechanical treatment (LTMT).

To make the LTMT process possible, it is necessary to
supercool austenite to 400–500�C, where it should be
deformed to certain degree. Transformation during this time
should be delayed, and supercooled austenite should be stable.
For this purpose, as a rule, high-alloy steels, which allow such
procedure, are used. Using the self-regulated thermal process,
one can extend the possibilities of LTMT for plain carbon
steels, and especially for high-carbon steels [27]. The LTMT
process requires the delay of transformation of austenite into
martensite during quenching, particularly when applying
intensive quenching. The problem is that, during intensive
quenching, the temperature at the surface of a steel part drops
rapidly to saturation temperature, while the temperature at the
core remains very high. Immediately at the surface, a brittle
martensitic layer is formed, which precludes the process of
mechanical deformation. To make the LTMT process possible,
one should delay the transformation of austenite into martens-
ite during intensive quenching—which can be done by using
the self-regulated thermal process. As is already known, delay
of the austenite-to-martensite transformation can be achieved
by using appropriate pressure or water-salt solutions [27].

At present, LTMT has been used for high-alloy steels
where supercooled austenite remains stable at low cooling
rate to 400–500�C. Unfortunately, this cannot be done for
low-alloy and plain carbon steels. That is why LTMT is not
widely used in practice. Our investigation extends the possi-
bility of using HTMT and LTMT in combination with inten-
sive quenching [27]. In such a way, high-strength materials
can be achieved that are as strong as Damascus steel. This
concept was discussed in detail in Chapter 1.

2.8 LIST OF SYMBOLS
a thermal diffusivity (m2/s)
Bi conventional Biot number (dimensionless)
BiV generalized Biot number (dimensionless)
C, c numerical factors
cp specific heat capacity (kJ/kgK)
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do bubble departure diameter
f bubble release frequency (Hz)
g gravitational acceleration (m/s2)

K ¼ q
r0000r�W 00 Tolubinsky number (dimensionless)

K Kondratjev form factor (m2)
Kn Kondratjev number (dimensionless)
ns nucleation sites density (m�2)
p pressure (Pa)
q heat flux density (W/m2)
r coordinates (m)
r* latent heat of evaporation (J/kg)
Rcr critical radius of a bubble (m)
S surface area (m2)
T temperature (K or �C)
TS saturation temperature (K or �C)
Tc core temperature (K or �C)
Tm medium (bulk) temperature (K or �C)
V volume (m3)
W00 vapor bubble growth rate (m/s or mm/s), ¼ dof
x coordinates (m)
a heat transfer coefficient (W/m2K)
b parameter depending on properties of liquid and vapor
b0 volumetric expansion (1/K)
#I wall superheat at the beginning of self-regulated thermal

process
#II wall superheat at the end of self-regulated thermal

process
#c Tc – TS

k thermal conductivity (W/mK)
l dynamic viscosity (kg/mÆs)
m kinematic viscosity (m2/s)
r liquid density (kg/m3)
r00 vapor density (kg/m3)
r surface tension (N/m)
s time (s)

2.9 SUMMARY
1. The generalized equation for the determination of the

duration of transient nucleate boiling has been
obtained, which includes the self-regulated thermal proc-
ess. This equation is a basis for development of intensive
steel quenching methods.

2. The generalized equation is verified by experiments and
is widely used for the development of quenching recipes
when designing the above-mentioned technologies.

3. Wall overheat during the self-regulated thermal process
changes very slowly and can be derived from the equa-
tion: anb ¼ bqm, where b ¼ 7.36 and m ¼ 10/3.

4. Equations of Labuntsov and other authors, which were
established on the basis of heating thin wire immersed
into boiling liquid, can be used only qualitatively, not
quantitatively, for designing of quenching processes.

5. During the self-regulated thermal process, one can con-
sider surface temperature as a constant value, that is,

Tsf ¼ TS þ #I þ #II

2
, and use this approach for simplified

temperature field calculations with an accuracy of ±3 %.

6. During quenching of steel parts in cold water salt solu-
tions of optimal concentration, film boiling is absent.
The initial stage of quenching includes shock boiling,
which is not widely and deeply investigated yet.

7. During quenching of real machine components, includ-
ing massive rollers and rotors, heat flux density after
establishing the self-regulated thermal process is less than
q ¼ 0.1qcr1, and therefore partial boiling is observed and
Tolubinsky investigations are very useful here.

8. Taking into account characteristics of the self-regulated
thermal process, it is possible using plain water instead
of oils when quenching alloy and high-alloy steels, which
improves environment conditions significantly.

9. The self-regulated thermal process extends the possibil-
ity of high-temperature and low-temperature thermome-
chanical heat treatments to the manufacture of very
high-strength materials using plain carbon steels.

10. Further special investigations are needed here, which
can be successfully done by an international team [52].

11. There is a need to develop standards for intensive quench-
ing technologies and to publish books for heat treaters and
engineers to explain the new discovered processes.
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3
Critical Heat Flux Densities and
Characteristics of Heat Transfer
During Film Boiling
N. I. Kobasko,1 M. A. Aronov,1 and J. A. Powell1

3.1 USING CRITICAL HEAT FLUX DENSITIES TO
OPTIMIZE AND MAINTAIN QUENCH SYSTEMS
A common approach to determining if a quenchant will
harden a particular alloy is to examine its cooling curve (time–
temperature) and compare it to the TTT (time-temperature-
transformation) diagram for the alloy of steel to be quenched.
Cooling curves for liquid quenchants are generated by using a
standard Ø12.5 3 60 mm Inconel alloy probe [1–5].

When using this approach, one should remember that
the cooling curve for the actual part will differ from the
cooling curve as determined by the quench probe. This is
because the heat transfer conditions during quenching
depend on the geometry and dimensions of the part being
quenched. For example, the boiling process may take place
during quenching of the probe, yet be absent when quench-
ing a real part. Since the part and the probe cooling curves
may differ significantly, the selection of a proper quenchant
for a specific part may not be accurate if using only the
standard quench cooling curve. Nevertheless, the use of cool-
ing curves generated from the standard probe is effective
when comparing different quenchants to each other or
tracking quenchant quality changes over time.

This chapter discusses a different concept for evaluating
the cooling capacity of quenchants other than just the stand-
ard cooling curves. This concept is based on the use of criti-
cal heat flux densities—parameters characterizing the boiling
process for a particular quenchant. As will be shown, knowl-
edge of the critical heat flux densities of the quenchant may
be considerably more helpful for heat treaters and metallur-
gists. Unlike cooling curves, data on a quenchant’s critical
heat flux densities allow the heat treater to provide the opti-
mal conditions for achieving the desired hardness and to
enhance distortion control for any part under any quench-
ing conditions. Furthermore, as with quench cooling curves,
the critical heat flux densities may be used for quality con-
trol to assure that the quenchant’s optimal quenching char-
acteristics are maintained over time. Finally, knowledge of
critical heat flux densities will provide for more accurate
computer simulations of the quenching processes of specific
parts and specific alloys. To define critical heat flux den-
sities, let us first consider the modes of heat transfer during
quenching in a liquid media [6–9].

When quenching in a vaporizable liquid (e.g., oil, polymer/
water, brine, or water), four modes of heat transfer are typi-
cally encountered at the interface of the hot part and the

quenchant (the boundary conditions). In order of their
occurrence upon cooling of austenitized steel, these modes of
heat transfer are:
• Shock boiling
• Full film boiling
• Nucleate boiling
• Convective heat transfer

3.1.1 Shock Boiling
The first stage of quenching, which occurs immediately
upon immersion of hot steel into a vaporizable liquid quen-
chant, is “shock” boiling. Although most reviews on the
quenching process address film boiling, nucleate boiling, and
convection cooling, shock boiling is rarely considered. This
initial stage of cooling occurs over a very short period of
time: the relatively cold quenchant is flowing along the hot
steel’s surface while the part is being immersed into the
quench [10]. The quenchant temperature in the boundary
layer rises up very fast to a boiling temperature due to the very
large temperature difference between the hot surface of the
part and the quenchant. For example, a surface layer of a
water-salt solution is heated to the boiling temperature in
about a tenth of a second [6].

The modes of heat transfer during this short period of
time are the following: First, there is convection heat trans-
fer. Then nucleate boiling begins, with the formation of
small vapor bubbles, followed very quickly by larger bubbles
that grow in size and number until they detach from the
part’s surface, forming a “vapor blanket” of film boiling
around the hot part. The formation of the vapor blanket
over the entire part surface is the end of the shock boiling
mode, and the beginning of the second mode of heat trans-
fer during quenching, full film boiling.

In spite of the fact that shock boiling occurs over a very
short period of time, we must consider the shock boiling proc-
ess as very important, since it sets into motion all the subse-
quent modes of heat transfer that directly affect the remainder
of the quench process and, therefore, all of the part’s proper-
ties “as quenched.”

The initiation of boiling on a part’s surface depends on
many factors, including:
1. The thermal and physical properties of the liquid and

material being quenched—for example, the specific heat
capacity, heat conductivity, density and quenchant sur-
face tension, and quenchant viscosity

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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2. The quenchant agitation rate relative to the various part
surfaces

3. Quenchant temperature
4. Surface temperature
5. Surface roughness
6. The part’s orientation angle relative to the top of the liq-

uid bath and direction of quench flow
7. Convective heat transfer at the interface of the part and

the liquid

3.1.2 Full Film Boiling
After a very short period of shock boiling, the second mode
of heat transfer from the cooling part to the liquid quenchant
is “full film” boiling. The heat transfer rate when full film boil-
ing first occurs defines the first critical heat flux density, qcr1
(note that the “density” of the “critical heat flux” indicates the
amount of energy transferred from a given area, e.g., from
1 m2). During full film boiling, the surface is fully engulfed by
a vapor blanket (in the case of water, this vapor blanket is
steam; in the case of oil, it is vaporized oil). The heat flux (that
is, the heat passing through the part surface) slowly decreases
as the part’s surface and core are cooling. Eventually the heat
flux becomes insufficient to support full film boiling on the
part surface. The film boiling process then becomes unstable
and erratic. The vapor blanket begins to collapse in some
areas of the part surface, quickly re-form in other areas, and
then collapse again, until the nucleate boiling process initiates.
These nonuniform heat transfer conditions along the part sur-
face areas (during the transition from the film boiling process
to the more uniform nucleate boiling process), along with the
changes in volume of the steel (during phase change from
austenite to martensite), are the major contributors to part
distortion (or cracking) during quenching.

When the vapor blanket starts to collapse, the quen-
chant begins contacting the part surface directly (and the
“wetting process” starts). Note that the temperature of the
part surface at this period of time should not be associated
with the Leidenfrost temperature [7,8]. This is because the
surface temperature of the part being quenched can differ
from the values of the Leidenfrost temperature due to dis-
similar conditions of heat transfer when quenching the part
and during the procedure used for Leidenfrost temperature
determination.

The duration of film boiling depends on many factors,
including part shape and size, quenchant media, physical
properties, part and quenchant temperatures, and quenchant
agitation. Film boiling can last from a few seconds to tens of
seconds on the same part [9,10]. For example, inside of a
blind hole, film boiling will proceed for a longer time than
in the area on the outer surface of the part where the agita-
tion is greater. Also, film boiling typically occurs for a longer
period of time on the bottom surface of the part due to the
inhibition of bubbles leaving that surface and rising to the
top of the tank.

3.1.3 Nucleate Boiling
Fig. 1 presents qualitatively the change of the heat flux from
the surface of a part during quenching. This is basically a
Nukiyama boiling curve [9] in reverse. Note that typical boiling
curves presented in technical literature were obtained for heat
transfer conditions in boilers during a heating cycle, while we
are considering the quenching process, when the part surface
temperature changes from high values to lower ones.

When the heat flux from the part can no longer support
the film boiling mode, there is a shift to the nucleate boiling
mode of heat transfer (see Fig. 1). The second critical heat
flux density, qcr2, occurs when the film boiling vapor blanket
fully collapses, and nucleate boiling heat transfer takes the
place of film boiling.

Nucleate boiling is characterized by a very high rate of
heat extraction (a high heat transfer coefficient) at the sur-
face of the part due to the formation each second of a large
number of tiny bubbles over the part surface. The absence
of the film blanket allows more of the surface to be exposed
to the liquid phase of the quenchant and not the gaseous
vapor phase. Therefore, as soon as the nucleate boiling
mode of heat transfer starts, the heat flux from the part sur-
face begins increasing (see Fig. 1).

In addition to being a fast mode of heat transfer, nucle-
ate boiling is a more stable and more uniform mode of cool-
ing. Compared to film boiling, there is usually less part
distortion associated with the nucleate boiling mode. As with
film boiling, the actual duration of nucleate boiling around
the part depends on many factors, such as part shape and
size, the quench medium’s physical properties, temperature,
and agitation.

Fig. 2 presents qualitatively the change of the part sur-
face temperature (Tw) during quenching. During nucleate
boiling, the part’s surface temperature drops almost to the

Fig. 1—Scheme of heat transfer modes during quenching of steel
parts.

Fig. 2—Typical curves of cooling of the surface (Tw) and the core
(Tcore) during quenching of steel parts in agitated warm water.
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water boiling temperature (in water, Tw is about 105–110�C).
This plateau in the part surface temperature during the
entire nucleate boiling mode (see phase II in Fig. 2) makes
this cooling phase stable—a “self-regulated thermal process,”
as we have called it—once it is established [6]. As nucleate
boiling continues, the part is getting colder, and the heat
flux from the surface decreases. At some point in time, the
heat flux from the part cannot support the nucleate boiling
mode, and the last phase of the quench commences as con-
vection cooling (phase III in Fig. 2).

3.1.4 Convective Heat Transfer
After nucleate boiling ceases, the surface temperature
decreases from slightly above the boiling temperature of the
quenchant down to the bulk fluid temperature. Convection
cooling is a characterized by a much slower cooling rate
than either film boiling or the nucleate boiling (see Fig. 1).
Convection cooling is also more uniform along the surface
of the part. Heat treaters appreciate the convection mode of
quenching for its uniform cooling, since only minimal distor-
tion occurs during this process. (This is why the gas quench-
ing usually provides less distortion than a vaporizable liquid
quench.)

3.1.5 Importance of Critical Heat Flux Densities
The critical heat flux densities qcr1 and qcr2 are inherent
properties of any vaporizable quenchant. As mentioned
above, the first critical heat flux density (qcr1) is the maxi-
mum amount of thermal energy coming out of a unit of sur-
face area needed to create film boiling in the given liquid
over a hot surface area. The more “resistant” a liquid is to
boiling when heat is applied, the higher the liquid’s qcr1 is.
The more resistant a quenchant is to boiling, the more likely
it is to quench a part uniformly (with no film boiling), thus
yielding less distortion. Also, with greater resistance to boil-
ing, there is less likelihood of a “slack quench”—a quench
that is sufficiently slow to produce spotty or lower than opti-
mum as-quenched hardness for a given steel alloy.

On the other hand, the second critical heat flux density
(qcr2) is the minimum amount of heat energy necessary to
support film boiling over the given surface area. In other
words, qcr2 is the point at which the surface of the hot part
has cooled sufficiently to allow the collapse of the vapor
blanket, the end of film boiling, and the beginning of nucle-
ate boiling over this same area.

Note that neither qcr1 nor qcr2 depends on the size of
the steel part or the thermal properties of a material being
quenched. These two parameters are inherent properties of
the quenchant. In general, the greater the value of qcr1, the
less likely it is that the film boiling process will take place.
The values for qcr1 do rise with agitation rates. The greater
the agitation, the longer the amount of time needed for the
liquid to reach the boiling temperature over a given hot
area. If the agitation is sufficiently intensive, there will be lit-
tle or no film boiling. Using violent agitation of the water
quenchant to eliminate film boiling is one of the fundamen-
tal principles of intensive quenching.

The values of qcr1 can be used for determining an optimal
concentration of soluble substances in water. Said another
way, providing the maximum values of critical heat flux den-
sities will result in minimization or even elimination of film
boiling and the nonuniformity of cooling associated with it.
The practical value of the elimination or minimization of film

boiling is to minimize part distortion from nonuniform cool-
ing for a given liquid quenching system. When the heat flux
from the part surface is equal to qcr1, transition boiling can be
observed. In this period of time, on the part surface, both the
film boiling and nucleate boiling processes can take place
locally, which may result in nonuniform part hardening and
excessive part distortion.

3.1.6 Using a Silver Probe to Determine Critical
Heat Flux Density
A spherical or cylindrical silver probe can be used to deter-
mine the cooling curve for a given liquid quenchant. Silver
is used as the probe material because of its relatively high
heat conductivity. Therefore, when a thermocouple is
embedded at the geometric center of a silver probe, the tem-
perature at the core will be approximately equivalent to the
probe surface temperature.

As shown in Table 1, the heat conductivity of silver does
not vary significantly within the temperature interval of
100–700�C. The average value of heat conductivity in the
temperature range of 100–600�C is 371 W/mK. For compari-
son, the heat conductivity of austenitic stainless steel at these
temperatures is 20 W/mK.

First, the silver probe is heated to 850�C (typically in the
range of the austenitizing temperature for the steel parts
that would be quenched in the liquid). After the probe
reaches thermal equilibrium, it is immediately immersed
into the liquid quenchant of interest. The quenchant may or
may not be agitated. A cooling curve (cooling time vs. probe
core temperature) is recorded, and the data are used to cal-
culate the heat flux from the probe over time [2–5]. At pres-
ent, a standardized Inconel 600 probe of Ø12.5 mm is used
to provide cooling curves analysis [1–5].

Examination of the heat flux values calculated from the
probe thermocouple data will show a sharp increase of the
heat flux at some point in time. This heat flux represents
the second critical heat flux density, qcr2 (see Fig. 3). As
described above, qcr2 is the point when film boiling ends and
(the faster and more uniform cooling) nucleate boiling
becomes the primary cooling mode at the surface of the
probe. To find the first critical heat flux density, qcr1, the fol-
lowing experimental correlation between qcr2 and qcr1 is
used [12–17]:

5qcr2 ¼ qcr1:

By repeating the above test procedures at different
quench bath temperatures and agitation rates, the highest
qcr1—the point at which the quench bath is most resistant to
film boiling—can be calculated. The highest qcr1 should corre-
spond to the optimal quenching parameters (the tempera-
ture, and, to a lesser extent the agitation rate) that will
produce the least amount of quench distortion in the parts

TABLE 1—Heat conductivity k (W/mK) for
nickel and silver versus temperature

k
(W/mK)

Temperature (�C)

0 100 200 300 400 500 600 700

Steel — 17.5 18 19.6 21 23 24.8 26

Silver 410 392 372 362 362 366 374 —
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being quenched. The first critical heat flux density qcr1 is
affected by a combination of various physical properties,
including oil viscosity, boiling point, chemical composition,
and so on.

The operation of the quench tank at the highest qcr1
point (for a given quenchant) will assure that the onset of
nucleate boiling will occur at the highest part surface temper-
ature. In addition, it will mean less time under film boiling
conditions, and therefore less nonuniform part cooling, and
will provide more quenching time in the more uniform and
faster nucleate boiling mode. Thus, the shorter the film boil-
ing time and the longer the time that the part is cooled under
nucleate boiling conditions, the more effective (fast and uni-
form) the quench cooling will be for a given liquid quenchant.
Generally, with any quenchant, the more rapid the quenching
cooling rate, the better the physical properties of the part will
be after the quench: higher hardness, deeper hardness, better
tensile strength, and greater ductility after part tempering.

Unfortunately, quenchant cooling curves (time–temperature
curves) obtained at the core of standard probes for various
quenchants reveal very little about what will happen to actual
parts in actual quench tank conditions. However, unlike
quench cooling curves, the knowledge of critical heat flux den-
sities for a given quenchant, and the operation of the quench
tank system at its maximum critical heat flux densities, qcr1 and
qcr2, will provide the heat treater with an optimized quenching
process for that system and assure optimal hardness and lower
distortion for all parts quenched in that system.

3.2 DETERMINATION OF QCR1 UNDER FREE
CONVECTION CONDITIONS
In this section, the boiling process on the part surface dur-
ing cooling in the quench bath, with no force convection
(that is, no agitation), is considered in detail. The technique

for determining of the critical heat flux densities qcr1 and
qcr2 is described.

There are two approaches to explaining the mechanisms
of the end of the film boiling process, when the vapor blan-
ket starts collapsing on the part surface at the end of the full
film boiling mode of heat transfer (see Fig. 1). The first is
based on the fact that high intensity of heat transfer for
nucleate boiling is maintained until the bubble filling (popu-
lation) on the heated surface reaches a limit. The critical
heat flux density corresponds to the upper limit of the num-
ber of nucleating sites formed on the heated surface. The
correctness of such a concept is proved by experimental
results [12], showing that when the heat transfer critical
point is approached, a bi-phase layer (vapor bubbles and liq-
uid) at the heated surface still exists.

The second approach is based on the consideration of
the boiling collapse as a hydrodynamic phenomenon
[13,14]. According to this idea, the heat transfer critical point
occurs when the access of the liquid to a heated surface
ceases, and steady film boiling is established—that is, when
the liquid is pushed off and away from the heated surface
by a continuous vapor layer.

A generalized correlation for the critical heat flux den-
sity qcr1 has been obtained by Kruzhilin [15] using dimen-
sionless similarity parameters (a theory of similarity)
according to the first approach discussed above. Tolubinsky
et al. [12] developed this approach and obtained the follow-
ing relationship for the calculation of the first critical heat
flux density:

qcr1 ¼ 7r�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
afr0r00

p
; ð1Þ

where:
qcr1 is the first critical heat flux density (W/m2);
r* is heat of vapor formation (J/kg);
a is thermal diffusivity of liquid (m2/s);
f is a frequency of dispatch of vapor bubbles (Hz);
r0 is density of liquid (kg /m3); and
r00 is density of vapor (kg/m3).

The second approach for the determination of qcr1 is
based on the hydrodynamic theory of the heat transfer cri-
ses suggested by Kutateladze [13,14]. His notion of the boil-
ing critical point is described by the hydrodynamic process
only. The following equation for the first critical heat flux
density was obtained:

qcr1 ¼ kr�
ffiffiffiffiffi
r00

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
grðr0 � r00 Þ4

q
; ð2Þ

where:
k � 0.14;
g is gravitational acceleration (m/s2); and
r is surface tension (N/m).

Eq 2 is true at the saturation temperature (boiling point)
of a liquid. A cold liquid exhibits higher values of critical heat
flux densities. This is illustrated by the “underheating” con-
cept. Underheating is defined as a difference between temper-
ature of saturation (boiling) and temperature of a quench
bath, that is:

#uh ¼ TS � Tm;

where:
#uh is the underheating of a cooling liquid;
TS is saturation temperature; and

Fig. 3—Heat flux density for immersion quenching of nickel
spheres in water baths as a function of the surface temperature,
compared to the changes in bath temperature, sphere diameter,
and flow velocity as variables [11].
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Tm is the temperature of the medium.
The first critical heat flux density increases as the under-

heating of a liquid increases and is determined by
[12,13,16]:

qu:hcr1 ¼ qcr1 1þ 0:065
r

0

r00

� �0:8
Cp#u:h

r�

" #
; ð3Þ

where:
qu:hcr1 is the first critical heat flux density of the cold liquid

(quenchant); and
Cp is the specific heat capacity of the liquid, kJ/(kg�C).

The transition from film boiling to nucleate boiling is
called the second critical point of the heat transfer at boil-
ing. This transition exhibits as a critical point because, dur-
ing the destruction of the vapor film and return to nucleate
boiling, the heat transfer rate sharply increases and the sur-
face temperature decreases. The temperature overheat corre-
sponds to the minimum heat flux (at the end of film boiling,
see Fig. 1).

The value of the second critical heat flux density qcr2
during boiling of the saturated liquid is less than qcr1. The
interrelationship between the first and second critical heat
flux densities is expressed by [6,17]:

qcr2
qcr1

� 0:2: ð4Þ

Let’s consider in more detail some of the factors affect-
ing critical heat flux densities—in particular, the redundant
pressure above the quench bath. When the pressure
increases, the critical heat flux density also increases, as
shown in Fig. 4.

To avoid the formation of the vapor blanket during steel
quenching, it is necessary to reduce the temperature of the
quenchant and, if possible, to increase the pressure above
the surface of the quench bath. In those cases when it is
impossible to reduce the quenchant temperature, it is useful
to improve the liquid agitation rate—increased agitation may
increase critical heat flux densities by several times.

Production quenching systems are usually equipped
with propellers or pumps providing for liquid agitation in

the quench bath. Under forced agitation conditions, the criti-
cal heat flux densities, described above, depend also on the
quenchant circulation velocity. When the circulation velocity
increases, the critical heat flux density increases, as well.
Therefore, according to [17], for some liquids, the increase
in speed of circulation from 1m/s to 5m/s increases qcr1 by
2.6 times.

3.3 TECHNIQUE OF DETERMINING CRITICAL
HEAT FLUX DENSITIES UNDER TRANSIENT
HEAT TRANSFER CONDITIONS
The idea of the proposed method is to measure the second
critical heat flux density qcr2 using a silver probe and then
to calculate the first critical heat flux density qcr1 using Eq 4
above. Measuring of qcr2 is done under full film boiling con-
ditions on the probe surface. The silver spherical probe of
20-mm diameter is used to maintain full film boiling
[10,19,20]. In later studies, it has been shown that the stand-
ard probe should be cylindrical, as shown in Fig. 5 [2,21].

The probe should have rounded ends to minimize the
quenchant flow disturbance and for better uniformity of
cooling of the probe [2,21,22]. Also, at the area where the
thermocouple is placed, the heat transfer coefficient is more
uniform along the probe surface as compared to the spheri-
cal probe when there is a quenchant flow vortex down-
stream of the probe.

The heat flux density is proportional to thermal conduc-
tivity, that is,

q ¼ �k
@T
@r

;

at the time of immersion of a standard silver sample into
the quenchant. Full film boiling is always observed on the
probe surface, because the thermal conductivity of silver is
18 times greater than that of steel (see Table 1 above), and
therefore, heat flux densities from the probe surface will be
18 times greater.

In the studies described below, cylindrical and spherical
probes were used. In the majority of cases, experimental
data were obtained from 20-mm-diameter spherical silver
probes. However, for future work, preference should be
given to cylindrical probes for the reasons stated above.
Fig. 6 shows some experimental results (cooling rates)
obtained with heated silver spherical probe immersion in
water at different water temperatures [19,20].

There is no shock boiling shown here because the ther-
mocouple at the core of the sample cannot detect shock boil-
ing since it lasts only a very short time. Only a noise sensing
system can detect the shock boiling mode [10].

Fig. 6 shows that water temperature and agitation rate
significantly affect the cooling rate of spherical silver probes.
From these data, the critical heat flux densities are estimated
for nonagitated water at 20�C. The second critical heat flux
density qcr2 can be calculated with the following equation:

qcr2 ¼ aFBðTcr2 � TSÞ; ð5Þ
where:
aFB is a heat transfer coefficient under film boiling condi-

tions (W/m2K);
Tcr2 is a critical temperature of the surface that is in transi-

tion from film to nucleate boiling; and
TS is the saturation temperature (for water at atmospheric

pressure, TS ¼ 100�C).
Fig. 4—Comparison of dependence qcr1 ¼ qcr1(P) computed by
Eq 1 with experimental results [12,18,19] for water.
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The heat transfer coefficient at the time of transition
from film boiling to nucleate boiling can be determined
from [21,23]:

v ¼ mðTcr2 � TSÞ; ð6Þ
where v is cooling rate of silver sphere and m is given by:

m ¼ aFBwS
crV

:

For the calculation of m:
c is the criterion of temperature nonuniformity throughout

the part cross-section;
c is the specific heat capacity of the material (silver);
r is the density of the material;

S is the surface area (m2); and
V is the volume (m3).

For low Biot numbers, the value of the temperature
nonuniformity c is approximately 1, since the temperatures
in the part’s core and surface are almost equal, due to the
very high heat conductivity of silver. For silver, cr is calcu-
lated as follows:

cr ¼ k
a
¼ 362

0:141 	 10�3
� 2567:376:

The term aFB is calculated as follows:

aFB ¼ R
3
	 2; 567; 3763 173

320
¼ 4627W=m2K:

Fig. 5—The silver cylindrical probe and general probe assembly for measuring critical heat flux densities [2].
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Thus, qcr2 ¼ 4,627 3 320 � 1.48 MW/m2. Taking into
account a known ratio between qcr2 and qcr1 (see Eq 4):

qcr1 ¼ 1:48MW=m2

0:2
¼ 7:4MW=m2:

These results are within 25% of the data shown in Table 2.
The value of the first critical flux density obtained by Tolubin-
sky’s equation for the same condition is 5.9 MW/m2 (see Eqs 1
and 2). The calculation results can be considered satisfactory
as a first approximation, given that the cooling rate was
recorded at the center of the spherical probe while the surface
temperature was unknown at the time of transition from film
boiling to nucleate boiling.

Similar calculations were performed for quenching of a
heated spherical silver probe in 40�C water. For the specified
conditions, the cooling rate at the center of the sphere was
v ¼ 105�C/s, and transition from film boiling to nucleate
boiling was observed at 473�C. The calculated heat transfer
coefficient was a ¼ 2,436 W/m2K and qcr2, in this case, was
equal to 908,600 W/m2 or 0.909 MW/m2. Taking into account
the heat flux ratio (Eq 4):

qcr1 � 0:909
0:2

� 4:54MW=m2:

This value for the first critical heat flux density is much
closer to the values shown in Table 2. From Eq 2 (Kutate-
ladze), water at 40�C should exhibit a value of qcr1 of

approximately 4.40 MW/m2, and from Eq 1 (Tolubinsky), the
value for qcr1 would be about 4.72 MW/m2. The average
value from the above calculations is 4.56 MW/m2, which falls
between these two figures.

Therefore, using a silver probe, it is possible to determine
critical heat flux densities of a liquid quenchant with rela-
tively good accuracy. However, it is necessary to eliminate a
shortcoming connected with the inaccurate measurement of
the surface temperature when using a standard probe. To
overcome this error, the following equation is used:

TSf � TS

TV � TS
¼ ðBi2v þ 1:437Biv þ 1Þ�0:5:

The average surface temperature is then equal to:

TSf ¼ ðTV � TSÞðBi2v þ 1:437Biv þ 1Þ�0:5 þ TS:

By substitution of this result into Eq 5, the final expres-
sion for the determination of the second critical heat flux
density is:

qcr2 ¼ aFðTV � TSÞðBi2v þ 1:437Biv þ 1Þ�0:5: ð7Þ
In view of the interrelationship between the two critical

heat flux densities (see Table 3 and Eq 4), the equation for
the first critical heat flux density in the final form is:

qcr1 ¼ 5aFðTV � TSÞðBi2v þ 1:437Biv þ 1Þ�0:5: ð8Þ
The average probe temperature can be determined by

applying heat conductivity theory [24], where various analyti-
cal solutions of nonstationary heat conduction problems are
described in detail with regard to heating and cooling for
various bodies. Let us now consider examples of such analyt-
ical solutions for an infinite plate, an infinite cylinder, and a
sphere. Assume that the coordinate origin is at the center of
the subject shapes. For a plate, the average integrated tem-
perature TV is [24,25]:

TVðsÞ ¼ 1
V

Z
V

Tðx; sÞdv ¼ 1
R

ZR
0

Tðx; sÞdx; ð9Þ

where 2R is the plate thickness.

TABLE 2—The first critical heat flux density
qcr1 (MW/m2) versus underheating at normal
atmospheric pressure for water

Equation

Underheating (�C)

0 20 40 60 80 100

Tolubinsky
(Eqs 1 and 3)

1.27 2.40 3.57 4.72 5.90 7.06

Kutateladze
(Eqs 2 and 3)

1.185 2.25 3.33 4.40 5.50 6.60

Fig. 6—Cooling rates of a silver spherical probe of 20-mm diameter after immersion in still water at different temperatures (a) and in
water circulating at the rate of 0.25 m/s (b) [19,20].
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The average temperature of the infinite cylinder is:

TV sð Þ ¼ 2
R2

ZR
0

r Tðr; sÞdr; ð10Þ

and the average temperature of a sphere is:

TV sð Þ ¼ 3
R3

ZR
0

r2 Tðr; sÞdr: ð11Þ

Substituting in Eqs 9–11, analytical solutions for the
temperature fields for each of these shapes can be obtained.
These analytical solutions for the average temperatures
TV sð Þ are given in the form of infinite series. Then, equating
the average temperature TV with the analytical solution
T r; sð Þ, one can calculate the coordinates where the thermo-
couple should be located. For example, for an infinite cylin-
der, the thermocouple should be placed at the distance of
R/2 from the axis. Moreover, recording the average tempera-
ture T at a point of R/2 significantly simplifies the measure-
ment of qcr2.

Practically, an “infinite” cylinder can be defined as a cyl-
inder with the length more than four times greater than the
diameter, that is, ‘

2R � 4. Thus, to measure critical heat flux
densities qcr1 and qcr2, it is better to use cylindrical probes
made of silver (which provides full-film boiling) in which the
thermocouple junction is located at the distance of R/2 from
the axis.

Let us address one more issue related to the size of the
silver probe. The probe size is an important factor because
the heat flux density from the probe surface under transient
heat transfer conditions depends on probe diameter. Probe
diameter is especially critical during the nucleate boiling
process, where the surface temperature rarely decreases
below the quenchant boiling point. Note that the smaller the
diameter of the probe, the greater the temperature gradient
in the probe surface layer, and hence the greater the heat
flux densities. When the probe surface temperature experien-
ces a sharp decrease during nucleate boiling, the heat flux
density is approximately inversely proportional to the sec-
tion size. To confirm this point, refer to Fig. 3, where the
effect of the section size upon the heat flux density is shown
for cooling of spherical nickel probes in water at 20�C. As
seen, different maximum heat flux densities for different

section sizes are observed. During cooling of a nickel probe
of 20-mm diameter in water at 20�C, the maximum heat flux
density is equal to 1.8 MW/m2, while cooling a nickel ball of
40-mm diameter produces a maximum heat flux density of
1.15 MW/m2.

As shown, when cooling the smaller diameter probe, the
maximum heat flux density was greater by almost 1.6 times.
Thus, for measurements of critical heat flux densities, it is
important to use small probes, because this provides the con-
dition q > qcr1 and consequently the existence of the full film
boiling mode of heat transfer on the probe surface. Up to
now, reducing the section sizes of probes has been problem-
atic due to such problems as an accuracy of the thermocou-
ple placement in a small probe and measurement precision.

Thus far, the most suitable probe for measurements of
critical heat flux densities is a cylindrical probe of Ø10 mm
described in the Japanese Industrial Standard (JIS) K 2242
[26]. It can be used as reported, or it can be improved by
placing the thermocouple junction at the distance of R/2
from the axis, and the ends of the cylindrical sample can be
made rounded. These modifications make it possible to
obtain more accurate measurements of the first and second
critical heat flux densities.

3.4 EXPERIMENTAL MEASUREMENTS OF
CRITICAL HEAT FLUX DENSITIES
Critical heat flux densities have been measured for some
aqueous polymer quenchants that are widely used in the for-
mer Soviet Union, in particular polymer quenchant PK-2.
Fig. 7 presents the results of qcr2 versus underheating of the
quenchant (as defined in Section 3.2 above) with respect to
saturation temperature [10,27]. A linear dependence of qcr2
and underheating is observed. As seen, the greater the under-
heating, the higher the value of qcr2. This experimental find-
ing agrees with Eqs 3 and 4, which correlate values of the
critical heat flux density and underheating (#uh ¼ TS – Tm).

Fig. 8 presents results for qcr2 versus the concentration
of polymer PK-2. As the quenchant concentration increases,
the second critical heat flux density decreases exponentially.
These results indicate that the probability of the existence of
the full-film boiling increases as the concentration increases.

Another question arises regarding the methodology used
for determining critical heat flux densities and the relation-
ship of these values to intensive quenching. However, it only
matters that there exist optimal concentrations of aqueous
solutions of any substances for which maximum values of
the first and second critical heat flux densities can be

Fig. 7—Effect of underheating #uh on the second critical heat
flux density qcr2 for polymer PK-2 and polyacrylamide: 1, polymer
PK-2, results obtained using a spherical silver probe; 2, polymer
PK-2, cylindrical silver probe; 3, polyacrylamide [27].

TABLE 3—Summary of reported values for
the ratio of qcr2/qcr1 as a constant [10]

Author(s) qcr2/qcr1 constant Reference

V. I. Tolubinsky 0.05 [11], p. 237

S. S. Kutateladze 0.2 [12]

V. P. Isachenko,
V. A. Osipova, and
A. S. Sukomel

0.2 [16], p. 281

V. K. Koshkin,
E. K. Kalinin, and
J. A. Dreytser

0.2 [25], p. 287

N. I. Kobasko,
A. A. Moskalenko, and
G. E. Totten

0.204–0.207 [5], p. 94
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achieved. By measuring critical heat flux densities at various
concentrations of substances—in particular, salt solutions
in water—it is possible to determine the optimal concentra-
tion where qcr1 reaches its maximum value and the quench-
ing process has the most intensity and highest uniformity.
Thus, the intensive quenching process can be optimized by
selecting the salt concentrations where the qcr1 is at its high-
est value.

3.5 OPTIMAL CONCENTRATIONS OF AQUEOUS
SALT SOLUTIONS
In production conditions, it is very important to optimize the
concentrations of aqueous salt solutions as a way of providing
more intensive and more uniform quenching of steel parts,
for less part distortion during quenching. On the other hand,
some salts can also be used as “oxygen attractors,” to prevent
the corrosion of steel parts and the quenching system.

The optimization of aqueous salt solutions is achieved
by controlling the ionic charge that is present at the inter-
face of the quenchant and the metal surface. A phenomenon
was described by Frenkel [28], where the hot metal at high
temperatures loses free electrons and the surface of the
metal part becomes positively charged. Upon immersion of
the positively charged metal into the electrolyte (aqueous
salt solution), the negative ions in the salt solution are
attracted to the metal surface, and a capacitor is formed,
one side positively charged and the other side negatively
charged, and there is a boiling liquid boundary layer (bub-
bles) in between on which the electric field acts.

Frenkel explains that, in the electric field that is formed,
negative ions are attracted to the interface of liquid and
metal, as shown in Fig. 9. Subsequently, a series of negative
ions presses on neighbors in front of them and pushes them
aside. Due to the electrical forces, there is a change in the sur-
face tension of the ionized solution. Because the surface ten-
sion r influences the first critical heat flux density (see Eq 2),
the electric forces will affect the potential for film boiling.

As the salt concentration increases, the quantity of
charge carriers also increases, up to an optimal concentra-
tion of the salt solution that provides the maximum critical
heat flux density. At higher salt concentrations, the number
of charge carriers decreases relative to the water-salt solu-
tion of optimal concentration because of the appearance of
the double electrical layer at the metal–electrolyte interface
[27,29]. The difference in adsorption forces acting on the posi-
tive and negative ions at the surface of metal causes ions of
the same sign to accumulate. As a result, the metal obtains the
opposite charge. Therefore, surface tension and a contact

potential increase the metal–electrolyte interface, and the
electrical double layer acts as a capacitor.

The capacity of such a capacitor depends on the dielec-
tric penetrability of the liquid and the radius of the ion
atmosphere of the electrical charge, which is equal to e0Dw,
where e0 is the dielectric vacuum constant, D is the dielectric
penetrability, and w is the inverse radius of the ionic atmos-
phere. Carriers of the charges in the liquid (ions) are
attracted by electrical interaction to the metal–liquid inter-
face. Because the range of the action of these forces is signif-
icant, the layer of liquid molecules adjacent to the metal
surface is under the pushing action of the second layer of
molecules, so that the surface tension decreases by:

Dr ¼ 1
2
e0Dcu2

0 ð12Þ

where:
Dr is the variation of the surface tension;
u0 is the difference of potentials between metal and electro-

lyte; and
e0 is the dielectric vacuum constant.

It is believed that the potential increase at the metal–
liquid interface does not depend on the properties of the liq-
uid and is determined by the nature of the metal only. The
order of the potential increase is determined by:

u0 ¼
9Ze
10�9r

; ð13Þ

where:
r is the distance between neighbor atoms in the cubic lattice

(for one-valence cuprum u0 ¼ 5.676V);
Z is the valence; and
e is the charge of an electron.

Variations Dr with respect to the concentration of elec-
trolytes in water have been analyzed [29]. It is well known
that the inverse radius of an ionic atmosphere w increases
as the number of dissociated molecules increases. The

Fig. 8—Second critical heat flux density qcr2 versus the concentra-
tion of aqueous polymer solutions: 1, polyacrylamide; 2, polymer
PK-2 [27].

Fig. 9—Schematic of the effect of ionic forces upon the surface
layer of a solution.
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dielectric penetrability D of solution decreases as the con-
centration increases, as:

D ¼ D0 � 2dC; ð14Þ
where:
D0 is dielectric penetrability of distilled water;
d is a coefficient of changes in dielectric penetrability

depending upon the concentration; and
C is the concentration of electrolyte.

Therefore, there is an optimal concentration of electro-
lytes, where the maximum change in the coefficient of the
surface tension is reached. That is why the critical heat flux
density has an optimal value (see Fig. 10).

The existence of the optimal concentration of salt with
regard to the heat transfer coefficients during nucleate boil-
ing has not been fully resolved. Average (effective) values of
heat transfer coefficients for aqueous solutions of sodium
chloride (NaCl) and sodium hydroxide (NaOH) versus their
concentrations (see Fig. 11) are calculated in [1] and [30].
These experiments were conducted with cylindrical probes of
10-mm diameter, made of stainless steel Kh18N9T (AISI 304).

Fig. 11 shows that the average heat transfer coefficient
achieves maximum values at the concentration of 10–12 %
sodium hydroxide in water, and then decreases. There are
various explanations for this behavior:

1. At low or high salt concentrations, localized steam films
on the surface of the probe are observed during cooling
because of the lower qcr1. Localized steam films disap-
pear at the optimal concentration, and therefore, the
average heat transfer coefficient is at its maximum at
this concentration.

2. Heat transfer coefficients during nucleate boiling at
optimal concentrations increase due to the change in
the surface tension caused by the existence of the attrac-
tion present in the ionic layer.
This issue should finally be clarified by more experimen-

tation. However, it is most important to understand that an
optimal concentration exists, at which the critical heat flux
densities are maximized. This effect makes it possible to
develop new salt quenchant solutions that may considerably
intensify the effectiveness and uniformity of the steel quench-
ing process. Some studies have shown that it is possible, using
the proper salts, to not only increase cooling rates but also
minimize surface corrosion [1].

3.6 CHARACTERISTICS OF HEAT TRANSFER
DURING FULL FILM BOILING
During the full film boiling process, the heat transfer coeffi-
cients depend only on physical properties of the liquid and
its vapor, and not on the material. This is confirmed by work
conducted earlier by Moreaux and Beck [31] using cylindri-
cal silver probes of 16-mm diameter and 48-mm length. The
ends of the cylindrical probes were rounded. Some probes
were covered with nickel, and others with heat-insulated
material, and all met the previously described requirements
concerning shape and size.

Fig. 12 presents cooling curves at the center of a cylin-
drical probe quenched in water at different temperatures
with and without a nickel coating. The probes were heated
to 850�C and quenched in nonagitated warm and hot water
[31]. A full film boiling process was observed when the liq-
uid was at its saturation temperature (#uh ¼ 0). From these
data, the value of the average heat transfer coefficient may
be determined by applying the theory of regular thermal
conditions [23]. For this purpose, the value m (using the
tabulated data obtained from Fig. 12) will be used. For each

Fig. 10—First critical heat flux density qcr1 versus the concentra-
tion of NaCl and LiCl in water [27].

Fig. 11—Average heat transfer coefficients versus the concentra-
tion of NaCl and NaOH in water at 20�C [27,30].

Fig. 12—Cooling curves for quenching in water at: 40�C, 60�C, and
100�C using: 1, silver cylindrical probes 16 mm in diameter coated
with nickel of 10 lm thickness; 2, silver probes without coating [31].
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heat transfer mode, the cooling factor m is calculated as:

m ¼ lnðT1 � TSÞ � lnðT2 � TSÞ
s2 � s1

: ð15Þ

Knowing the value m permits the calculation of the
Kondratjev number Kn from:

Kn ¼ m
m1

; ð16Þ

where:
m1 ¼ a

K, which is true when Bi fi 1;
a is the thermal diffusivity of silver (on average, 141 3 10–6 m2/s);
K ¼ 75.08 3 10–6 m2; and therefore

m1 ¼ 1413 10�6m2=s
75:083 10�6m2

¼ 1:878s�1:

According to the Kondratjev theory of regular heat con-
duction conditions [23]:

Kn ¼ wBiV ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

q ð17Þ

and

BiV ¼ a
k
K

S
V
:

where:
a is the heat transfer coefficient in W/m2K;
k is heat conductivity in W/mK;
K is the Kondratjev form factor in m2;
S is surface area in m2; and
V is volume in m3.

Using experimental data from Fig. 12 and Eqs 15–17, one
can obtain a value for Kn of 0.0134 and for BiV of 0.0136.

Now, heat transfer coefficient can be calculated from:

BiV ¼ a
k
K

S
V

¼ 0:0136:

Here ratio S/V and Kondratjev form factor K for the finite
cylinder are calculated as:

S
V

¼ 2 Zþ Rð Þ
RZ

;

and

K ¼ 1
5:784
R2 þ p2

Z2

;

where R is the radius and Z is the height of the finite cylinder.

aFB ¼ 0:0136
kV
KS

¼ 0:0136
k 	 RZ

K 	 2 Zþ Rð Þ : ð18Þ

Here for the silver probe:
k ¼ 371.3 W/mK;
R ¼ 0.008 m;
Z ¼ 0.048 m; and
K ¼ 75.08 3 10–6 m2.

Substituting these values into Eq 18, we obtain a value of
219 W/m2K for aFB. This result agrees well with Eq 19 [32]:

aFB ¼ 0:25
k
00
C

00
pgðr

0 � r
00 Þ

m00

 !1
3

; ð19Þ

where k00 is the heat conductivity of vapor (W/mK);
Cp

00 is the specific capacity of vapor (J/kgK);
g is the acceleration of gravity, 9.81 m2/s;
r0 is the density of the liquid, (kg/m3);
r00 is the density of the vapor, (kg/m3); and
v00 is the kinematical viscosity of the vapor (m2/s).

By substituting into Eq 19 the following values:
k00 ¼ 0.02372 W/mK;
Cp

00 ¼ 2,135 J/kgK;
g ¼ 9.81 m/s2;
r0 ¼ 958.4 kg/m3;
r00 ¼ 0.598 kg/m3;
v00 ¼ 20.02 x10�6 m2/s,
the heat transfer coefficient is calculated as shown:

aFB ¼ 0:25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:633 10�4 3 21353 9:813 982:5

20:023 10�6

3

r
� 208W=m2K:

Comparison of the calculated result with the experimen-
tal data shows that the difference is

e � ð219� 208Þ100%
219

� 5%;

which is in very good agreement since the dispersion of heat
transfer coefficients is within the range of 20 % [12]. It has
been reported that heat transfer coefficients during full film
boiling could be 300 W/m2K [32,33]. According to published
data [33], the film boiling heat transfer coefficient is equal
to 140 W/m2K during cooling of the chromium-nickel steel
cylindrical specimen (15 mm in diameter and 45 mm in
length) in water at 97�C.

The experimental data shown in Fig. 12 may be used to
calculate the heat transfer coefficient during cooling of a
cylindrical silver probe in water at 60�C [31], where, accord-
ing to Eq 15, m ¼ 0.0453. As in the previous example m1 ¼
1.878 s–1, and therefore, the Kondratjev number is equal to

Kn ¼ 0:0453
1:878

¼ 0:024:

Using Kn ¼ 0.024, the generalized Biot number BiV is
0.0245. The heat transfer coefficient during cooling of the
cylindrical silver probe of 16-mm diameter in water at 60�C
is equal to 394 W/m2K. The heat transfer coefficient calcu-
lated by Eq 19 is 208 W/m2K. The difference between experi-
ment and calculation is:

e � ð394:3� 208Þ100%
394:3

� 47%:

When the water temperature decreases down to 40�C or
20�C, the cooling rate increases, because during cooling of
silver probes in cold water, the film boiling heat transfer
coefficient may be 2,000 W/m2K or greater, which differs by
an order of magnitude from the data calculated by Eq 19.
This phenomenon is explained as follows.

When the quenchant temperature decreases, the vapor
film becomes unstable, oscillation of the vapor film is observed,
and the underheated (to a saturated temperature) liquid inter-
mittently contacts the surface of the probe. As a result, the aver-
age heat transfer coefficient increases, since this value is
dependent on the frequency of the vapor film oscillations and
the total area of coverage of the contacting liquid. The stability
of the vapor film may be determined from Fig. 13 [31].
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From Fig. 13, the vapor film is most stable if the water
temperature is greater than 80�C. If the water temperature
is 20–40�C, the vapor film is unstable throughout the entire
cooling process due to the oscillating contact with the
heated surface.

This can be illustrated by analysis of sound effects that
are observed during the oscillation of a vapor film. Some
results related to this issue are published in [5], where the
multichannel analysis of sound effects is described.

Fig. 14 illustrates the spherical silver probe used to
study unstable film boiling. The 20-mm-diameter spherical
silver probe was prepared by casting the probe from the
molten silver with a type K chromel-alumel thermocouple
inserted through a 1.5-mm stainless steel sheath, with the
thermocouple tip precisely located at the geometric center
before casting. After casting, the silver surface was properly
ground. The spherical shape of the probe and the high sur-
face finish were selected to ensure a uniform heat transfer

throughout the whole quenching process. The high thermal
conductivity of silver provides high heat flux densities.

Sound effects were determined using a sound sensor, and
the signal was transmitted through an amplifier to the sound
analyzer and computer for data processing (see Fig. 15).

The quenching experiments were conducted by the
immersion of the heated spherical probe into a cylindrical
stainless tank containing 15 kg of the quenchant, as shown
in Fig. 15. (Experiments have also been successfully con-
ducted using a 3L cylindrical glass beaker.) As depicted, a
microphone was strategically placed near the silver probe
surface to acoustically monitor the quenching process. The
signal width was 0 to 20,000 Hz. However, to detect a rela-
tively narrow characteristic signal frequency for nucleate
boiling, the total signal width was divided into 100-Hz bands
over 200 channels.

Fig. 16 provides a comparative illustration of the thermal
and acoustical data obtained. Note that the temperature–time

Fig. 13—Stability diagram of film boiling in water with a silver
probe. TW is the wall temperature of the probe; Tm is the water
temperature [31]; and T1(Tm) is the lowest temperature for the
film boiling–nucleate boiling transition.

Fig. 14—Schematic of the cast silver spherical probe used for
investigation of unstable film boiling.

Fig. 15—Quenching system and apparatus placement: 1, quen-
chant to be studied; 2, spherical silver probe of 20-mm diameter;
3, sensor for recording acoustic effects.

Fig. 16—Temperature–time, broadband, and narrowband quench-
ing data [10].
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data show that even the very sensitive silver probe did not
detect the initial shock-boiling process characterized by qcr1.

Since it has been shown experimentally that, during full
film boiling, the heat transfer coefficient remains unchanged
as the surface temperature changes, the average heat trans-
fer coefficient can be used for the film boiling stage.

From Fig. 16, it is evident that, at a frequency of 0.5 kHz,
there are appreciable sound effects from the oscillation of a
vapor film, which increase upon full nucleate boiling. At a
frequency of 13.6 kHz, only two sound spikes were observed,
which were connected with the formation and growth of
nucleating centers. Initially, vapor bubbles were very small,
and the oscillation frequency was much higher than during
nucleate boiling.

The first spike is due to the formation of nucleating cen-
ters that merged and created a vapor film. The energy con-
nected with the oscillation of nucleating centers has passed
to the oscillatory energy of a vapor film. The second spike is
connected with the destruction of a vapor film and repeated
formation of nucleating centers, which then have grown and
begun to oscillate with less frequency.

The channel at frequency 13.6 kHz does not detect
sound effects at the established nucleate boiling frequency
(see Fig. 16). Thus, the analysis of sound effects confirms the
oscillation of a vapor film in the area of unstable film boil-
ing, and the sharp increase of the heat transfer coefficient in
this boiling process is due to periodic contact (oscillation) of
a cold liquid to the heated surface.

Film boiling possesses other interesting and important
features. During film boiling in aqueous solutions, especially
in aqueous polymer quenchants exhibiting inverse solubility,
polymer coatings that exhibit low heat conductivity form at a
hot metal surface. This coating considerably reduces the heat
flux density from the surface to the quenchant. In this case,
the transition from film boiling to nucleate boiling occurs at
a higher temperature of the heated surface [31] (see Fig. 12)
since the liquid water is effectively kept away from the hot
part surface by the insulating layer of the polymer.

3.7 SOME SPECIAL CHARACTERISTICS
OF FILM BOILING
Until now, only the characteristics of nucleate and film boil-
ing have been discussed. The assumption has been that one
process follows and subsequently replaces the other. Accord-
ing to this assumption, the entire surface of a test probe is
fully covered by either a vapor blanket (film boiling) or bub-
bles (nucleate boiling), and the film boiling mode of heat
transfer is replaced by the nucleated boiling mode instantly
over the entire surface of the probe, which in turn is fol-
lowed by single-phase convection heat transfer.

However, all three above heat transfer modes (full film
boiling, nucleate boiling, and single-phase convection) may
actually occur on the probe surface simultaneously [34–38].
Cinematographic investigations have shown that, during cool-
ing of alloys in aqueous polymeric solutions, areas experiencing
the sequence of full film boiling–nucleate boiling–single-phase
convection can move along the probe surface at a certain speed
[34]. A picture of the sequence of movement of the nucleate-to-
film-boiling front is presented in Fig. 17 [39].

This phenomenon—where full film boiling (FB) is fol-
lowed by nucleate boiling (NB) along the part’s cooling sur-
face—is observed when the probe has sharp or thin ends. For
example, let us consider the quenching of a cone-shaped

cylindrical probe. At the beginning of the quench, the entire
probe surface is covered by a vapor blanket. The thin end of
the probe cools faster, transitioning to the nucleate boiling
mode of heat transfer. With time, the area covered by the
bubbles moves up, pushing the vapor blanket along the probe
axis, in a manner similar to that seen in Fig. 17 [34–39].

More information on the four modes of heat transfer
and critical heat flux densities can be found in the literature
[40,41]. Further careful studies with direct visual monitoring
of the described movement of FB–NB boundaries have been
performed [42]. Especially promising is combining visual
monitoring with the use of electrical conductivity data to
characterize quenchants [43].

During quenching of steel parts, a periodic replacement of
film boiling with nucleate boiling, and vice versa, can be also
observed on the part’s surface, for example, when quenching
parts in a water-polymer solution with inverse solubility. As men-
tioned in Section 3.6, a soluble, heat-insulated layer forms at the
metal surface during quenching (see Fig. 18).

The soluble polymer layer, having low heat conductivity,
decreases an initial heat flux density from the part’s surface.
If the established heat flux density is less than the first critical
heat flux density (qcr1), the nucleate boiling mode of heat
transfer will take place. During nucleate boiling, the cold
water–polymer solution touches the part surface, dissolving
the polymer heat-insulating layer. In the areas of the part sur-
face where the polymer layer is removed, the heat flux density
from the surface increases sharply, and film boiling resumes,
causing reestablishment of the polymer layer. This process
continues while the part has enough thermal energy to sup-
port this phenomenon. More detailed information on the cool-
ing capacity of different quenchants is available in [44–46].

When quenching parts intensively, the film boiling proc-
ess should be fully eliminated. To eliminate film boiling
from the very beginning of the quench, the following condi-
tion must always be satisfied:

q < qcr1;

where q is the initial heat flux density from the part surface.
This condition can be achieved if the quenchant is agi-

tated vigorously enough to provide a sufficiently high qcr1. If
q < qcr1, nucleate boiling will occur simultaneously over the
entire surface, and parts will be cooled uniformly and inten-
sively. The part distortion will be minimized, and a uniform
and high hardness of the part will be obtained. When q is

Fig. 17—Wetting process of a cylindrical Cr-Ni steel sample (45 mm
in diameter and 45 mm long) being quenched in water of 60�C
without agitation [39].
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close to qcr1, a formation of a local vapor blanket may be
observed, which may cause:
• Nonuniform hardness of the hardened surface
• Significant part distortion or even cracking
• Lower part performance characteristics

3.8 METHOD FOR DETAILED EVALUATION OF
DIFFERENT MODES OF HEAT TRANSFER
DURING QUENCHING
As we know, film boiling, nucleate boiling, and convection
heat transfer take place during quenching of steel parts. All
three types of heat transfer may be present on the part sur-
face at the same time. Moreover, the surface areas experienc-
ing different modes of heat transfer can move relative to
each other or can periodically replace each other during the
quench. Fig. 18 illustrates this effect.

To evaluate the heat transfer characteristics for different
heat transfer scenarios correctly, it is necessary to have data
on both the surface temperature and core temperature of
the probe during cooling. Using a probe with only one ther-
mocouple placed in its center allows for determining only
average values of heat transfer characteristics. In other
words, the thermocouple installed in the probe center is not
sensitive enough to react to possible fast changes of differ-
ent modes of heat transfer on the probe surface.

Special methods such as the Tensi method [33,43] and
Lišči�c method [41] can be used for detailed evaluation of
heat transfer during quenching of steel parts. For example,
the Tensi method allows the measurement of electrical con-
ductance between a heated probe and a quenchant, which is
dependent on the mode of heat transfer on the probe sur-
face [37,39,40].

As shown, measurements of electrical conductance can
be used to quantitatively determine the change in the wetting
behavior during the quenching process. During film boiling, a
vapor blanket having low heat conductivity insulates the hot
part from the quenchant. Under these conditions, the electri-
cal conductance between the metal and the counter electrode
is low. When the vapor blanket surrounding the probe collap-
ses, nucleate boiling begins, resulting in the appearance of
localized wetting on the probe surface. The wetting develop-
ment is indicated by an increase of electrical conductance,
with the increase proportional to the amount of surface wet-
ted. When the probe surface is completely wetted, the electri-
cal conductance is at its highest value.

The electrical conductance measuring apparatus is illus-
trated in Fig. 19. The apparatus uses a cylindrical probe of
15-mm diameter and 45-mm length made of chromium-
nickel stainless steel. The electrical conductance data were
recorded using a two-channel multiplex system having a
scanning range between 60 ls and 10 ms and a maximum
of 24,000 data points, which corresponds to a measuring
time period of 120 s for two channels. One channel
recorded temperature versus cooling time data using the
procedures described in ASTM D6200 and ISO 9950 for
unagitated quenchants or ASTM D6482 for agitated quen-
chants. The second channel simultaneously collected electri-
cal conductance data [33].

The following four possible scenarios of heat transfer
on the probe surface were considered in [33] and [43]:
a. Full film boiling and nucleate boiling are present at the

same time on the probe surface. The area of nucleate
boiling moves up along the probe surface replacing film
boiling.

b. First, film boiling takes place throughout the entire
probe surface area. At a certain point in time, nucleate
boiling instantaneously replaces film boiling, and then
convection heat transfer replaces nucleate boiling.

c. Some local areas of the probe surface are covered by the
vapor blanket, while at the same time, other areas experi-
ence nucleate boiling. These local areas do not move.

d. The boiling process takes place on some local areas of
the probe surface. Film boiling and nucleate boiling
appear periodically in these areas, replacing each other.
Measurement results for electrical conductivity and tem-

perature at the center of the probe for the above heat trans-
fer conditions are shown in Fig. 20. Note that (a), (b), (c),

Fig. 18—Periodic changes versus time of heat flux density during
quenching of a cylindrical probe made of AISI 304 steel in 0.1 %
water solution of polyetilenoxide at 20�C (probe diameter 20 mm,
length 80 mm, initial temperature 850�C). Periodic changes are
explained by multiple transitions from film boiling to nucleate
boiling [44–46].

Fig. 19—Electrical conductivity between a part to be quenched
and quenchant [33,43].
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and (d) on the figure correspond to the above four heat
transfer scenarios.

Fig. 20 shows that temperature measurements alone pro-
vide only limited information regarding actual part quenching
processes, and they are insufficient to adequately characterize
hardening of steel. However, the characterization of the
quenching process based on measuring the electrical conduc-
tivity is valuable additional information to conventional cool-
ing curve analysis. It can also provide insight into the nature
of the wetting processes and their uniformity (or lack thereof)
that are impossible to observe from analysis of only cooling
curve data. As is known, nonuniformity of wetting during
quenching can result in a “spotty” or “slack” quench, with
excessive part distortion. This is why the critical heat flux den-
sities could be useful in heat-treating practice. More informa-
tion on critical heat flux densities and heat transfer modes is
provided in [39,47–56].

3.9 DISCUSSION
It has been shown that, during quenching of steel, heat
transfer coefficients can reach 200,000 W/m2K or more
when shock boiling ends [57]. This means that a standard
probe for critical heat flux evaluation should be rather small
and made of high-conductivity material to provide equiva-
lence of Tsf and Tcore during testing of quenchants. This con-
dition is satisfied if the Biot number Bi is less than 0.2.

The smallest cylindrical silver probes were tested by
Narazaki and colleagues [55,56]. Fig. 21 shows the silver
cylindrical probe with round ends as tested in [55]. This
probe is suitable for critical heat flux evaluation. To demon-
strate this, let us calculate the Biot number for a silver
probe, presented in Fig. 20, when the heat transfer coeffi-
cient is equal to 200,000 W/m2K:

Bi ¼ a
k
R ¼ 200; 000W=m2K

362W=mK
3 0:005m ¼ 2:76:

Here, the heat conductivity for silver at 400�C is equal to
362 W/mK (see Table 1) and the radius is equal to 0.005 m
(see Fig. 21). This calculation shows that during shock boiling

a large difference between surface temperature and core
temperature will be observed.

At the end of film boiling, the heat transfer coefficient
is approximately 4,000 W/m2K and Bi is now:

Bi ¼ a
k
R ¼ 4; 000W=m2K

362W=mK
3 0:005m ¼ 0:055:

Since, when evaluating critical heat flux densities, only
film boiling heat transfer coefficients are used, the condition
Bi < 0.2 will always be satisfied. This means that the surface
temperature Tsf during testing will be equal to core tempera-
ture Tcore of the probe only at the end of film boiling. So,
the probe presented in Fig. 21 can be used for critical heat
flux evaluation. The rounded ends of the cylinder will pro-
vide the second type of heat transfer mode and accurate esti-
mations of critical heat flux densities.

It is important to keep in mind that, upon immersion of
a steel part into the quenchant, the initial heat flux density q
can be much greater than, about the same as, or much less
than qcr1. In the first case, q >> qcr1, full film boiling is
observed. Transition boiling is observed when q � qcr1. Then,
in the last case, q << qcr1, film boiling is absent and heat
transfer is by nucleate boiling. Each of these three cases will
produce different values of a ¼ f (Tsf) versus surface temper-
ature. Therefore, there is no unique interrelationship of the
heat transfer coefficient a as a function of surface
temperature.

Special attention should be paid to the method of evalu-
ation of heat transfer coefficients. In practice, quenchants
are tested using standard probes, for example, a silver
sphere or cylindrical probes made of Inconel 600. The ther-
mocouples are located at the geometric center. It is assumed
that a temperature field in a section of the silver probe is
uniform, that is, Bi � 0.2. This assumption was confirmed
by calculation of the heat transfer coefficient from:

a ¼ q
TW � Tm

; ð20Þ

where q is a heat flux density on the surface; Tw is the wall
temperature; and Tm is temperature of the quenchant. This

Fig. 20—Electrical conductivity and temperature at the center of
the probe [33,43].

Fig. 21—Shape and dimensions of silver cylindrical probe with the
rounded ends that is recommended for evaluations of critical heat
flux densities [55].
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is a generally accepted approach for film and nucleate boil-
ing heat transfer evaluation. However, film and nucleate
boiling heat transfer coefficients should be determined from
the following ratio:

a ¼ q
TW � Ts

; ð21Þ

where Ts is saturation (boiling) temperature of the quen-
chant. This means that in reality heat transfer coefficients
during film and nucleate boiling are much higher than as
accepted in practice.

Let us illustrate the above using the following example.
Let Tw ¼ 110�C; Ts ¼ 100�C; and Tm ¼ 20�C. If a is calcu-
lated by Eq 20, we find:

a1 ¼ q
110oC� 20oC

¼ q
90oC

;

however, if the calculation is performed using Eq 21, then:

a2 ¼ q
110oC� 100oC

¼ q
10oC

:

Now consider by how much a2 differs from a1 by dividing
one by the other:

a2
a1

¼ q
10oC

:
q

90oC
¼ 9:

In this example, a2 is nine times greater than a1, which
means that using silver probes during testing, subsequent
miscalculations of values of heat transfer coefficients are
underestimated and will differ from the true values by
almost an order of magnitude. Therefore, even though it
would appear that the Biot number Bi is less than 0.2, in
fact it is actually around 2, and the center temperature of a
silver ball differs from the surface temperature. Therefore, it
is impossible to make a unique function a ¼ f (Tsf) by meas-
uring the temperature at the core of the testing probe and
assuming that Tsf ¼ Tcore.

3.10 SUMMARY
1. The methodology for determination of critical heat flux

densities in transient conditions of heat transfer for
quenching processes has been developed. It was affirmed
that the ratio qcr2/qcr1 is approximately 0.2 in transient
conditions of heat transfer, which considerably facilitates
experimental determination of critical heat flux densities.

2. A simple technique to determine the maximum values
of critical heat flux densities is suggested, which pro-
vides a method for determining the optimal concentra-
tions of soluble substances in quench water to reduce
distortion and increase uniformity of the quench. Deter-
mination of the maximum values of critical heat flux
densities is of practical value for maintaining existing
quenching systems, as well as the development of new
quenchants and the implementation of intensive quench-
ing methods.

3. The first and second critical heat flux densities, qcr1 and
qcr2, are inherent characteristics for all vaporizable liq-
uid quenchants. Determination of the highest critical
heat flux density for a given quenchant, and maintain-
ing the quench bath at that temperature, will optimize
the quench system for all the parts quenched in that
system, while minimizing distortion and maximizing

as-quenched part properties. Knowledge of the highest
critical heat flux density for a given vaporizable liquid
quenchant will allow more direct comparisons between
the performances of different quenchants, regardless of
the geometry of the parts being quenched. In addition,
this information will assist in making more accurate
computer simulations of heat-treating processes.

4. Testing for and tracking of the critical heat flux den-
sities qcr1 and qcr2 may be used as a quality assurance
tool to assure optimal quenching performance is being
maintained.

5. A silver cylindrical probe 10 mm in diameter, with
rounded ends, is the best probe for critical heat flux
evaluation.
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4
Convective Heat Transfer
N. I. Kobasko1

4.1 BASIC CONCEPTS
The basic concepts of heat transfer are discussed in detail in
other texts on the subject, such as [1]. In this chapter, informa-
tion on convective heat transfer will be provided to illustrate
how convection can be used to intensify quenching processes,
especially the widely used water flow and water jets.

Convection heat transfer is a process of heat transfer occur-
ring between a surface of a solid body and a fluid, where heat
transfer occurs by the simultaneous action of heat conductivity
and convection. Convection takes place in liquids and gases
where particle movement is possible. There are two kinds of
movement: natural and forced. Natural movement, also called
free movement or natural convection, is due to a change of the
fluid density with temperature in a gravitational field. Forced
movement or forced convection occurs under action of external
devices, for example, a pump or propeller.

Intensity of convection is characterized by a heat transfer
coefficient aconv, which is defined from the Newton-Riemann
equation Q ¼ aconv(Tsf – Tm)S. This equation can be rewritten
as:

aconv ¼ Q
ðTsf � TmÞS , ð1Þ

where:
Q is heat flux in W/m2;
Tsf is surface temperature;
Tm is quenchant temperature; and
S is surface area in m2.

The heat transfer coefficient can be defined as the
quantity of heat transferred per unit time per unit area of a
surface when the difference of temperatures between the
surface S and liquid equals 1 degree [1,2]. Eq 1 is often
unreasonably applied to film and nucleate boiling, which
causes confusion with respect to basic concepts. For exam-
ple, during film and nucleate boiling, for Eq 1, Tsf – Tm is
used instead of a difference of temperatures Tsf – Ts, and
here Tsf – Tm � Tsf – Ts, because Ts is much closer to Tsf

than Tm.
Processes of heat transfer are fully related to conditions

of fluid movement. There are two basic types of flow: lami-
nar (Fig. 1(a)) and turbulent (Fig. 1(b)). In laminar mode,
the flow is a quiet stream. For the turbulent mode, fluid
movement is in disorder or vortical. Fluid movement is
defined as vortical if the fluid moves around in a circle or a
helix, or if it tends to spin around some axis (whirling). The
transition from a laminar flow into turbulent flow occurs at
critical value defined by the Reynolds number:

Recr ¼ xcrd
v

¼ 2100,

where:
x is the speed of movement of a fluid [1,2];
d is a characteristic dimension of the channel; and
v is the kinematic viscosity of a liquid.

Laminar flow conditions occur up to Re ¼ 10, and flow
is fully turbulent from Re � 2,100.

As for convection, there are both natural and artificial
forms of turbulence. The former is established naturally. The
second is caused by the presence in a stream of any barriers,
turbulizing grates, or other disturbances.

In the laminar and turbulent streams, there are stabiliza-
tion zones, at the end of which streams are stabilized (see
Fig. 2). For a laminar stream, the stabilization zone length lH
depends on the diameter of the tube and the Reynolds num-
ber, in this relationship:

lH ¼ 0:05dRe:

For a turbulent stream, the stabilization zone length lH
depends mainly on the diameter of the tube, and is given by:

lH ¼ 15d:

The process of heat transfer is complex, and the heat
transfer coefficient is a complex function of various varia-
bles describing this process. Generally, the heat transfer coef-
ficient is a function of the fluid flow x, shape /, the
dimensions ‘1,‘2,…‘n, and temperature and physical proper-
ties of the liquid: thermal conductivity k, specific thermal
capacity Cp, density r, and viscosity l, that is:

aconv ¼ f x,Tm,Tsf , k,Cp, r, l,/, ‘1, ‘2:::

 �

: ð2Þ
The following solutions are now applied as quenchants:

water, oils, aqueous polymer solutions, aqueous salt solu-
tions, and others. To establish concrete dependences such as
Eq 2, it is necessary to solve a closed system of differential
equations with corresponding conditions of uniqueness.

4.2 DIFFERENTIAL HEAT TRANSFER EQUATIONS
4.2.1 Heat Transfer Equations
Many handbooks provide the Fourier-Kirchhoff differential
equation. It establishes a correlation between time s and spa-
tial changes in temperature at any point of the moving
medium and has the following form [1,2]:

DT
ds

¼ a
@2T
@x2

þ @2T
@y2

þ @2T
@z2

� �
ð3Þ

where:

DT
ds

¼ @T
@s

þ xx
@T
@x

þ xy
@T
@y

þ xz
@T
@z

:
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The equation is used in this form to study the process
of heat conductivity in moving liquids.

4.2.2 Equation of Movement
The differential equations of movement of the liquid
medium are the Navier-Stokes equations in which the three-
dimensional statement of problems has the following form:

r
@xx

@s
þ r xx

@xx

@x
þ xy

@xx

@y
þ xz

@xx

@z

� �

¼ rgx � @p
@x

þ l
@2xx

@x2
þ @2xx

@y2
þ @2xx

@z2

� �
ð4Þ

r
@xy

@s
þ r xx

@xy

@x
þ xy

@xy

@y
þ xz

@xy

@z

� �

¼ rgy � @p
@y

þ l
@2xy

@x2
þ @2xy

@y2
þ @2xy

@z2

� �
; ð4aÞ

r
@xz

@s
þ r xx

@xz

@x
þ xy

@xz

@y
þ xz

@xz

@z

� �

¼ rgz � @p
@z

þ l
@2xz

@x2
þ @2xz

@y2
þ @2xz

@z2

� �
: ð4bÞ

All terms of these equations have the dimension of force
per unit volume, for example, N/m3. They are used for both
laminar and turbulent movement. The first equation (4) is a
projection of resultant forces onto the x-axis, and the second
and third equations (4a and 4b) are projections of resultant
forces to the y- and z-axes, respectively. These equations are
obtained based on the second law of mechanics, according
to which resultant force is equal to the product of mass of

element rdV by its acceleration
Dxx

ds
.

The Navier-Stokes equations (Eqs 4, 4a, and 4b) can be
rewritten in vector form as:

r
d~x
ds

¼ r~g�rpþ lr2x
*
: ð4cÞ

This doesn’t take into account liquid density r as a func-
tion of temperature, however. In reality,

r ¼ r0ð1� b#Þ,
where:
r0 is the density of the liquid at room temperature;
b is the volumetric expansion coefficient; and
# ¼ T – Tm, with Tm being initial temperature (usually fluid

temperature at room condition).
If we take this relationship into account, Eq 4c can be

rewritten as [2]:

dx*

ds
¼ �g*b#� 1

r
rpþ mr2x

*
: ð4dÞ

4.2.3 Equation of Continuity
Because in the equation of movement a new unknown vari-
able, pressure p, appeared, the number of unknown varia-
bles in Eqs 3 and 4d is greater than the number of
equations—that is, the system is not closed. To obtain a
closed system, it is necessary to attach to the available equa-
tions one more equation, the equation of continuity, which
is deduced on the basis of the law of conservation of mass
and has the following form:

@r
@s

þ @ðrxxÞ
@x

þ @ðrxyÞ
@y

þ @ðrxzÞ
@z

¼ 0: ð5Þ

This equation for incompressible liquids becomes simpler—

because
@r
@s

¼ 0 since the density for incompressible liquids is

constant—and reduces to:

@xx

@x
þ @xy

@y
þ @xz

@z
¼ 0: ð6Þ

4.2.4 Boundary Conditions
The system of differential equations for processes of convec-
tion covers an uncountable set of heat transfer processes. In
order to separate from these one concrete case, it is neces-
sary to attach to the system of differential equations some
boundary conditions, that is, conditions of uniqueness.

Conditions of uniqueness consist of:
• the geometrical conditions describing the shape and the

sizes of the system in which the process proceeds;
• the physical conditions describing physical properties of

the quenchant and body;
• the boundary conditions describing characteristics of the

process at the boundaries of the body; and
• the time conditions describing characteristics of the

process in time.
When such conditions of uniqueness for some concrete

case are set, they, together with the system of differential
equations, make the concrete mathematical description of
the differential process possible.

Even when there are such precise statements, it is
impossible to solve analytically the resulting systems of equa-
tions, and their numerical solution encounters numerous dif-
ficulties, in particular, when it is necessary to have generalized

Fig. 1—Distribution of liquid flow velocity in a cross-section of a
tube during laminar (a) and turbulent (b) movement.

Fig. 2—Hydrodynamic stabilization of liquid flow in a tube during
laminar (a) and turbulent (b) movement of liquid: lH is the required
tube length to make the liquid stream stable.
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results. These difficulties are overcome by the use of the simi-
larity theory, which is based on the following. All the differen-
tial equations specified above are reduced to a dimensionless
form, and through simple transformations, dimensionless com-
plexes are obtained which consist of constant values used in
differential equations. These dimensionless complexes are called
numbers of similarity or criteria.

The first theorem of the theory of similarity establishes
the connection between constants of similarity and allows
the identification of the specified numbers of similarity.
In general form, the theorem is formulated so that proc-
esses similar between themselves have identical numbers
of similarity.

On the basis of the second theorem of similarity, the
dependence between the variables describing any process
can be presented as dependence between numbers of simi-
larity K1, K2,…, Kn:

f ðK1,K2, :::,KnÞ ¼ 0: ð7Þ
And at last, the third theorem of similarity states that those

processes are similar when conditions of uniqueness are simi-
lar and the numbers of similarity composed of the values used
in conditions of uniqueness have identical numerical values.

Thus, the theory of similarity makes it possible, without
integrating differential equations, to obtain from them num-
bers of similarity, and with the use of experimental data, to
establish the equations of similarity that are valid for all
processes similar to the given one. The theory of similarity
does not give a general solution, but it does provide a gener-
alization of the experimental data that will be valid within
the restrictions made in the experiments conducted.

4.3 THE EQUATION OF SIMILARITY FOR
PROCESSES OF NATURAL CONVECTION
HEAT TRANSFER
The process of natural convection arises because of the dif-
ference in density of the heated and cold particles of a quen-
chant. The equation of similarity for processes of natural
convection heat transfer establishes a connection between
the Nusselt number Nu, Grashof number Gr, and Prandtl
number Pr and has the form as follows:

Nu ¼ f Gr, Prð Þ: ð8Þ
These factors are further defined as:

Nu ¼ a ‘

k
;

Gr ¼ gbDT
‘3

v2
; and

Pr ¼ v
a
,

where:
a is the heat transfer coefficient at convection (W/m2K);
‘ is a characteristic geometrical dimension (m);
k is the heat conductivity of the quenchant (W/mK);
g is gravitational acceleration, 9.81 m2/s;
b is the volumetric expansion coefficient of the quenchant;
DT is the temperature change (�C);
v is kinematic viscosity (m2/s); and
a is the thermal diffusivity of the quenchant (m2/s).

The Nusselt number is a dimensionless number and is
the ratio of convective to conductive heat transfer across

(normal to) the boundary between the surface being cooled
and the fluid. The conductive component of this ratio is meas-
ured under conditions approaching those of a motionless
(unagitated) fluid. A Nusselt number within Re < Recr = 2,000
is characteristic of laminar flow. Larger Nusselt numbers in
the range of 2,000–10,000 are indicative of turbulent flow.

The Grashof number is a dimensionless number that cor-
responds to the approximate ratio of the buoyancy to viscous
forces acting on a fluid in natural convection. Lower Grashof
numbers indicate that the boundary layer is laminar, and
higher Grashof numbers, that the boundary layer is turbulent.
The transition from laminar to turbulent flow occurs in the
range between 108 and 109 for natural convection.

The Prandtl number is a dimensionless number that
provides an approximation of the ratio of momentum diffu-
sivity (kinematic viscosity) and thermal diffusivity. A small
Prandtl number indicates that heat diffuses quickly relative
to the velocity (momentum). Typical Prandtl numbers are
0.7–0.8 for gases such as air, approximately 1.8 for water at
20�C (see Table 2 later in the chapter), and 100–40,000 for
engine oil.

The temperature factor of volumetric expansion b char-
acterizes the relative change in volume with change in tem-
perature by 1�C (at constant pressure):

b ¼ 1
V

@V
@T

� �
p¼const

where V is specific volume in m3/kg.
According to the theory of similarity, for similar proc-

esses, the determined numbers of similarity must be identical.
During convection, the determined number is Nusselt number
Nu, describing the intensity of the process of convection:

Nu ¼ a ‘

k
,

where:
a is the heat transfer coefficient at convection (W/m2K);
‘ is a characteristic geometrical dimension (m); and
k is the heat conductivity of the quenchant (W/mK).

For Prandtl numbers within the range 1–10, it is possi-
ble to use a simple dependence for the determination of
number Nu with quite high accuracy, which has the form as
follows [3]:

Nu ¼ 0:13 GrPrð Þ13: ð9Þ
For convenience of calculations, the dimensionless

dependence of Eq 9 can be reduced to the form

aconv ¼ k
gbDT
av

� �1
3

, ð10Þ

from which it follows that the convection heat transfer coef-
ficient for the considered conditions of cooling does not
depend on the size of parts to be quenched.

Example 4.1
Calculate a heat transfer coefficient for natural convection
at the time of transition from nucleate boiling to a single-
phase convection in water. This would occur approximately
when the temperature of the surface of a part to be
quenched is equal to 100�C. Consider a cylindrical sample of
30-mm diameter and 200-mm length that is cooled from
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875�C in still water at 10�C. The thermal and physical prop-
erties of water at 10�C are:
k ¼ 0.580 W/mK;
b ¼ 0.7 3 10–4 1/K;
v ¼ 1.306 3 10–6 m2/s;
g ¼ 9.81 m/s2;
a ¼ 13.8 3 10–6 m2/s; and
DT ¼100�C – 10�C ¼ 90�C.

Substituting these values into Eq 10, we get:

aconv � 0:58
9:813 0:73 10�4 3 90

13:83 10�6 3 1:3063 10�6

� �1
3

� 875W=m2 K:

Thus, at the time of transition from nucleate boiling to a
single-phase convection, the heat transfer coefficient during
cooling in still water at 10�C is approximately equal to 875
W/m2K. It is similarly possible to calculate aconv for other
temperatures of water that may be used as a quenching
medium. The results of calculations are provided in Table 1.

Table 1 shows that with an increase of water tempera-
ture, the convection heat transfer coefficient increases despite
a reduction of the temperature difference DT ¼ Tsf – Tm. This
is due to a change in the thermal and physical properties of
water with the change of its temperature (see Table 2).

Such behavior of water when used as a quenchant
surely affects the duration of nonstationary nucleate boiling
or of the self-regulated thermal process, which is the same.
Table 3 presents the results of calculations of time snb versus
temperature of water using equations obtained in Chapter 2.
Table 3 shows that the duration of nucleate boiling is
reduced to 22 % with increasing water temperature. These
facts should be considered in process design.

4.4 SIMILARITY OF PROCESSES OF HEAT
TRANSFER DURING FORCED CONVECTION
4.4.1 Calculation of Convection Heat Transfer
Coefficients in Water Flow
Usually, intensive steel quenching is conducted in intensive
water flow or jets, or controlled sprayer cooling. That is why it

is very important to provide a detailed description of dimen-
sionless equations of similarity that can be easily used for
process design. Similarity of forced convection heat transfer
processes is described by equations of similarity as follows:

Nu ¼ f Re, Prð Þ: ð11Þ
Whether it is a directed stream of water or another

quenchant, or forced sprayer cooling, the criteria discussed
above (Reynolds Number Re ¼ wD/v and Prandtl Number
Pr ¼ v/a) are necessarily present in these equations.

Cooling of parts in ring channels, since such systems are
most often used in practice and have a direct relation to
intensive quenching, will now be considered (see Fig. 3(a)).

The similarity of directed streams of a liquid in ring
channels of any cross-section shape has the form of Eq 11
and has been described in detail in [4, 5]. In the generalized
form, the equation of similarity is as follows:

Nu ¼ 0:021Re0:8 	 Pr0:43ðPrm
�
Prsf Þ0:25 	 el, ð12Þ

where:
Prm is the Prandtl number for a quenchant far from the sur-

face; and
Prsf is the Prandtl number for a quenchant near a surface to

be quenched.

TABLE 1—Heat transfer coefficient at natural convection versus temperature of water and
temperature of a surface of a part to be quenched

Part surface
temperature (�C)

Convection heat transfer coefficient (W/m2K)

Water temperature
10�C

Water temperature
20�C

Water temperature
30�C

Water temperature
40�C

Water temperature
50�C

100 875 1,283 1,622 1,780 1,884

90 841 1,227 1,541 1,675 1,749

80 804 1,165 1,450 1,555 1,590

70 764 1,097 1,346 1,413 1,389

60 719 1,018 1,222 1,234 1,102

50 667 925 1,068 980 —

40 606 808 848 — —

30 530 642 — — —

20 420 — — — —

10 334 — — — —

TABLE 2—Prandtl number Pr and volumetric
expansion b versus temperature of water

Water temperature
(�C) Prandtl number b 3 10 (1/K)

10 9.45 0.7

20 7.03 1.82

30 5.45 3.21

40 4.36 3.87

50 3.59 4.49
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For pipes of round section, the equivalent diameter deq is
equal to the geometrical diameter d. Coefficient e1 takes into
account changing of the average value of heat transfer along
the pipe. If ‘/d > 50, then ee ¼ 1; ‘ is the length of the pipe,
and d is the equivalent diameter. Here, the characteristic tem-
perature is the average temperature of a quenchant far from
a surface to be quenched, and the characteristic dimension is
equivalent diameter deq, equal to four times multiplied areas
of the cross-section of the ring channel divided by its full wet-
ted perimeter u, disregarding which part of this perimeter
participates in the heat transfer (see Eq 13):

deq ¼ 4S
u

, ð13Þ

where:
S is the area of cross-section of the channel; and
u is the full perimeter of the channel.

Example 4.2
For a simple tube, equivalent diameter deq is equal to the
inner diameter of the tube:

deq ¼ 4S
u

¼ 43pR2

2pR
¼ 2R ¼ D:

Example 4.3
For a ring channel (see Fig. 3(a)), equivalent diameter deq is
equal to the inner diameter D of the cooling chamber minus
the diameter d of the round steel part:

deq ¼ 4S
u

¼ 43 ðpR2 � pr2Þ
2pRþ 2pr

¼ 4p3 ðR� rÞ3 ðRþ rÞ
2p3 ðRþ rÞ

¼ 2R� 2r ¼ D� d:

Table 4 presents results of calculations of the correction

Prm
Prsf

� �0:25

for water at various temperatures, and also for

various wall temperatures. Such data are necessary for the
calculation of process conditions during steel quenching in

water under pressure. Increasing pressure increases the boil-
ing temperature of a boundary liquid layer, and therefore
the temperature of a wall increases and the specified correc-
tion has essential effect in Eq 12. Although Table 4 shows
this effect, it is not significant. The primary effect on the cor-
rection is caused by the water temperature, which affects its
viscosity and therefore the Prandtl number Prm over the
length of a pipe. If ‘/d > 50, then ee ¼ 1. At ‘/d < 50, it is
necessary to take into account the effect of a thermal initial
spot [2]. Values of ee are presented in Table 5.

It should be emphasized once more that Eq 12 is applicable
to channels of any cross-section shape—round, square, rectangu-
lar, ring—and for all conventional liquids when the Reynolds
number Re is between 1 3 104 and 1 3 106 and the Prandtl
number Pr is in the range 0.6 to 2,500. Eq 12 is also valid for
channels of complex cross-sections—in particular, when there are
one or several pipes of small diameter in a pipe with a larger
diameter. The multiplier (Prm/Prsf)

0.25 represents the correction
for the dependence of physical properties of a quenchant
(mainly viscosity) upon temperature. Depending on the direc-
tion of heat flux, this correction can be either greater or less than
one. More detail on single-phase convection is presented in [1,6].

Example 4.4
To better understand the application of the equation of similar-
ity (Eq 12), consider the problem of determining the convec-
tion heat transfer coefficient at the time of transition from
nucleate boiling to single-phase convection for truck semi-axles

TABLE 3—Duration of the self-regulated
thermal process versus temperature of water
for a steel sample of 30 mm in diameter
cooled from 875�C
Water temperature (�C) 10 20 30 40 50

snb (s) 31 27.6 25.6 24.9 24.4

Fig. 3—Cross section of round (a) and U-shaped (b) quench chambers
for truck semi-axles: 1, semi-axle of 60-mm diameter; 2, U-shaped
chamber consisting of a half-cylinder of 40-mm radius and additional
side walls R of 40-mm height; 3, cover of the chamber.

TABLE 4—Correction Prm
Prsf

� �0:25
versus pressure

and temperatures of water at the time of
transition from nucleate boiling to a single-
phase convection

Water
temperature
(�C)

Pressure
(MPa)

Prm
Prsf

� �0:25 Average
correction

20 0.10 1.42 1.54

0.20 1.48

0.27 1.51

0.36 1.54

0.48 1.57

0.62 1.59

0.79 1.61

1.0 1.62

40 0.10 1.23 1.36

0.20 1.31

0.27 1.34

0.36 1.36

0.48 1.39

0.62 1.41

0.79 1.43

1.0 1.43
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of 60-mm diameter, quenched by water flow at 8 m/s in the
quenching U-tube shown in Fig. 3(b). The length of the semi-
axles is 0.8 m. The average pressure in the chamber is 0.143
MPa. The first step in this calculation is to determine the equiv-
alent diameter of the cross-section of the chamber using Eq 13.

The surface area of cross-section of the chamber (see
Fig. 3(b)) is equal to

4S ¼ 4
pR2

2
þ ð2R3RÞ

� �
� 4pr2

¼ 2ðpþ 4ÞR2 � 4pr2 ¼ 11:543 10�3 m2:

The full wetted perimeter U is equal to:

U ¼ 2pR
2

þ 4Rþ 2pr ¼ ðpþ 4ÞRþ 2pr ¼ 0:474m:

Therefore, equivalent diameter deq is equal to:

deq ¼ 4S
U

¼ 11:543 10�3m2

0:474m
¼ 0:0243m:

The ratio of the length of the chamber ‘ to equivalent
diameter deq is:

e ¼ ‘=deq ¼ 0:8
0:00411

� 195,

and therefore, e‘ ¼ 1, as ‘=deq is much greater than 50.
The next step is to calculate the temperature factor

Prm
Prsf

� �0:25

. The water temperature in the quench chamber is

20�C. The wall temperature at a pressure of 0.143 MPa is
approximately 110�C. At these specified temperatures, Prm ¼
7.03 and Prsf ¼ 1.60 [1]. Therefore:

Prm
Prsf

� �0:25

¼ 1:45:

With regard to these calculations, the dimensionless
Eq 12 is now written as:

�Nu ¼ 0:03Re0:8 Pr0:43 ð14Þ
At a water temperature of 20�C:

Pr0:43¼ 2:31, Re ¼ 8m=s3 0:0243
1:0063 10�6m2=s

¼ 193240,

Re0:8¼ 16, 939, and

Nu¼ 0:033 169393 2:31 ¼ 1174:

Since

Nu ¼ a
k
deq,

or, rewritten,

�aconv ¼ Nuk
deq

,

it follows that

�aconv ¼ 11743 0:597W=m K
0:0243 m

¼ 28505W=m2K:

This cooling process is very intensive quenching,

because the Biot number Bi ¼ �aconv
k

R for semi-axle 60 mm

in diameter (that is, radius R ¼ 0.03 m), using a heat con-

ductivity of steel k ¼ 22
W
mK

, is equal to:

Bi ¼ 28505W=m2K 3 0:03m
22W=mK

¼ 39,

which is equivalent to Bifi1.
To evaluate the intensity of this type of quenching, it

makes sense to calculate the Kondratjev number Kn, which
according to [13] is equal to 0.95. Very intensive quenching
begins when Kn reaches 0.8.

4.4.2 Spray Cooling
Having considered characteristics of heat transfer during
water-flow cooling in channels, let’s consider now spray cool-
ing. In most cases, sprayer cooling represents a rather simple
device consisting of two hollow finite cylinders, one of them
inserted into the other in a parallel way, and both sealed at the
end faces. Here, the inner hollow cylinder has nozzles, which
can be of different diameters and located at the generatrix2 of
the cylinder in many different ways (see Fig. 4), square or hex-
agonal. The character of the positions of slots in the sprayer is
shown in Fig. 5. The spray system itself is shown in Fig. 6. Typi-
cal pressure in this system is up to 0.9 MPa [13].

The average heat and mass transfer coefficients for
impinging flow from regular (square or hexagonal) arrays of
round nozzles (ARN) may be calculated as described in [7–9]
with an accuracy of ±15 %. The generalized dimensionless
equation has the following form:

Nu ¼ K1K2Re
2
3Pr0:42, ð15Þ

TABLE 5—Values of dependence e‘ ¼ f (‘=d, Re) at the turbulent mode

Re

‘=d

1 2 5 10 15 20 30 40 50

13104 1.65 1.50 1.34 1.23 1.17 1.13 1.07 1.03 1.00

23104 1.51 1.40 1.27 1.18 1.13 1.10 1.05 1.02 1.00

53104 1.34 1.27 1.18 1.13 1.10 1.08 1.04 1.02 1.00

13105 1.28 1.22 1.15 1.10 1.08 1.06 1.03 1.02 1.00

13106 1.14 1.11 1.08 1.05 1.04 1.03 1.02 1.01 1.00

2 A generatrix is defined as a geometric element that may be moved to generate a line, surface, or solid. This term is sometimes referred to as
a generator.
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where:

K1 ¼ 1þ H=D
0:6

ffiffiffi
f

p� �6
" #�0:05

;

K2 ¼
ffiffiffi
f

p
ð1� 2:2

ffiffiffi
f

p
Þ

1þ 0:2ðH=D� 6Þ
ffiffiffi
f

p ;

f ¼
p=4

 �

D2

AsquareðhexagonÞ
;

D is the diameter of a nozzle in the sprayer;
H is a distance from a nozzle (aperture) to the surface to be

quenched; and
A is the area of the square, hexagon.

Dimensionless numbers K1 and K2 are connected to the
geometry and arrangement of nozzles with respect to the
surface to be quenched. The Reynolds number Re is related
to the speed of the quenchant at the beginning of the outlet
from a nozzle, and the Prandtl number Pr characterizes
physical properties of the quenchant. The dimensionless
equation of similarity (Eq 15) is valid within the boundaries
of the following values and given parameters:
• 2000 � Re � 100000
• 0.004 � f � 0.04

• 2 � H
D

� 12

Example 4.5
Calculate the heat transfer coefficient during cooling of cylin-
drical bodies in a sprayer. Assume that the cylindrical steel sam-
ple possesses a diameter of 60 mm and a height of 160 mm
and will be cooled in the sprayer illustrated in Fig. 6, where the
inner diameter is 80 mm and height is 200 mm. Over the circle
of the sprayer, 25 nozzles of 2-mm diameter are drilled, and
over the height 20 nozzles are drilled. The total number of noz-
zles in the sprayer is 20 3 25 ¼ 500. The temperature of the
water supplied from the pump is 20�C. The speed of water at
the outlet from a nozzle (aperture) is 8 m/s. The task is to deter-
mine the convection heat transfer coefficient for the sprayer.

The first step is to calculate all input parameters:

D ¼ 0:002m;

H ¼ 0:01m;

f ¼
p=4

 �

D2

1 	 10�4
¼ 0:0314;

H
D

¼ 0:01m
0:002m

¼ 5;

Pr ¼ 7:03;

Pr0:42 ¼ 2:268;

Re ¼ 8m=s3 0:002m
1:0063 10�6m2=s

¼ 15905; and

Re
2
3 ¼ 632:

The calculated parameters and numbers are within the
limits of reliability of dimensionless Eq 15.

Now calculate dimensionless numbers K1 and K2:

K1¼ 1þ 5
0:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0314

p� �6
" #�0:05

¼ 0:885; and

K2¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0314

p ð1� 2:2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0314

p Þ
1þ 0:2ð5� 6Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0314
p ¼ 0:11:

It follows that:

Nu ¼ 0:8353 0:113 6323 2:268 ¼ 139:5; and

aconv ¼ 139:53 0:597W=mK
0:002m

¼ 41652 W=m2K:

Next, calculate the water flow rate in a sprayer and lon-
gitudinal stream in the case when the gap between the cylin-
der and nozzle is 10 mm. The number of nozzles is 500. The
diameter of a nozzle (aperture) is 2 mm, which indicates

Fig. 4—Character of the positions of round holes in the sprayer [9].

Fig. 5—Character of the positions of slots in the sprayer [9].

Fig. 6—Installation for quenching steel parts and cylindrical speci-
mens in water jets: I, sprayer with round holes; II, a different kind
of sprayer; 1, holes in the sprayer; 2, pump; 3, water tank; 4, chiller;
5, receiver; 6, manometer; 7, cylindrical specimens with the splines;
8, spray system; 9, water tank and spray system; 10, equipment for
measuring the amount of water used.
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that the volume of water running every second through noz-
zles is 0.01255 m3, or 45.2 m3 every hour.

During longitudinal flow of water, when the gap is 10
mm, the water flow rate is:

V ¼ ðpR2 � pr2Þ83 3600 ¼ 3:14ð0:0016� 0:0009Þ83 3600

¼ 63:3m3=hr:

These calculations show that that sprayer cooling is
more effective than cooling by a longitudinal stream. At the
lower water flow rate during sprayer cooling, somewhat
greater values of heat transfer coefficients are obtained.
However, sprayer cooling has a shortcoming: thin nozzles
are clogged by oxide scale. To eliminate this shortcoming in
practice, slotted nozzles are used.

4.4.3 Sprayers with Slots
Parameters of a slot nozzle are presented in Fig. 5. Slotted noz-
zles have been discussed previously and are discussed in detail
in [9]. At first, it should be noted that the diameter used in cal-
culations of Reynolds numbers and Nusselt numbers includes
the so-called hydraulic diameter D, which is equal to the dou-
ble width of a slot (Fig. 5); that is, D ¼ 2B. If the width of a slot
is 2 mm, then D ¼ 0.004 mm. The dimensionless equation of
similarity for slot nozzles, according to [9], has the form:

Nu ¼ 2
3
f

3
4
0

2Re
f=f0 þ f0=f

� �2
3

Pr0:42, ð16Þ

where:
f0 ¼ ½60þ 4ðH=D� 2Þ2
�0:5;
D ¼ 2B for slot nozzles;
B is the width of a slot nozzle;

f¼ D
2L

;

L¼ 2pR
n

;

R is the inner radius of a slotted round sprayer; and
n is the number of slots located at the generatrix.

Example 4.6
Calculate the convection heat transfer coefficient for Exam-
ple 4.5 above (cooling of the steel cylinder of 60-mm diame-
ter in a sprayer with an inner diameter of 80 mm). Assume
that the distance between slots is 10 mm or 0.01 m.

First of all, the value f should be calculated (see Fig. 5):

f ¼ 2B
2L

¼ 0:002
0:01

¼ 0:2

and

f0 ¼ 60þ 4
0:01
0:004

� 2

� �2
" #�0:5

¼ 0:128:

For convenience, the dimensionless Eq 16 is shown in a
somewhat different form:

Nu ¼ 2
3
f

3
4
0

2
f=f0 þ f0=f

� �2
3

Re
2
3 Pr0:42 ð17Þ

or

Nu ¼ K1K2Re
2
3 Pr0:42, ð17aÞ

where:

K1¼ 2
3
f

3
4
0 ; and

K2¼ 2
f=f0 þ f0=f

� �2
3

:

The remainder of the input data is now calculated as follows:

K1 ¼ 2
3
ð0:128Þ23 ¼ 0:143;

K2 ¼ 2
1:153þ 0:64

� �2
3

¼ 0:94;

Pr0:42 ¼ 2:268;

Re ¼ 8m=s3 0:004m
1:0063 10�6m2=s

¼ 31809; and

Re
2
3 ¼ 1004:

It follows therefore that:

Nu ¼ 0:1433 0:943 10043 2:268 ¼ 306

and

�aconv ¼ 3063 0:597W=mK
0:004m

¼ 45670W
�
m2K:

In comparison with a longitudinal water flow, spray
cooling gives a higher value for the heat transfer coefficient.
Results of all calculations are presented in Table 6.

4.4.4 Optimal Spatial Arrangements of Nozzles
The term “optimal spatial arrangements” means a combina-
tion of geometric variables that yields the highest average
transfer coefficient for a given blower rating per unit area
of transfer surface for uniformly spaced arrays of nozzles
with good outlet flow conditions. There are always three
independent geometric variables:
1. Nozzle diameter D (or slot width B)
2. Nozzle-to-nozzle spacing L
3. Nozzle-to-plate distance H (see Figs. 4 and 5)

The following optimal parameters for round nozzles in
a sprayer have been identified [7,10]:

fopt ¼ 0:0152,

H
D

� �
opt

¼ 5:43,

and others.

TABLE 6—Comparison of convection heat
transfer coefficients when cooling a cylinder
of 60-mm diameter with a longitudinal
stream of water, round and slotted jets, with
a total gap of 10 mm

Type of
cooling

aconv
(W/m2K)

Increase in aconv with respect to
longitudinal water flow

Longitudinal
water flow

28,505 —

Round spray 41,652 46 %

Slot spray 45,670 60 %
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Optimal parameters for slot nozzles are:

fopt ¼ 0:0718;

H
D

� �
opt

¼ 5:037; and

ðH=DÞ13
f
2
9

3
2
3
f

3
4
0

2
f=f0 þ f0=f

� �2
3

¼ 0:355:

4.5 IMPORTANT PRACTICAL PROBLEM SOLVED
BY DIRECT CONVECTION
Using the above equations, it is possible to perform accurate
calculations to optimize the steel quenching process. Consider
direct convection, where film boiling and nucleate boiling
during quenching are prevented due to a very high velocity
of water spray. It was established that nucleate boiling can be
suppressed if the following condition is fulfilled [11]:

q
r�W

r00

r0

� �1:45 r�

cpTs

� �0:33

� 4 	 10�6, ð18Þ

where:
q is the heat flux density;
r* is the heat of steam formation (J/kg);
TS is a saturation (boiling) temperature (K);
r0 is water density (kg/m3);
r00 is steam density (kg/m3);
cp is specific heat capacity of liquid; and
W is the speed of the liquid.
The higher the initial heat flux density, the higher the speed of
water must be to satisfy Eq 18 and prevent nucleate boiling.

An experimental installation was designed and built to
produce direct convection during intensive quenching (see
Fig. 6). It consisted of two sprayers, a powerful pump, a tank
with water, a chiller, a receiver, manometers to measure pres-
sure, and devices to measure the amount of water used during
experiment. A correlation between the pressure in the sprayer
and the convective heat transfer coefficient was established,
which is shown in Fig. 6. More information about such an
approach can be found in [12–15]. To investigate the impact
of intensive quenching on the probability of crack formation
and hardness distribution, cylindrical splined specimens made
of AISI 1050 and 4340 steels and low hardenability steel 47GT
(see Figs. 7 and 8) were included. The diameter of these speci-
mens was 60 mm and their height was 120 mm.

It has been shown that very intensive direct convection
(when the convective heat transfer coefficient is higher than

30,000 W/m2K) prevents crack formation and significantly
increases the surface hardness of steels. Some experimental
data are provided in Tables 7 and 8.

During the experiments it was noted that the hardness of
the cylindrical surface of the test specimens was higher than
that of the splined surface of the specimens (see Table 7). This
was proposed to be due to the temperature on the cylindrical
surface, which drops immediately to the bath temperature,
providing very high hardness on the cylindrical surface (63–
64 HRC). The temperature on the splined surface drops to sat-
uration temperature Ts, providing a hardness of 59–61 HRC
due to self-tempering of the splines. This difference is caused
by the different thicknesses of the cylinder and spline. On the
cylindrical surface, direct convection was immediately estab-
lished, while at the same time a self-regulated thermal process
was established on the spline surface (see Chapter 2 and [15]).

The dimensionless equations can be used to predict
direct convection during steel part quenching and by proc-
ess optimization. Due to direct convection, it was possible to
use the CFD (computational fluid dynamics) modeling to
verify the calculations that were discussed above [16–19].
Very useful results for optimizing technological processes
have been reported [20–25].

4.6 DISCUSSION
To be sure that dimensionless equations can be used for
designing intensive quenching processes, Krukovskyi and col-
leagues [19] compared simplified calculations with the CFD
modeling. For comparison, the cylindrical forging shown in

Fig. 7—Convective heat transfer coefficient versus pressure in the
sprayer with water at 20�C, 40�C, 60�C, and 80�C.

TABLE 7—Surface hardness (HRC) of the
cylindrical specimens with the splines after
convectional and very intensive quenching

Method of cooling Steel grade

Surface hardness (HRC)

Cylindrical
surface

Splined
surface

Still water at 15�C AISI 1050 44 56

Pressurized spray
cooling at 93105 Pa

AISI 1050 64 61

Still water at 15�C 47GT 57.5 58

Pressurized spray
cooling at 93105 Pa

47GT 63 59

Note: Composition of 47GT steel: 0.44–0.51 C; 0.95–1.25 Mn; 0.10–0.25
Si; 0.25 Cr; 0.06–0.12 Ti.

Fig. 8—Cylindrical test specimen with the splines made of differ-
ent steels, each of 60-mm diameter and 120 mm in height;
1 shows cracks on splines; 2 shows a crack on the edge of speci-
men when conventional quenching in water.
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Fig. 9 was used. Fig. 9 shows half of the forging’s section for
which meshing and calculations were made; the forging is
symmetrical.

Let’s consider results of CFD simulations in different
areas of forgings (points 1–8 in Fig. 9). The water flow of
8 m/s was moving from the upper side of the fixture and
then vented through the ring channel along the surface of
forging. The distance between the fixture and the forging’s
surface was 10 mm.

The results of CFD simulations are presented in Figs. 10–12.
As one can see from results of simulations, it is impossible to
eliminate stagnant areas 1 and 4 with water flowing at 8 m/s.
According to the criterion of Eq 18, nucleate boiling should be
absent and direct convection should prevail during the process
of intensive cooling with a water flow of 8 m/s. However, in stag-
nant areas, the water flow decreases significantly, and in these
areas, nucleate boiling and even film boiling can occur. That is
why the configuration of the fixture should be optimized com-
pletely to get very smooth cooling around the forging.

CFD modeling doesn’t consider the nucleate boiling and
film boiling processes, only direct convection. In the future,
CFD modeling should take into account film and nucleate
boiling, which should be based on critical heat fluxes

Fig. 9—Drawing of the forging (half of its section) and points
where temperature field and velocity flow distribution were
investigated [19].

Fig. 10—Water flow velocity distribution at the exit of system for
quenching of forging. A stagnant area is observed at the surface
located near point 1 [19].

Fig. 11—Water flow velocity distribution at the exit of system for
quenching of forging. No stagnant area is observed [19].

Fig. 12—Water flow velocity distribution at the exit of system for
quenching of forging. A stagnant area is observed at the surface
located near point 4 [19].

TABLE 8—Impact of cooling rate on crack
formation in the cylindrical specimens with
the splines

Method of cooling Steel grade Numbers of cracks

Still water at 15�C AISI 1050 2

Pressurized spray
cooling at 93105 Pa

AISI 1050 0

Still water at 15�C 47GT 3

Pressurized spray
cooling at 93105 Pa

47GT 0
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considerations (see Chapter 3). Currently an international
team is working on this [26].

Small stagnant areas were situated at points 1, 4, and 7
(Fig. 9). For these small areas, CFD modeling doesn’t give
correct results of calculations since it doesn’t take into
account nucleate and film boiling. Despite that, the cooling
time calculation for the core was correct, because the stag-
nant areas were rather small. To prove this, Krukovskyi and

colleagues compared the cooling time from the austenitizing
temperature T0 of 870�C to a temperature of 500�C at point
8 [19]. The cooling time calculated on the basis of dimen-
sionless Eq 12 was 37 s, and that calculated using CFD mod-
eling was about 36 s [19]. This means that Eq 12 can be
useful at quench system engineering design when water flow
in different channels is considered for intensive quenching.

Slot cooling (see Eq 16 and Fig. 5) was used by Banka
and colleagues [20] to intensively quench the teeth of carbu-
rized gears. Their designed fixture is shown in Fig. 13. The
water flow was directed through slots on the teeth of a gear,
which provided for an absence of nucleate boiling and cre-
ated very high compressive residual stresses at the roots of
the teeth (see Fig. 14). As a result, fatigue strength of the
gears significantly increased [20]. Combining simplified cal-
culations (see Eq 16) with the CFD modeling allows the
design of suitable fixtures for quenching different compli-
cated steel parts, including carburized gears [20].

4.7 SUMMARY
1. The dimensionless equations for convection have been

analyzed and can be used in practice when designing
different kinds of intensive quenching processes.

2. The direct convection during intensive quenching was
used to prevent crack formation and increase the hard-
ness on the surface of steel parts.

3. It is emphasized that calculations made on the basis of
dimensionless equations coincide well with the results
achieved by CFD modeling [19].

4. It is shown that optimized slot cooling is more effective
by 60 % compared with the water flow moving with the
same speed.

5. Both simplified calculations and CFD modeling are suc-
cessfully used for designing intensive quenching processes.

6. Special attention should be paid to stagnant areas, which
can be sources of local film boiling and can cause distor-
tion and nonuniformity in hardness distribution.

7. Currently an international team is working on develop-
ing possibilities for using CFD modeling in the investiga-
tion of the film boiling and nucleate boiling processes.
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5
Generalized Equations for Determination
of Cooling Time for Bodies of Any
Shape During Quenching
N. I. Kobasko1

5.1 INTRODUCTION
The generalized equation for cooling time calculation, based
on regular thermal condition theory, was achieved and used
in thermal engineering in [1] and is presented in this intro-
duction below. It has been widely used in the heat-treating
industry in the countries of the former Soviet Union to develop
two-step quenching processes [1]. An analytical equation for
cooling time calculation is also needed to develop a method
for calculating ideal critical diameter, which is based on accu-
rate CCT (continuous cooling transformation) diagram. The
ideal critical diameter is used for optimization of the intensive
quenching processes. In the last decade, the generalized equa-
tion has been used in the United States to develop recipes for
intensive quenching—so-called IQ-3 technology—which explores
direct intensive turbulent convection [2].

With the development of computers, it is now possible to
solve very complicated problems related to the calculation of
cooling time for bodies of any shape, which is very important
for the steel quenching process. However, numerical calcula-
tions are numerical experiments which do not result in gener-
alized data. For each new problem, it is necessary to perform a
new set of calculations, which is time consuming and costly. In
this chapter, the generalized equation will be compared to ana-
lytical solutions to identify advantages in performing this anal-
ysis. The procedure for determining the ideal critical diameter
from the generalized equation when used in combination with
CCT diagrams will also be discussed. Another objective of this
chapter is to illustrate what a regular thermal process means
and to establish a correlation between cooling time and the
generalized Biot number Biv and Kondratjev number Kn.

In this chapter, we will show that the generalized equa-
tion for cooling time calculation of any shape of bodies can
be also obtained by generalization of analytical solutions,
which significantly simplifies calculations. The problem to
be solved is, for a steel part of any shape that is cooled uni-
formly on all sides, to determine the cooling time for the
core of the steel part from an initial temperature T0 to given
temperature T which approaches the martensite start tem-
perature MS. Typically, the austenitizing temperature T0 is
within the range of 800–1,200�C.

For medium-carbon and high-carbon steels, the martens-
ite start temperature MS is between 100�C and 360�C. This
means that the dimensionless temperature ratio:

MS � Tm

T0 � Tm
� 0:4;

where Tm is the quenchant temperature. Usually a regular
thermal process is established when this ratio is equal to 0.8.
Thus, during the quenching process, as MS is approached, a
regular condition is observed. On the basis of regular ther-
mal conditions theory, it is possible to obtain an equation
for the calculation of cooling time for bodies of any shape
(see Chapter 6).

An intensive IQ-3 quenching method has been developed
(see Chapters 10 and 12) that is based on very intensive
direct convection. The film boiling and transient nucleate
boiling (or self-regulated thermal process) in this case are
completely prevented. During this process, intensive cooling
is interrupted when temperature at the core of a steel part is
approximately 300–500�C. To prevent film boiling upon
immersion of a steel part into the liquid quenchant, the ini-
tial heat flux density should be less than the first critical heat
flux density, qcr1.

It is generally assumed that, during immersion quench-
ing of steel that has been heated to 800–1,000�C into cold
water, three modes of heat transfer will always occur: film
boiling, nucleate boiling, and convection (see Chapter 3). This
belief is based on Fourier’s law, which predicts an extremely
high heat flux density at the very beginning of the quenching
process. The modified Fourier law [4] is written as:

q ¼ �krT � sr
@q
@t

;

where t is time. This generates the hyperbolic heat conduc-
tivity equation [4–6]:

@T
@t

þ sr
@2T
@t2

¼ ar2T:

Furthermore, the speed of heat distribution, according to the
parabolic equation, tends to infinity [4]. In fact, the speed of
heat distribution Wr is a finite value and, according to [4],
can be evaluated as follows:

Wr ¼
ffiffiffiffiffiffiffiffiffi
k

crsr

s
;

where sr is the time of relaxation (for aluminum, sr ¼ 10�11 s).
That is why experimental evaluation of sr is a very diffi-

cult problem. Since the cooling time from 1,000�C to 300–
500�C is being evaluated, which is relatively long compared
to the time of relaxation, there is no need to consider the

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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hyperbolic heat conductivity equation. It is sufficient to con-
sider the parabolic heat conductivity equation and use aver-
age thermal properties of materials and a third kind of
boundary condition. For such a condition, the generalized
equation for cooling time calculation

s ¼ kBiv
2:095þ 3:867Biv

þ ln
T0 � Tm

T � Tm

� �
K

aKn

is used, which is true for steel parts of any shape. In this
equation:
s is time (s);
k is 1, 2, or 3 for plate, cylindrical, and spherical steel parts,

respectively;
Biv is the generalized Biot number;
K is the Kondratjev form factor (m2) (see Chapter 6);
Kn is the dimensionless Kondratjev number (see Chapter 6);
a is the thermal diffusivity of a material (m2/s);
T0 is the initial temperature before cooling; and
Tm is the quenchant temperature.

Detailed information on the theory of regular conditions will
be presented in Chapter 6. In this chapter, the generalized equa-
tion will be compared with the well-known existing analytical sol-
utions to illustrate the simplified method of calculation and for
preparation for the regular conditions theory in Chapter 6.

5.2 CALCULATION OF COOLING TIME FOR
BODIES OF SIMPLE SHAPE
The parabolic heat conductivity equation, in the most gen-
eral form without sources of heat in the solid body, is:

@T
@s

¼ ar2T: ð1Þ

To understand cooling processes associated with steel quench-
ing, first consider the cooling of simple shapes: plate, cylin-
der, and sphere. The parabolic heat conductivity equations
for the symmetrical problem for these shapes are:

@Tðr; sÞ
@s

¼ a
@2Tðr; sÞ

@r2
þ j� 1

r
@Tðr; sÞ

@r

� �
; ð2Þ

where:
s > 0;
0 < r < R;
j is 1, 2, or 3 for a plate, cylinder, or sphere, respectively;
boundary conditions are given by:

@TðR; sÞ
@r

þ a
k
½TðR; sÞ � Te
 ¼ 0; ð3Þ

initial conditions are:

Tðr; 0Þ ¼ T0; ð4Þ
and the condition of symmetry is:

@Tð0; sÞ
@r

¼ 0: ð5Þ

The heat conductivity equation (Eq 1) is solved by a classi-
cal method on the basis of the separation of variables, which
is performed first by finding a set of particular solutions Tn

that satisfy Eq 1 and the boundary conditions of Eq 3. Then,
according to the principle of superposition, a series of these
equations is made:

T ¼ C1T1 þ C2T2 þ . . .þ CnTn ¼
X1
n¼1

CnTn ð6Þ

Factors Cn are obtained from the initial conditions of Eq 4.
A particular solution T is sought in the form of the

product of two functions: one, h(s), that depends on time s
only, and another, #(x, y, z), that depends on coordinates
only, that is:

T ¼ ChðsÞ 	 #ðx; y; zÞ; ð7Þ
where C is any constant.

Substituting the particular solution Eq 7 into Eq 1
yields:

h
0 ðsÞ 	 #ðx; y; zÞ ¼ ahðsÞr2#ðx; y; zÞ;

which can be presented as:

h
0 ðsÞ
hðsÞ ¼ a

r2#ðx; y; zÞ
#ðx; y; zÞ : ð8Þ

The left side of Eq 8 can either depend only on s or
be a constant number; it does not depend on coordinates.
The right side of Eq 8 can either depend only on coordi-
nates or be a constant number; it does not depend on
time. Because this equality must occur for any values of
time and coordinates, it is possible only in the case that
the right and left parts of Eq 8 are equal to a certain con-
stant D; that is:

h
0 ðsÞ
hðsÞ ¼ D ¼ const; ð9Þ

and

a
r2#ðx; y; zÞ
#ðx; y; zÞ ¼ D ¼ const: ð10Þ

After integration of Eq 9, Eq 11 is obtained:

hðsÞ ¼ eDs ð11Þ
The constant of integration is not indicated here because it
can be attributed to constant C. The constant D is chosen
based on physical considerations. For the thermal processes
tending to temperature balance, when after a long time (s fi
1) a certain distribution of temperature must be estab-
lished, the value of D cannot be positive; it can only be nega-
tive. If D were positive, then after a long time the
temperature would be greater than any predefined value,
that is, it would tend to infinity, which contradicts the physi-
cal essence of the process.

Consider a case, when D � 0. As value D is not set yet,
it is possible to write:

D ¼ �ak2; ð12Þ
where:
a is the thermal diffusivity of the material; and
k is a constant determined by the boundary conditions.

Substituting these values for D into Eqs 9–11, we
arrive at:

hðsÞ ¼ e�ak2s ð13Þ

and

r2#ðx; y; zÞ þ k2#ðx; y; zÞ ¼ 0: ð14Þ
Eq 14 is often called a Pokel equation, which is well studied
in mathematical physics. Thus, applying a classical Fourier
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method of variables separation, the equation of heat conduc-
tivity is reduced to an equation of the Pokel type, where the
solution is determined by the shape of the body, initial distri-
bution of temperature, and conditions of heat transfer with
the quenchant.

Assume that for given conditions, the solution of Eq 14
is known—that is, function #(x, y, z) has been found. Then a
particular solution of the equation of heat conductivity
(Eq 1) is:

T ¼ Ce�ak2s 	 #ðx; y; zÞ; ð15Þ

This solution (Eq 15) satisfies the differential equation
of heat conductivity (Eq 1) for any values of C and k; that is,
it is a particular solution. Assigning various values to con-
stants C and k, a set of particular solutions is obtained. By
the principle of superposition, the general solution is equal
to the sum of the particular solutions, according to Eq 6. Con-
stants k are determined by the boundary conditions (Eq 3),
and constant C by the initial conditions (Eq 4).

It has been shown [2] that the general solution for
bodies of any shape with the third kind of boundary condi-
tion can be written as:

T � Tm

T0 � Tm
¼
X1
n¼1

AnUn expð�mnsÞ; ð16Þ

where:
An are temperature amplitudes;
Un are eigenfunctions dependent on coordinates; and

m1 < m2 < m3 . . .mn < mnþ1 . . . ð17Þ
In view of this series of inequalities (Eq 17), over a short
time, the cooling process for a body of any shape will be
described by an exponent [2]:

h ¼ A1U1e�m1s:

It has been established by Kondratjev [3] that:

m1 ¼ aKn
K

;

or

m ¼ aKn
K

;

where:
a is the thermal diffusivity of the material;
K is the Kondratjev form factor; and
Kn is the Kondratjev number.

For many forms, the Kondratjev form factor can be
found from analytical solution [3]. For example, for a cylin-
der, K ¼ R2/5.783, and for a sphere, K ¼ R2/9.87 (R is
the radius of the cylinder or sphere; others are shown in
Chapter 6).

According to the theory of regular conditions, m can be
found for any configuration of a steel part. In contrast to m,
the temperature amplitudes An and eigenfunctions Un are
available only for simple steel parts. There are no data estab-
lishing correlation between An and the generalized Biot
number Biv.

To illustrate the meaning of a regular thermal process,
the generalized equation will be compared to an analytical
solution and a correlation between An and the generalized

Biot number Biv will be established for the cooling of simple
steel parts.

5.2.1 Cooling a One-Dimensional Slab (Plate)
Assume a one-dimensional slab (unbounded plate) with thick-
ness 2R and initial distribution of temperature Tðx; 0Þ ¼ f ðxÞ.
At the initial moment of time when the plate is immersed into
a quenchant with constant temperature Tc < Tðx; 0Þ, the heat
transfer between the surfaces of the plate and quenchant can
be described by Newton’s Law of Cooling. The objective is to
determine temperature distribution over the thickness of the
plate, and also the heat flux density.

Since for a plate j ¼ 1, Eq 2 and the boundary condi-
tions (Eq 3) have the form:

@Tðx; sÞ
@s

¼ a
@2Tðx; sÞ

@x2
; ð18Þ

k
@TðR; sÞ

@x
þ a½TðR; sÞ � Tc
 ¼ 0; ð19Þ

�k
@Tð�R; sÞ

@x
þ a½Tð�R; sÞ � Tc
 ¼ 0; ð19aÞ

Tðx; 0Þ ¼ f ðxÞ;
@Tð0; sÞ

@x
¼ 0: ð20Þ

Using the classical approach, with regard to Eq 20, it is
possible to present a particular solution of Eq 18 as:

#ðx; sÞ ¼ D cos kxe�k2as: ð21Þ

Taking into account solution (Eq 21) and boundary condi-
tion (Eq 19), it can be rewritten:

@#ðR; sÞ
@x

þH#ðR; sÞ ¼ 0: ð22Þ

Boundary condition 19a is not used since there is a con-
dition of symmetry (Eq 20). Substituting Eq 21 in Eq 22,
we get:

�kD sin kR 	 e�k2as þHD cos kR 	 e�k2as ¼ 0;

or

ctgkR ¼ k
H

¼ kR
HR

¼ kR
Bi

: ð23Þ

The value of HR ¼ a
k
R is a Biot number (criterion). If

we denote kR by l, analysis of Eq 23 shows that l has an
uncountable set of values (see Fig. 1); the first six roots ln
are presented in Table 1. The general solution is equal to the
sum of all particular solutions:

#ðx; sÞ ¼
X1
n¼1

Dn cos ln
x
R
expð�l2

as
R2

Þ: ð24Þ

Constants Dn are determined by the initial conditions of Eq
4. The detailed proof of this operation is given in [1].

Cooling of a slab under boundary conditions of the
third kind yields the equation:

h ¼ Tðx; sÞ � Tm

T0 � Tm
¼
X1
n¼1

An cos ln
x
R
expð�l2nF0Þ; ð25Þ
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where:

An ¼ 2 sin ln
ln þ sinln 	 cos ln

ð26Þ

and F0 ¼ as
R2

is a Fourier criterion (number).

Eq 26 can be transformed to the form [1]:

An ¼ 2 sin ln
ln þ sin ln 	 cos ln

¼ ð�1Þnþ1 	 2Bi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2 þ l2n

p
lnðBi2 þ Biþ l2nÞ

:

The dependence of constants An as a function of num-
ber Bi is shown in Table 2.

Eq 25 shows that the dimensionless temperature ratio

h ¼ Tðx; sÞ � Tm

T0 � Tm
is a function of number F0, dimensionless

coordinate
x
R
, and criterion Bi; that is:

h ¼ w
x
R
;Bi;F0

� �
: ð27Þ

Table 1 shows that the roots of the characteristic equation
23 sharply increase, l1 < l2 < l3 < . . . < ln < . . . . This means
that a short time of cooling of a plate can be represented by
just the first term of an infinite series (Eq 25):

h ¼ A1 cos l1
x
R
expð�l21F01Þ: ð28Þ

Since the point of interest is a point most remote from

a surface, that is, x = 0, then cos l1
x
R

¼ 1. Therefore, Eq 28

can be rewritten as:

Tðo; sÞ � Tm

T0 � Tm
¼ A1

expðmsÞ ; ð29Þ

where m ¼ l2a
R2

. This, in turn, can be rewritten as:

expðmsÞ ¼ A1
T0 � Tm

T � Tm
: ð30Þ

Taking the logarithm of the right and left sides of Eq 30, we
obtain:

ms ¼ lnA1 þ ln
T0 � Tm

T � Tm
: ð31Þ

According to the theory of regular thermal conditions
[3,4], the cooling factor m can be represented as:

m ¼ aKn
K

; ð32Þ

where:
a is the thermal diffusivity of the material;
Kn is the Kondratjev number; and
K is the Kondratjev form factor.

Fig. 1—Graphic method of the determination of roots of the char-
acteristic equation ctgl ¼ l

Bi
.

TABLE 1—Roots l1 through l6 of characteristic equation ctgl ¼ 1
Bi l for an unbounded plate

depending on Biot number Bi

Bi l1 l2 l3 l4 l5 l6

0.01 0.0998 3.1448 6.2848 9.4258 12.5672 15.7086

0.1 0.3111 3.1731 6.2991 9.4354 12.5743 15.7143

1.0 0.8603 3.4256 6.4373 9.5293 12.6453 15.7713

1.5 0.9882 3.5422 6.5097 9.5801 12.6841 15.8026

2.0 1.0769 3.6436 6.5783 9.6296 12.7223 15.8336

4.0 1.2646 3.9352 6.8140 9.8119 12.7966 15.8945

8.0 1.3978 4.2264 7.1263 10.0949 13.1141 16.1675

10 1.4289 4.3058 7.2281 10.2003 13.2142 16.2594

20 1.4961 4.4915 7.4954 10.5117 13.5420 16.5864

30 1.5202 4.5615 7.6057 10.6543 13.7085 16.7691

40 1.5325 4.5979 7.6647 10.7334 13.8048 16.8794

50 1.5400 4.6202 7.7012 10.7832 13.8666 16.9519

100 1.5552 4.6658 7.7764 10.8871 13.9981 17.1093

1 1.5708 4.7124 7.8540 10.9956 14.1372 17.2788
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For an unbounded plate, K ¼ 4R2

p2
. Therefore, cooling

time can be represented by the equation:

s ¼ lnA1 þ ln
T0 � Tm

T � Tm

� �
K

aKn
ð33Þ

However, there is one problem in Eq 33. The value

A1 depends on the number Bi ¼ a
k
R; however, the value

of Kn is a function of generalized number Biv which is
equal to:

Biv ¼ a
k
K

S
V
; ð34Þ

where:
S is the surface area of a part; and
V is the volume of the part (see Chapter 6).

To eliminate this problem, use the following substitu-
tions [4]:
Biv ¼ 0.405Bi for a plate;
Biv ¼ 0.346Bi for a cylinder; and
Biv ¼ 0.304Bi for a sphere.
Table 2 presents transformation of number Bi into number
Biv, along with values A1 and ln A1 for the mentioned num-
bers Bi and Biv.

Example 5.1
A one-dimensional steel slab is heated to the austenitizing
temperature of 860�C. The objective is to calculate the cool-
ing time from 860�C to 360�C at the core of the slab when
cooling in a medium with a Biot number Bi of 50. The slab
thickness is 20 mm or 0.02 m. For the cooling time calcula-
tion, Eq 25 will be used.

Using Table 3 below and Eq 26, the initial values of An

for a slab at Bi ¼ 50 are: A1 ¼ 1.2727; A12 ¼ –0.4227; A3 ¼
0.2517; A4 ¼ –0.1779; A5 ¼ 0.1365; and A6 ¼ –0.1098.

The roots of the characteristic equation

ctgl ¼ 1
Bi

l

for the slab are as follows: l1 ¼ 1.5400; l2 ¼ 4.6202; l3 ¼
7.7012; l4 ¼ 10.7832; l5 ¼ 13.8666; and l6 ¼ 16.9519. The
thermal diffusivity of steel within 360–860�C is 5.4 3 10�6

m2/s. The Kondratjev number for the slab is calculated as:

K ¼ L2

p2
¼ 40:5273 10�6m2;

where L is the thickness of the slab (0.02 m); p ¼ 3:1415926.
According to the generalized equation presented in the intro-
duction, the cooling time from 860�C to 360�C is equal to
8.59 s where dimensionless temperature ratio h ¼ 0:405 and

Fo ¼ 4as
L2

¼ 0:464. Comparison of these results with the ana-

lytical solution (Eq 25) gives:

h ¼
X6
n¼1

An expð�l2nFoÞ ¼ 0:405� 6:33 10�81 þ e�512 � e�999

þ e�1652 � e�2468:::;

where:
e is the base of the natural logarithm (approximately

2.718281828); and
lim
r!0

cos ln
r
R


 � ¼ 1.
The analytical calculation yields the same result as the

generalized equation because the second term in the series is
very low (6.3 3 10�81). This means that the generalized equa-
tion for cooling of steel parts similar to a slab is true and that
the regular thermal condition is already established.

5.2.2 Cooling of a One-Dimensional Cylinder
This calculation example will be for an unbounded cylinder of
radius R whose radial temperature distribution is described by
a function f(r). At the initial moment of time, the cylinder is

TABLE 2—Constants A1 versus Biot number Bi
and generalized Biot number Biv for an
unbounded plate

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0040 1.0020 0.0020

0.1 0.0405 1.0159 0.0158

0.2 0.0811 1.0312 0.0307

0.3 0.1216 1.0450 0.0440

0.4 0.1621 1.0581 0.0565

0.5 0.2026 1.0701 0.0678

0.6 0.2432 1.0813 0.0782

0.7 0.2837 1.0918 0.0878

0.8 0.3242 1.1016 0.0968

0.9 0.3648 1.1107 0.1050

1.0 0.4053 1.1192 0.1126

1.5 0.6080 1.1537 0.1430

2.0 0.8110 1.1784 0.1642

3.0 1.2159 1.2102 0.1908

4.0 1.6212 1.2287 0.2060

5.0 2.0265 1.2403 0.2154

6.0 2.4318 1.2478 0.2214

7.0 2.8371 1.2532 0.2257

8.0 3.2424 1.2569 0.2286

9.0 3.6477 1.2598 0.2310

10 4.0530 1.2612 0.2321

15 6.0800 1.2677 0.2372

20 8.1060 1.2699 0.2389

30 12.159 1.2717 0.2403

40 16.212 1.2723 0.2408

60 24.318 1.2728 0.2412

80 32.424 1.2730 0.2414

100 40.530 1.2731 0.2415

1 1 1.2732 0.2415
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immersed into a quenchant with constant temperature Tm <
T0. The objective is to determine the heat flux density and tem-
perature distribution in the cylinder for any time. The differen-
tial equation of heat conductivity for an unbounded cylinder
in this case is:

@Tðr; sÞ
@s

¼ a
@2Tðr; sÞ

@r2
þ 1

r
@Tðr; sÞ

@r

� �
; ð35Þ

where:
s > 0; and
0 < r < R,
with the following boundary conditions:

@TðR; sÞ
@r

þH½TðR; sÞ � Tm
 ¼ 0; ð36Þ
#ðr; 0Þ ¼ f ðrÞ � Tm ¼ #0; ð37Þ

and
@#ð0; sÞ

@r
¼ 0: ð38Þ

As shown above, a particular solution of the equation of
heat conductivity by the method of variables separation is:

T ¼ Ce�ak2s 	 #ðx; y; zÞ: ð39Þ

Substituting the particular solution (Eq 39) into differen-
tial equation 35, it can be concluded that the function #(r)
must be the solution of a Bessel equation:

#
00 ðrÞ þ 1

r
#

0 ðrÞ þ k2#ðrÞ ¼ 0: ð40Þ

The general integral of Eq 40 is:

#ðrÞ ¼ CJ0ðkrÞ þDY0ðkrÞ; ð41Þ
where J0ðkrÞ and Y0ðkrÞ are Bessel functions of the first and
second kind of the zero order. Since the temperature on the
axis of the cylinder (r ¼ 0) must be finite, the solution (Eq 41)
cannot contain a Bessel function of the second kind which
tends to infinity at r fi 0 (see Fig. 2). Since the temperature at
the center of the cylinder is finite, the physical conditions of
the problem require that the constant D must be equal to zero

TABLE 3—Roots of characteristic equation J0ðlÞ
J1ðlÞ ¼ 1

Bil for a one-dimensional cylinder

Bi l1 l2 l3 l4 l5 l6

0.01 0.1412 3.8343 7.0170 10.1745 13.3244 16.4712

0.1 0.4417 3.8577 7.0298 10.1833 13.3312 16.4767

1.0 1.2558 4.0795 7.1558 10.2710 13.3984 16.5312

1.5 1.4569 4.1902 7.2233 10.3188 13.4353 16.5612

2.0 1.5994 4.2910 7.2884 10.3658 13.4719 16.5910

4.0 1.9081 4.6018 7.5201 10.5423 13.6125 16.7073

8.0 2.1286 4.9384 7.8464 10.8271 13.8566 16.9179

10 2.1795 5.0332 7.9569 10.9363 13.9580 17.0099

20 2.2880 5.2568 8.2534 11.2677 14.2983 17.3442

30 2.3261 5.3410 8.3771 11.4221 14.4748 17.5348

40 2.3455 5.3846 8.4432 11.5081 14.5774 17.6508

50 2.3572 5.4112 8.4840 11.5621 14.6433 17.7272

60 2.3651 5.4291 8.5116 11.5990 14.6889 17.7807

80 2.3750 5.4516 8.5466 11.6461 14.7475 17.8502

100 2.3809 5.4652 8.5678 11.6747 14.7834 17.8931

1 2.4048 5.5201 8.6537 11.7915 14.9309 18.0711

Fig. 2—Charts of Bessel function of the first kind: J0(x) and J1(x).
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(D ¼ 0). Then a particular solution of the equation of heat con-
ductivity (Eq 35) has the following form:

T ¼ CJ0ðkrÞe�ak2s: ð42Þ
Making the particular solution (Eq 42) to satisfy bound-

ary condition 36, we get:

J0ðkRÞ
J1ðkRÞ ¼

kR
HR

¼ kR
Bi

: ð43Þ

In the transcendental equation 43, a new function
J1ðkRÞ was obtained, which should be understood as follows.
A Bessel function can be represented as the series:

J0ðxÞ ¼ 1� x2

22
þ x4

22 	 42 �
x6

22 	 42 	 62 þ
x8

22 	 42 	 62 	 82 � . . .

This function is called a Bessel function of the first kind of
the zero order. Therefore, analogously, if x ¼ kr, then the
Bessel function is:

J0ðkrÞ ¼ 1� ðkrÞ2
22

þ ðkrÞ4
22 	 42 �

ðkrÞ6
22 	 42 	 62 þ

ðkrÞ8
22 	 42 	 62 	 82 � . . .

Differentiating Bessel function J0ðkrÞ with respect to r
gives:

J00ðkrÞ ¼ �k
kr
2
� ðkrÞ3
22 	 42 þ

ðkrÞ5
22 	 42 	 62 � . . .

" #
¼ �kJ1ðkrÞ;

where:

J1ðkrÞ ¼ kr
2
� ðkrÞ3
22 	 42 þ

ðkrÞ5
22 	 42 	 62 � . . . :

From the analysis of this series, it follows that, at r ¼ 0,
J0ðkrÞ ¼ 1 and J1ðkrÞ ¼ 0, which is often used for the
calculations.

Plots of the Bessel function versus variable r are pre-
sented in Figs. 2 and 3.

If we denote kR by l l ¼ kRð Þ, then roots ln are deter-
mined by the transcendental equation:

J0
J1

¼ 1
Bi

l: ð44Þ

The first six roots of the characteristic equation 44 are pre-
sented in Table 3. Constants Cn are determined by boundary
condition Eq 37 and described in detail in [1].

Finally, the general solution of the differential equation
35 at the boundary conditions given by Eqs 36–38 is equal
to the sum of all particular solutions [1]:

h ¼ Tðr; sÞ � Tm

T0 � Tm
¼
X1
n¼1

AnJ0 l
r
R

� �
exp �l2nF0

 �

; ð45Þ

where An are constant factors (so-called initial temperature
amplitudes) that are dependent on the Biot number (crite-
rion) (Bi) and are given by:

An ¼ 2J1ðlnÞ
ln½J20ðlnÞ þ J21ðlnÞ


:

Since the points most remote from a surface (i.e., r ¼ 0)

are of interest, then: lim
r!0

J0 ln
r
R

� �
¼ 1 (see the expansion of a

Bessel function in series).

Due to sharp increase of n roots ln (see Table 3) in
quite short time, the process of cooling a core of the cylin-
der will be described by the formula:

h ¼ A1 exp �l21
as
R2

� �
: ð46Þ

Taking the logarithm of the right and left sides of Eq 46
and making the transformation of A(Bi) into A(Biv), and also
using the theory of regular thermal conditions, a relatively
simple equation for the determination of cooling time of
cylinder-shaped bodies is:

s ¼ lnA1 þ ln
T0 � Tm

T � Tm

� �
K

aKn
; ð47Þ

which is similar to Eq 33. In this case:

K ¼ R2

l21
¼ R2

5:783
:

Dependence of A1 on number Bi and the generalized
number Biv is presented in Table 4.

Example 5.2
A one-dimensional cylinder is heated to the austenitizing tem-
perature of 860�C. The objective is to calculate the cooling
time from 860�C to 360�C for the core of the cylinder. The cyl-
inder is cooled under conditions of Bi ¼ 50. The diameter of
the cylinder is 20 mm or 0.02 m. For the cooling time calcula-
tion, Eq 45 will be used. The temperature amplitudes for a cyl-
inder at Bi ¼ 50 are: A1 ¼ 1.5995; A2 ¼ –1.0587; A3 ¼ 0.8396;
A4 ¼ –0.7112; A5 ¼ 0.6227; and A6 ¼ –0.5544.

The roots of the characteristic equation

J0ðlÞ
J1ðlÞ ¼

1
Bi

l

for a cylinder are: l1 ¼ 2.3572; l2 ¼ 5.4112; l3 ¼ 8.4840;
l4 ¼ 11.5621; l5 ¼ 14.6433; and l6 ¼ 17.7272. The thermal
diffusivity of steel within the temperature range of 360–860�C
is 5.4 3 10�6 m2/s. The Kondratjev number for the cylinder
is calculated as:

K ¼ R2

5:783
¼ 17:2923 10�6m2;

where R is radius of the cylinder (0.01 m). According to the gen-
eralized equation presented in the introduction, the cooling time
from 860�C to 360�C is 4.585 s, where the dimensionless temper-

ature ratio h ¼ 0:405 and Fo ¼ as
R2

¼ 0:2375.
Fig. 3—Charts of Bessel function of the second kind: Y0(x) and
Y1(x).
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Comparing these results with the analytical solution of
Eq 45:

h ¼
X6
n¼1

An expð�l2nFoÞ ¼ 0:4044� 1:013 10�3 þ 3:163 10�8

� 1:1563 10�14 þ :::;

where lim
r!0

J0 ln
r
R

� �
¼ 1:

In this case, the analytical calculation yields almost the same
result as the generalized equation, because the second term in

the series is sufficiently low (0.00101). This means that the gener-
alized equation for cooling time calculation coincides with the
results of analytical calculations with an accuracy of 0.4 %.

5.2.3 Cooling a Sphere
Consider a spherical body (ball) of radius R with a known
initial distribution of temperature f(r). In this specific case,
the temperature can be identical and equal to T0. At the ini-
tial moment of time, the ball is immersed into a quenchant
at constant temperature of Tm (Tm < T0). Find the tempera-
ture distribution inside the ball for any time.

The differential equation of heat conductivity for the
symmetric problem has the form:

@Tðr; sÞ
@s

¼ a
@2Tðr; sÞ

@r2
þ 2
R
@Tðr; sÞ

@r

� �
ð48Þ

at the following boundary conditions:

k
@Tðr; sÞ

@s
þH TðR; sÞ � Tmð Þ ¼ 0 ð49Þ

Tðr; 0Þ ¼ f ðrÞ þ T0 ð50Þ
@Tð0; sÞ

@r
¼ 0 ð51Þ

The general solution of the above-stated problem is [1]:

h ¼
X1
n¼1

An
R sin ln

r
R

rln
expð�l2nF0Þ; ð52Þ

where:

An ¼ 2ðsin ln � ln cos lnÞ
ln � sinln cos ln

:

At the point which is the most remote from the surface
(the origin):

R sin ln
r
R

rln
¼ 1; as lim

r!0

sinðln r
RÞ

ðln r
RÞ

¼ 1:

Roots ln of the characteristic equation tgl ¼ � 1
Bi� 1

l

are presented in Table 5. Constants A1 versus numbers Bi
and Biv are presented in Table 6.

Using the theory of regular thermal conditions, as for an
unbounded plate or cylinder, a simple equation for the calcula-
tion of cooling time for the core of the sphere can be obtained:

s ¼ lnA1 þ ln
T0 � Tm

T � Tm

� �
K

aKn
; ð53Þ

where the Kondratjev form factor K for a sphere is K ¼ R2

p2
.

Example 5.3
A one-dimensional sphere is heated to the austenitizing tempera-
ture of 860�C. Calculate the cooling time from 860�C to 360�C
for the core of the sphere. The sphere is cooled under conditions
of Bi ¼ 50. The diameter of the sphere is 20 mm or 0.02 m. To
determine the cooling time, use Eq 45. The temperature ampli-
tudes for a sphere at Bi ¼ 50 are: A1 ¼ 1.9964; A2 ¼ –1.9856;
A3 ¼ 1.9680; A4 ¼ –1.9441; A5 ¼ 1.9145; and A6 ¼ –1.8802.

The roots of the characteristic equation

tgl ¼ � 1
Bi� 1

l

for a sphere are: l1 ¼ 3.0801; l2 ¼ 6.1606; l3 ¼ 9.2420;
l4 ¼ 12.3247; l5 ¼ 15.4090; and l6 ¼ 18.4953. The thermal

TABLE 4—Constant A1 versus Bi and Biv for
an unbounded cylinder

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0035 1.0031 0.0031

0.1 0.0346 1.0245 0.0242

0.2 0.0692 1.0482 0.0471

0.3 0.1037 1.0711 0.0687

0.4 0.1383 1.0931 0.0890

0.5 0.1729 1.1142 0.1081

0.6 0.2075 1.1345 0.1262

0.7 0.2421 1.1539 0.1431

0.8 0.2766 1.1724 0.1591

0.9 0.3112 1.1902 0.1741

1.0 0.3458 1.2071 0.1882

1.5 0.5187 1.2807 0.2474

2.0 0.6916 1.3377 0.2910

3.0 1.0374 1.4192 0.3501

4.0 1.3832 1.4698 0.3851

5.0 1.7290 1.5029 0.4074

6.0 2.0748 1.5253 0.4222

7.0 2.4206 1.5409 0.4324

8.0 2.8640 1.5523 0.4397

9.0 3.1122 1.5611 0.4454

10 3.4580 1.5677 0.4496

15 5.1870 1.5853 0.4608

20 6.9160 1.5918 0.4649

30 10.374 1.5964 0.4678

40 13.832 1.5988 0.4693

60 20.748 1.6009 0.4706

80 27.664 1.6012 0.4708

100 34.580 1.6014 0.4709

1 1 1.6021 0.4713
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diffusivity of steel within the temperature range of 360–
860�C is 5.4 3 10�6 m2/s. The Kondratjev number for a
sphere with radius R ¼ 0.01 m is calculated as:

K ¼ R2

p2
¼ 10:13173 10�6m2:

According to the generalized equation presented in the intro-
duction, the cooling time from 860�C to 360�C for a sphere
is 3.139 s, where the dimensionless temperature ratio

h ¼ 0:405 and Fo ¼ as
R2

¼ 0:169.

Comparing these results with the analytical solution (Eq 52):

h ¼
X6
n¼1

An expð�l2nFoÞ ¼ 0:4017� 0:00325þ 1:583 10�37

� 2:093 10�66:::;

where lim
r!0

sinðln r
RÞ

ðln r
RÞ

¼ 1.

The analytical calculation shows almost the same result
as the generalized equation because the second term in the
series is only 0.00325. This means that the generalized equa-
tion for cooling time calculation coincides with the results
of the analytical calculation with an accuracy of 1.6 %.

5.2.4 Cooling a Three-Dimensional Slab
(Parallelepiped)
In this example, a plate of dimensions 2R1 3 2R2 3 2R3 is
heated until the temperature everywhere is equal to T0. At
the initial moment of time, the plate is immersed into a
quenchant at a constant temperature Tm (Tm < T0). Find the
temperature distribution at any time. Place the origin of
coordinates at the center of a parallelepiped (see Fig. 4).

The problem is mathematically stated as:

@Tðx; y; z; sÞ
@s

¼ a
@2Tðx; y; z; sÞ

@x2
þ @2Tðx; y; z; sÞ

@y2
þ @2Tðx; y; z; sÞ

@z2

� �
;

ð54Þ

where:
s > 0;
�R1 < x < þR1;
�R2 < y < þR2; and
�R3 < z < þR3.

In addition,

�@T
@x

þ a
k
ðT � TmÞ ¼ 0

�@T
@y

þ a
k
ðT � TmÞ ¼ 0

�@T
@z

þ a
k
ðT � TmÞ ¼ 0

9>>>>>>>=
>>>>>>>;

ð55Þ

and

Tðx; y; z; 0Þ ¼ T0: ð56Þ
The temperature distribution is symmetric with respect

to the center of the bounded plate. It has been shown [1]
that the solution of this problem can be represented as a
product of solutions for three unbounded plates with cross-
ing forms in the given parallelepiped:

Tðx; y; z; sÞ � Tm

T0 � Tm
¼ Tðx; sÞ � Tm

T0 � Tm
	 Tðy; sÞ � Tm

T0 � Tm
	 Tðz; sÞ � Tm

T0 � Tm

ð57Þ
The solution to this problem is:

h ¼
X1
n¼1

X1
m¼1

X1
k

An;1Am;2Ak;3 cos ln;1
x
R1

	 cos lm;2 	
y
R2

cos lk;3

3 exp � l2n;1
R2

1

þ l2m;2

R2
2

þ l2k;3
R2

3

 !
as

" #
; ð58Þ

where:
A ¼ ð�1Þðn;m;kÞþ1 2Bi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2 þ l2

p
lðBi2 þ Biþ l2Þ;

TABLE 5—Roots of the characteristic equation tgl ¼ � 1
Bi�1l for spherical-shaped bodies

Bi l1 l2 l3 l4 l5 l6

0.01 0.1730 4.4956 7.7265 10.905 14.0669 17.2813

0.1 0.5423 4.5157 7.7382 10.9133 14.0733 17.2266

1.0 1.5708 4.7124 7.8540 10.9956 14.1372 17.2788

1.5 1.8366 4.8158 7.9171 11.0409 14.1724 17.3076

2.0 2.0288 4.9132 7.9787 11.0856 14.2075 17.3364

4.0 2.4557 5.2329 8.2045 11.2560 14.3434 17.449

8.0 2.7654 5.6078 8.5406 11.5408 14.5847 17.6567

10 2.8363 5.7172 8.6587 11.6532 14.6870 17.7481

20 2.9930 5.9921 9.0019 12.025 15.0625 18.1136

30 3.0406 6.0831 9.1294 12.1807 15.238 18.3058

50 3.0801 6.1606 9.2420 12.3247 15.409 18.4953

100 3.1105 6.2211 9.3317 12.4426 15.5537 18.665

1 3.1416 6.2832 9.4248 12.5664 15.7080 18.8496
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ctgl ¼ 1
Bi
l; and

Bii ¼ a
k
Riði ¼ 1; 2; 3Þ.

Consider three cases of cooling of the plate:
1. R1 and R3 fi 1: an unbounded plate
2. R1 ¼ R2, and R3 fi 1: a long square bar, related to the

class of cylindrical bodies

3. R1 ¼ R2 ¼ R3: a cube, related to spherical bodies
The temperature distribution in an unbounded plate

was discussed above (see Eq 25). In this section, the analysis
of the solution in Eq 58 with respect to a square bar and
cube (cases 2 and 3) will be addressed.

At the origin, all the cosines are equal to 1, and roots
l1 < l2 < l3 < . . . < ln in a short time are:

h ¼ An;1Am;2Ak;3 expð�msÞ; ð59Þ

where m is a cooling factor, according to the theory of regu-
lar thermal conditions.

The conclusion for an unbounded bar (case 2) is:

h ¼ A2
1 expð�msÞ; ð60Þ

and for a cube (case 3):

h ¼ A3
1 expð�msÞ; ð61Þ

where A1 is the thermal amplitude for an unbounded plate
(a constant, see Table 2).

This equivalency of more complex bodies with an
unbounded plate is obtained by taking the logarithm of Eqs
59–61 to obtain a simple equation for the determination of
cooling time for bodies of various configurations:

s ¼ k lnA1 þ ln
T0 � Tm

T � Tm

� �
K

aKn
; ð62Þ

where:
k ¼ 1, 2, or 3 for an unbounded plate, a square infinite bar,

or a cube, respectively; and
K is the Kondratjev form coefficient for a bounded plate [2]

with sides L1 (¼ 2R1), L2 (¼ 2R2), and L3 (¼ 2R3), which
can be determined from:

K ¼ 1

p2 1
2R1

� �2
þ 1

2R2

� �2
þ 1

2R3

� �2� � ¼ 1

p2 1
L2
1
þ 1

L2
2
þ 1

L2
3

h i : ð63Þ

In Eq 62, in the square brackets, one of the most unex-
plored terms is the value of ln A1 and its dependency on Bi
and Biv. As for the Kondratjev number Kn, there is a

TABLE 6—Constant A1 versus Bi and Biv for a
sphere

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0030 1.0035 0.0035

0.1 0.0304 1.0297 0.0293

0.2 0.0608 1.0592 0.0575

0.3 0.0912 1.0880 0.0843

0.4 0.1216 1.1164 0.1101

0.5 0.1520 1.1440 0.1345

0.6 0.1824 1.1718 0.1581

0.7 0.2128 1.1978 0.1805

0.8 0.2432 1.2237 0.2019

0.9 0.2736 1.2488 0.2222

1.0 0.3040 1.2732 0.2415

1.5 0.4560 1.3848 0.3256

2.0 0.6080 1.4793 0.3916

2.5 0.7600 1.5579 0.4433

3.0 0.9120 1.6223 0.4838

4.0 1.2160 1.7201 0.5424

5.0 1.5200 1.7870 0.5805

6.0 1.8240 1.8338 0.6064

7.0 2.1280 1.8673 0.6245

8.0 2.4320 1.8920 0.6376

9.0 2.7360 1.9106 0.6474

10 3.0400 1.9249 0.6549

11 3.3440 1.9364 0.6608

14 4.8640 1.9663 0.6762

16 6.3840 1.9801 0.6831

20 9.4240 1.9905 0.6884

30 12.464 1.9948 0.6905

40 15.504 1.9964 0.6913

50 18.544 1.9974 0.6918

80 24.624 1.9985 0.6924

100 30.704 1.9993 0.6928

1 1 2.0000 0.6931

Fig. 4—Parallelepiped (a three-dimensional slab).
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universal relationship between numbers Kn and Biv for
bodies of any shape [1,2]:

Kn ¼ BiV
ðBi2V þ 1:437BiV þ 1Þ0:5 ð64Þ

The Kondratjev form coefficient K can be calculated for
a body of any shape as well, which will be discussed in Chap-
ter 6. Therefore, Eq 62 can also become universal if regular-
ities of behavior of ln A1 are dependent on Biv numbers for
any body. At this point, a strategic approach to determine the
parameter ln A1 for bodies of any shape will be developed.

Kondratjev [3] has shown that the problem of heating
(or cooling) of a body of a complex shape can be reduced to
a problem of heating (or cooling) of a body of a simple shape
(a plate, cylinder, or ball) by introduction of the criterion of
the approximate similarity. Using this approach, it is possible
to classify bodies of any shape into three groups of plate-
shaped, cylindrical, and spherical bodies. Plate-shaped bodies
can be plates of any kind where the width and length are

much greater than the thickness. Cylindrical bodies can be
any parallelepipeds where R3 >> R1 and R2, and R1 � R2.
Spherical bodies can be a cube or finite cylinder with height
approximately equal to its diameter, that is, Z � D.

5.2.5 Finite Cylinder
For the analysis of ln A1 for a finite cylinder (Fig. 5), con-
sider the analytical solution describing the distribution of
temperature fields in the finite cylinder:

h¼
X1
n¼1

X1
m¼1

An;1Am;2J0 ln;1
r
R

� �
coslm;2

Z
‘
3exp � l2n;1

R2
þl2m;2

‘2

 !
as

" #
;

ð65Þ

TABLE 7—Constant A1 versus Bi and Biv for
an infinite square parallelepiped

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0040 1.0040 0.0040

0.1 0.0405 1.0320 0.0315

0.2 0.0810 1.0630 0.0615

0.3 0.1216 1.0920 0.0880

0.4 0.1621 1.1196 0.1129

0.5 0.2026 1.1451 0.1355

0.6 0.2432 1.1692 0.1563

0.8 0.3242 1.2135 0.1935

1.0 0.4053 1.2526 0.2252

2.0 0.8106 1.3886 0.3283

3.0 1.2159 1.4646 0.3816

4.0 1.6212 1.5097 0.4119

5.0 2.0265 1.5383 0.4307

6.0 2.4318 1.5570 0.4428

7.0 2.8371 1.5705 0.4514

8.0 3.2424 1.5798 0.4573

9.0 3.6477 1.5871 0.4619

10 4.0530 1.5906 0.4641

20 8.1060 1.6126 0.4779

30 12.1590 1.6172 0.4807

40 16.2120 1.6187 0.4816

60 24.3180 1.6200 0.4824

80 32.4240 1.6205 0.4827

100 40.5300 1.6208 0.4829

1 1 1.6210 0.4830

TABLE 8—Constant A1 versus Bi and Biv for a
cube

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0040 1.0060 0.0060

0.1 0.0405 1.0485 0.0473

0.2 0.0811 1.0966 0.0922

0.3 0.1216 1.1412 0.1321

0.4 0.1621 1.1846 0.1694

0.5 0.2027 1.2254 0.2033

0.6 0.2432 1.2643 0.2345

0.7 0.2837 1.3015 0.2635

0.8 0.3242 1.3368 0.2903

0.9 0.3648 1.3702 0.3150

1.0 0.4053 1.4019 0.3378

1.5 0.6080 1.5356 0.4289

2.0 0.8106 1.6364 0.4925

3.0 1.2159 1.7724 0.5724

4.0 1.6212 1.8550 0.6179

5.0 2.0265 1.9081 0.6461

6.0 2.4318 1.9428 0.6641

7.0 2.8371 1.9682 0.6771

8.0 3.2424 1.9856 0.6859

9.0 3.6477 1.9994 0.6929

10 4.0530 2.0060 0.6962

20 8.1060 2.0479 0.7168

30 12.159 2.0566 0.7210

40 16.212 2.0595 0.7225

60 24.318 2.0620 0.7236

80 32.424 2.0629 0.7241

100 40.530 2.0634 0.7243

1 1 2.0639 0.7246
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where An,1 and Am,1 are constant factors determined by the
equations:

An;1 ¼ 2Bi1
J0ðln;1Þ½l2n;1 þ Bi21


and

Am;2 ¼ ð�1Þmþ1
2Bi2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi22 þ l2m;2

q
lm;2ðBi22 þ Bi2 þ l2m;2Þ

:

At the center of a finite cylinder, the Bessel functions

J0 ln;1
r
R

� �
and coslm;2

Z
‘
are equal to 1. The series of Eq 65

quickly converges, because the roots of the characteristic equa-
tions sharply increase. Therefore, Eq 65 at the stage of regular
thermal conditions is transformed into a simple equation:

h ¼ A1;1 	 A1;2 expð�msÞ: ð66Þ
Taking the logarithm of Eq 66, we get:

s ¼ lnAþ ln
T0 � Tm

T � Tm

� �
K

aKn
; ð67Þ

where:

K ¼ 1
5; 783
R2

þ 9:87
Z2

; and

A ¼ A1;1 	 A1;2.
Values of A1 versus numbers Bi and Biv are presented in
Table 9.

Since there are sufficient computational data for the anal-
ysis of constants ln A, which are dependent only on numbers
Bi and Biv, their generalization is obtained by dividing com-
plex bodies into three groups: plate-shaped, cylindrical, and
spherical bodies. A plot of the relationship XðBivÞ ¼ lnAðBivÞ
is obtained for these three groups using Tables 2, 4, and 6–9.
The graphic representation of these relationships is presented
in Fig. 6. A universal correlation between the Kondratjev num-
ber Kn and the generalized Biot number Biv is satisfied by
Eq 64, and some numerical data are presented in Table 10.

Fig. 6 shows that the curves related to each group of
bodies coincide very well among themselves. For a cube,
ball, and finite cylinder, the average value differs from the
bottom and top values by just 30 %, which suggests that
there is an opportunity to generalize all of the calculation

data. In [4], a generalized dependence for the value of W was
found, which is:

X ¼ kBiV
2:095þ 3:867Biv

: ð68Þ

Considering this dependence, a generalized equation for the
calculation of cooling time for bodies of any configuration
can be obtained:

s ¼ kBiv
2:095þ 3:867Biv

þ ln
T0 � Tm

T � Tm

� �
K

aKn
: ð69Þ

Fig. 5—Schematic of a finite cylinder.

TABLE 9—Constant A1 versus Bi and Biv for a
bounded cylinder (D ¼ Z)

Bi Biv A1 ln A1

0 0.0000 1.0000 0.0000

0.01 0.0036 1.0211 0.0210

0.1 0.364 1.0408 0.0400

0.2 0.0727 1.0809 0.0780

0.3 0.1091 1.1193 0.1127

0.4 0.1454 1.1566 0.1455

0.5 0.1818 1.1923 0.1759

0.6 0.2182 1.2267 0.2044

0.7 0.2545 1.2598 0.2310

0.8 0.2909 1.2915 0.2558

0.9 0.3272 1.3219 0.2791

1.0 0.3636 1.3510 0.3008

1.5 0.5454 1.4775 0.3904

2.0 0.7272 1.5763 0.4551

3.0 1.0908 1.7175 0.5409

4.0 1.4544 1.8059 0.5911

5.0 1.8180 1.8640 0.6227

6.0 2.1816 1.9032 0.6435

7.0 2.5452 1.9310 0.6581

8.0 2.9088 1.9547 0.6703

9.0 3.2724 1.9667 0.6763

10 3.6360 1.9772 0.6817

15 5.4540 2.0097 0.6980

20 7.2720 2.0214 0.7038

30 10.908 2.0301 0.7081

40 14.544 2.0341 0.7100

60 21.816 2.0376 0.7118

80 29.088 2.0383 0.7121

100 36.360 2.0387 0.7123

1 1 2.0398 0.7128
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This equation in dimensionless form is:

Fo 	 Kn ¼ kBiv
2:095þ 3:867Biv

þ ln h0: ð70Þ

5.3 RESULTS OF CFD MODELING AND
COMPARISON WITH THE GENERALIZED
EQUATION
It should be emphasized that CFD modeling is required,
since steel parts are quenched in a water flow where

empirical Nu ¼ f(Re, Pr) equations are used in making the
calculations. It is very important to validate experimental
data with simulation results.

The configuration of steel parts and quenching equip-
ment in this study is presented in Fig. 7(a) and Table 11. For
CFD modeling of the entire system (forging, water flow plus
fixture), the mesh contained 16,000 cells. The time spacing
was 0.001 s. The cooling process was calculated for 50 s. The
water flow rate at the entrance was 10 m/s. To simulate the
heat transfer process, the numerical methods of control vol-
ume were used [7]. The study of heat transfer processes dur-
ing quenching has been performed on the basis of numerical
solving of the full system of Navier-Stokes equations.

The quenching process of a cylindrical forging, shown
in Fig. 7 (b), was also examined. Table 11 provides an illus-
tration of one-half of the symmetrical forging on which the
calculations were performed. CFD simulations on different
areas of the forging (points 1–8) were performed.

The surface temperature (at points 1–7) and core tem-
perature (point 8) of the forging versus time is shown in
Fig. 7. The cooling times from the austenitizing temperature
T0 ¼ 870�C to a temperature of 500�C at point 8 were com-
pared. The cooling time calculated by the generalized equa-
tion was 37 s:

t ¼ 0:48þ ln
870� 20
500� 20

� �� �
1713 10�6m2

5:363 10�6m2=s3 0:9
� 37s:

A cooling time in the same range, 38 s, was obtained by CFD
simulation, which agrees very well.

Example 5.4
CFD modeling was used to calculate the cooling time for the
forging shown in Fig. 8, and it coincided very well with the
results achieved from the generalized equation. This example
illustrates the calculation procedure if the size of the forging
is reduced two, three, four, or more times.

Let’s look at a forging reduced by a factor of two
from that presented in Fig. 8. It measures 108 mm long and
22.25 mm in diameter. According to regular thermal condition
theory, the Kondratjev form factor for a small forging Ksmall

can be calculated as Ksmall ¼ n2K. Since the Kondratjev form
factor for the previous forging (Example 5.3) is 171 3 10�6 m2

Fig. 6—W versus generalized Biot number for: 1, plate-shaped
forms; 2, cylindrical forms; 3, spherical forms.

TABLE 10—Universal correlation between
generalized Biot number Biv and Kondratjev
number Kn

Biv w Kn

0.00 1.000 0.000

0.10 0.930 0.090

0.20 0.880 0.170

0.30 0.811 0.243

0.40 0.759 0.304

0.50 0.713 0.356.

0.60 0.671 0.402

0.80 0.599 0.479

1.00 0.540 0.539

2.00 0.356 0.713

3.00 0.264 0.793

4.00 0.210 0.840

5.00 0.174 0.868

6.00 0.148 0.888

7.00 0.129 0.903

8.00 0.114 0.914

9.00 0.103 0.924

10.0 0.093 0.931

20.0 0.048 0.965

30.0 0.033 0.976

1 0.000 1.000

Fig. 7—Temperature versus time at the surface (points 1–7) and
at the core (point 8) of the cylindrical forging when quenched in
water flow in the fixture: a, forging; b, temperature distributions.
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(see Table 11), the Kondratjev number for small forging
will be:

Ksmall ¼ ð0:5Þ21713 10�6 ¼ 42:753 10�6m2:

If the forging is cooled from 860�C in a water flow that pro-
vides the condition of Kn ¼ 0.8, the cooling time from
860�C to the martensite start temperature of 360�C can be
calculated by the generalized equation:

s ¼ 0:48þ ln
860oC� 20oC
360oC� 20oC

� �
42:753 10�6m2

5:43 10�6m2=s3 0:8
¼ 13:7s:

Here, a ¼ 5.4 3 10�6 m2/s is the thermal diffusivity
of steel.

Example 5.5
A bearing ring made of AISI 52100 steel is quenched inten-
sively in a water flow condition where the generalized Biot
number Biv is equal to 6. The core of the bearing ring is
cooled from 850�C to 240�C, and then intensive quenching
is interrupted and further cooling is continued in air. There
is a need to calculate the duration of cooling time in water
flow. The first step is to calculate the Kondratjev number Kn

using the universal correlation between the generalized Biot
number Biv and Kondratjev number Kn (Eq 4) [3,4]:

Kn ¼ 6ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36þ 1:4373 6þ 1

p ¼ 0:888:

Next, evaluate W from Fig. 6 or Eq 68. Since the bearing
ring can be considered a cylindrical form that tends toward
the plate-shaped form, we will use W ¼ 0.35, which is
between the cylinder and plate values (see Fig. 6). According
to Eq 68 for k ¼ 1.5, W ¼ 0.37. The Kondratjev form factor
for the bearing ring is shown in Table 11. The average value
for thermal diffusivity of bearing steel is 5.36 3 10�6 m2/s.
Using these data as inputs, the cooling time is determined
from the generalized equation:

s ¼ 0:36þ ln
850oC� 20oC
240oC� 20oC

� �
3:943 10�6m2

5:363 10�6m2=s3 0:888
¼ 1:4s:

Example 5.6
A stamp (see Fig. 9) made of AISI D2 steel (1.5 % carbon,
0.30 % silicon, 12 % chromium, 0.80 % molybdenum, and
0.90 % vanadium) is heated in a vacuum furnace to 1,020�C
and, after austenitizing, is cooled by gas flow to 120�C in such
a way that the average heat transfer coefficient is equal to
140 W/m2K. After cooling is completed, the stamp is double
tempered. For example, to provide hardness HRC 59–60, the
stamp should be double tempered at 250�C with intermediate
cooling to room temperature. For a small Biot number (Bi <
0.2), the generalized equation is reduced to a very simple form:

s ¼ crV
aS

ln
T0 � Tm

T � Tm
;

where:

cr ¼ k
a
;

V ¼ L3 � l3; and
S ¼ 24l2.

TABLE 11—Kondratjev form factors for different
kinds of steel parts

Drawings of steel parts K (m2)

171310�6

3.94310�6

Fig. 8—Cylindrical forging made of alloy steel which is quenched
intensively in water flow where Kn ¼ 0.8.
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Given l ¼ 1.5 inches or 0.0381 m, we can calculate:
L ¼ 2l ¼ 3 inches or 0.0762 m;
V/S ¼ 0.292l or 0.011 m;

cr ¼ k
a
¼ 26W=mK

5:93 10�6m2=s
¼ 4:43 106

Ws
m3K

;

crV
aS

¼ 346s;

ln
T0 � Tm

T � Tm
¼ ln

10200C� 200C
1200C� 200C

¼ 2:3026; and

s ¼ 2:30263 346s ¼ 797s or 13.3 min.
Similar calculations can be done for tempering.

5.4 ANALYSIS OF THE GENERALIZED EQUATION
FOR COOLING BODIES OF ANY SHAPE
The generalized dependence in Eqs 69 and 70 has been
obtained at constant thermal and physical properties of
the material and when there are no heat sources. Actually,
the equation of transient heat conductivity has the form
[8–14]:

cr
@T
@s

¼ div½kðTÞgradT
 þQðTÞ ð71Þ

where Q(T) is a heat source connected with phase transfor-
mations inside of a part to be quenched. If isothermal
kinetics of austenite decomposition occur according to:

PðsÞ ¼ 1� exp½�K1ðTÞ 	 snðTÞ;
where K1 and n for each temperature are determined from
a TTT (time-temperature-transformation) diagram, then P is
a volume fraction of the structural component of steel. In
this case, Eq 62 can be represented as:

cr
@T
@s

¼ div½kðTÞgradT
 þ rLc
@P
@T

	 @T
@s

; ð72Þ

where Lc is a specific thermal effect of phase transformations.

Using an average value of heat conductivity k:

Ceff
@T
@s

¼ kdivðgradTÞ: ð73Þ

Here,

Ceff ¼ r c� Lc
@P
@T

� �
ð74Þ

is a so-called effective specific heat capacity, which is pre-
sented in many handbooks. According to [11], in many cases
averaging thermal and physical properties of material yields
more exact results of calculations than the exact solution of
the equations performed on a computer because not all
input data are available. For calculations performed on a
computer, some data are given precisely, while others are
averaged because of their partial absence, which results in
errors exceeding values that are obtained when averaging all
thermal and physical characteristics. This means that, in the
latter case, averaging of some characteristics results in an
error with a sign of plus, and others in a sign of minus,
which results in a compensation in the error and therefore,
a more exact solution. Experience has shown that the gener-
alized equation is sufficiently accurate, and calculation
results agree very well with experiments.

Table 10 presents values of the basic criteria that are
used for calculations, namely, for:

Kn ¼ wBiv; ð75Þ
where w is a criterion of nonuniformity of the temperature
field whose physical sense lies in the characterization of the
temperature difference between the surface and temperature
average in the volume. That is:

w ¼ Tsf � Tm

Tv � Tm
; ð76Þ

where:
Tsf is the average surface temperature; and
Tv is the average volume temperature of the body.
More useful information connected with this subject can be
found in [9–14].

5.5 DISCUSSION
It is important to emphasize that the generalized equation
can be used to calculate the ideal critical diameter and criti-
cal size of any form of steel part. For the purpose of the dis-
cussion below, the steel will be AISI 1045 and a CCT
diagram for AISI 1045 steel will be used (see Fig. 10).

The generalized equation for the calculation of cooling
time for bodies of arbitrary forms, obtained in the analytical
form in [1], may be transformed as follows:

D ¼ abKnsm
Xþ ln h

� �0:5

; ð77Þ

where:
D is the characteristic size (e.g., diameter of a cylinder or

sphere, thickness of plate, and so on) (m);
�a is average thermal diffusivity (m2/s);
Kn is the Kondratjev number (dimensionless);
sm is the limit time of the core cooling from the austenitizing

temperature to the martensite start temperature, provid-
ing the creation of 99 % or 50 % martensite (see Fig. 10,

Fig. 9—A stamp made of AISI D2 steel that is quenched in air with

�a ¼ 120
W
m2K

.
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point O, at the interconnection of the martensite start
temperature with the curve showing 50 % martensite);
W ¼ 0.48 for a bar (or cylinder);

h ¼ T0 � Tm

TM � Tm
;

T0 is the austenitizing temperature;
Tm is the temperature of the quenchant; and
TM is the martensite start temperature at limit time of

cooling sm.
The optimal residual stress distribution in the quenched

steel part occurs in the case of an optimal depth of the hard
layer [15–19]. In this case, high compressive stresses at the
surface and lower tensile stresses in the core are observed
when:

DI
Dopt

¼ const: ð78Þ

The ideal critical diameter is calculated from Eq 77 [19]:

DI ¼ absM
Xþ ln h

� �0:5

; ð79Þ

where:
a is the average thermal diffusivity (m2/s);
sm is the limit time of the core cooling from the austenitiz-

ing temperature to the martensite start temperature,
providing the formation of 99 % or 50 % martensite;

b is a constant depending on the shape; and
Kn ¼ 1 because cooling is produced in ideal condition when

Biv > 100.
To obtain the best results, the steel parts should be

quenched under conditions of Biv > 5 [20–22].
Optimum stress distribution in the section of steel parts

means high compressive stresses at the surface and lower
tensile stresses at the core. Since the cooling rate within the
martensite range is very high during intensive quenching,
additional strengthening of the material is observed [21–23].
High compressive stresses at the surface and additional

strengthening of the material significantly increase the serv-
ice life of steel parts [21–24].

The advantage of Eq 79 is that it allows the calculation
of critical diameters for bodies of any geometry at any
required percentage of the martensite in the core. However,
CCT diagrams, presenting information about the quantity of
martensite formed in a quenched steel part, must be avail-
able for each alloy of interest.

Parameter b depends on the shape of the body and is
obtained by transforming the Kondratjev form coefficient K
to a specific value depending on the diameter or thickness
of the part (see Chapter 6). For example, the Kondratjev

form coefficient for an unbounded plate is K ¼ L2

9:87
; for an

unbounded cylinder is K ¼ D2

23:13
; and for a sphere is

K ¼ D2

39:48
. Therefore, the values of b for a plate, cylinder,

and sphere are 9.87, 23.13, and 39.48, respectively.

5.6 SUMMARY
1. The generalized equation for calculation of cooling time

for bodies of any shape has been analyzed and com-
pared with the analytical solutions and CFD modeling.
The accuracy of calculations has been shown to be
acceptable (0.4 – 1.6%) if the temperature at the core of
steel parts is approaching the martensite start tempera-
ture. The results are used for the design of processes
connected with the heat treatment of steel parts of both
simple and complicated configurations.

2. Using the generalized equation, it is possible to calculate
the ideal critical diameter and critical size of any shape
of steel part that is used in the heat-treating industry to
optimize residual stress distribution and achieve addi-
tional strengthening of materials.
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6
Regular Thermal Process and Kondratjev
Form Factors
N. I. Kobasko1

6.1 INTRODUCTION
In the previous chapter, regularities of heating and cooling
bodies of various geometrical configurations were discussed
and a generalized equation for the determination of cooling
time for bodies of any shape was presented. A key parame-
ter in this equation is the Kondratjev form factor (coefficient
K). This coefficient is also one of the key parameters in the
equation for the determination of the duration of nonsta-
tionary nucleate boiling. Therefore, it is important to be able
to determine Kondratjev form coefficients for use in these
calculations. In this chapter, the focus will be on the thermal
process and determination of Kondratjev form coefficients.
The availability of Kondratjev form coefficients and knowl-
edge of the basic regularities of the thermal process will pro-
vide for sufficiently accurate and rapid calculations suitable
for use with manufacturing process design.

6.2 REGULAR THERMAL PROCESS
Assume that there is a body, of any shape, with a surface area S
and volume V, which is cooled in a quenchant at constant tem-
perature Tm from initial temperature T0 by a Newtonian cool-
ing process with the third kind of boundary conditions (see
Fig. 1) and that it is necessary to study the thermal characteris-
tics of its cooling at the stage of the regular thermal process.

As is known, the differential equation of heat conductiv-
ity for such a problem is:

@T
@s

¼ a
@2T
@x2

þ @2T
@y2

þ @2T
@z2

� �
; ð1Þ

@T
@n

þ a
k
ðT � TmÞ Sj ¼ 0; ð2Þ

Tðx; y; z; 0Þ ¼ f ðx; y; zÞ: ð3Þ

It has been proved [1,2] that the general solution of this
problem for bodies of any shape can be presented as:

T � Tm

T0 � Tm
¼
X1
n¼1

AnUn expð�mnsÞ; ð4Þ

where:
An are temperature amplitudes; and
Un are eigenfunctions dependent on coordinates; and

m1 > m2 < m3 	 mn < mnþ1:::: ð5Þ
Given this series of inequalities (Eq 5), in a short time

the process of cooling of a body of any shape will be
described by a simple exponent [2–4]:

h ¼ A1U1e�m1s: ð6Þ

This equation shows that change in temperature both in
space and in time does not depend on the initial tempera-
ture distribution. Taking the logarithm of Eq 6 and omitting
the indexes, we obtain:

ln h ¼ lnðAUÞ �ms;

or

ln h ¼ �msþ Cðx; y; zÞ: ð7Þ
From Eq 7, it follows that the natural logarithm of

dimensionless temperature for all points of a body changes
linearly with respect to time.

Thus, the process of cooling bodies of any shape can be
divided into three stages.
1. The first stage of the cooling process (irregular) is char-

acterized by the large effect of the initial temperature
distribution, and the correlation between h and s can be
derived from differential equation 4.

2. The second stage of cooling is called a regular process,
and the correlation between h and s is described by
Eq 6 [1,2].

3. The third stage of cooling corresponds to the stationary
process when the temperature is equal, for all points of
a body, to the quenchant temperature Tm (thermal
equilibrium).
As for the second stage of cooling, differentiating both

parts of the Eq 7 with respect to time yields:

1
h
@h
@s

¼ �m ¼ const: ð8Þ

On the left side of Eq 8, there is an expression for the relative
speed of change in temperature, which is equal to constant
value m. The value of m is measured in Hertz (1/s) and is called
a cooling (or heating) factor. During a regular thermal process,
the valuem depends on neither coordinates nor time and is con-
stant for all points of the body. A cooling factor characterizes
the relative speed of change in temperature within a body and
depends only on the physical properties of the body, the process
of cooling on its surface, and the size and shape of the body.

Thus, the regular process of heating and cooling of dif-
ferent bodies is characterized by a simple exponent, and the
cooling factor m for all points of a body remains constant
depending on neither coordinates nor time [1,4,5].

Experimentally determining temperature variation with
respect to time and presenting this dependence in half-logarithmic
coordinates yields a straight line, which shows that:

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
91

MNL64-EB/NOV. 2010

Copyright ©  2010 by ASTM International                                 www.astm.org



ln h1 � ln h2
s2 � s1

¼ ln#1 � ln#2

s2 � s1
¼ m ¼ const;

where # ¼ T – Tm.

Now this problem will be considered from a different
point of view. The cooling factor m depends on the physical
properties of the body, its size and shape, and also condi-
tions of heat transfer at the surface of the body. A similar
conclusion can be obtained through the analysis of the ther-
mal balance [4]. It is known that the change in internal
energy of a body of any shape is equal to a heat flux:

dQ ¼ �crV
@#V

@s
ds; ð9Þ

where:
c is the specific thermal capacity in J/(kgK);
V is the volume of the body (m3);
r is the density of the substance (kg/m3);
#V ¼ TV � Tm;
TV is volume-average temperature (�C); and
s is time (s).

For the same time, all heat should be transferred from
a surface S to the quenchant due to heat transfer:

dQ ¼ a#sf Sds; ð10Þ

where:
#sf ¼ Tsf � Tm; and
Tsf is the average temperature of the surface of a body at

that time:

#sf ¼ 1
S

Z
S

#sf dS:

Equating Eqs 9 and 10, we obtain:

� @#V

@s
¼ aS

crV
#Sf ;

and dividing this expression by #V yields:

� 1

#V

@#V

@s
¼ #sf aS

#VðcrVÞ
: ð11Þ

Now compare Eq 11 with the Eq 8, which can be
shown as:

T0 � Tm

T � Tm
	
@ T�Tm

T0�Tm

� �
@s

¼ 1
#

@#

@s
¼ �m

or

m ¼ � 1
#

@#

@s
; ð12Þ

where # ¼ T – Tm.
Comparison of Eqs 11 and 12 shows:

m ¼ w
aS
crV

¼ w
aS
C

; ð13Þ

where:

w ¼ Tsf � Tm

TV � Tm
; and

C ¼ crV is the full heat capacity of a body.
Eq 13 shows that the cooling factor m of a homogene-

ous and isotropic body of any shape at finite value of a heat
transfer coefficient a is proportional to the heat transfer
coefficient and the surface area of the body and is inversely
proportional to its thermal capacity. This statement is the
first Kondratjev theorem. For the exploration of the effect of
criterion c upon the simple Biot number Bi, which takes
into account conditions of the process cooling (heating) at
the surface of the body, let’s consider two limiting cases:
1. Bi fi 0 (practically, Bi < 0.1). In this case, #sf � #V , and

therefore c ¼ 1.
2. Bi fi 1 (practically, Bi > 100). In this case, the problem

becomes internal, and the process of cooling a body of
any shape is determined only by the size of the body
and the thermal and physical properties of the system.
In this condition, the temperature at the surface
becomes equal to the medium’s temperature Tm, and

therefore w ¼ #sf

#V
¼ 0.

These limiting cases demonstrate that with the change of Bi
from 0 to 1, c changes from 1 to 0.

According to the second Kondratjev theorem, as Bi fi
1 (or a fi 1), cooling factor m becomes directly propor-
tional to the body’s material thermal diffusivity a in m2/s
[1], that is,

a ¼ K 	m1; ð14Þ
where:
K is a Kondratjev form factor (coefficient); and
m1 is the cooling factor at Bi fi 1.

The determination of the Kondratjev form factor K is
based on the second Kondratjev theorem, Eq 14.

The ratio of the cooling factor m, for a finite heat trans-
fer coefficient, to cooling factor m1, at Bi fi 1, is called the
Kondratjev number Kn, that is,

Kn ¼ m
m1

: ð15Þ

Lykov [4] has noted that Kn is a key value determining the
character of heat transfer of the body of any shape at the stage
of a regular process. The number Kn was named in honor of
Kondratjev, who developed the theory of regular thermal
conditions.

Fig. 1—Body of any shape cooled in a quenchant of constant tem-
perature Tm by Newtonian cooling. The numbered regions are
areas that possess different thermal properties; point M indicates
a location where the temperature during quenching is at a maxi-
mum value.
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There is the universal relationship between Kn and the
generalized Biot number BiV:

BiV ¼ a
k
K

S
V

� �
;

which can be presented as [1,4]:

Kn ¼ f ðBiVÞ
or:

Kn ¼ wBiV ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

q : ð16Þ

This relationship is valid for bodies of any shape and
therefore is very important when designing manufacturing
processes connected with the cooling or heating of steel parts.
The curves Kn ¼ f ðBiVÞ for geometrically different bodies—
plate, cylinder, ball, parallelepiped, and so forth—were found
to be so closely located to each other that practically all of
them can be replaced with one averaged curve (see Fig. 2)
[4]. Eq 16 was obtained by approximation of this curve.

For a cylinder, plate, or sphere, the regular thermal condi-
tion depends on the Fourier number F0, Bi, a temperature ratio
T � Tm

T0 � Tm
; and an admissible calculation error e, and can be eval-

uated from Figs. 3 and 4. These figures show that at small values
of the Biot number (Bi), the core of these bodies quickly passes
to the stage of regular thermal conditions. With an increase

of the Biot number, the relative time of regularization lengthens,
reaching its maximum when Bi is about 2. At identical e and Bi,
the time of the beginning of the stage of regular process occurs
earlier at the core of a cylinder than at the core of a plate.

In these calculations, Bi ¼ a
k
R; Fo ¼ as

R2
; a is the heat trans-

fer coefficient; k is the heat conductivity of the material; a is the
thermal diffusivity of the material; s is time; and R is radius.

Now consider the applicability of the theory of regular
thermal conditions to steel quenching processes. In most
cases in practice, it is necessary to determine cooling time
for steel parts from the temperature of austenization to the
martensite start temperature MS (see Chapter 1). Usually the
austenization temperature is within the range of 800–
1,000�C and the martensite start temperature for medium-
carbon steels occurs at approximately 350�C. If steel quench-
ing is conducted in quenchants at a temperature of 20�C, the
relative temperature at which martensite starts is:

h ¼ 350oC� 20oC
900oC� 20oC

¼ 0:375:

This indicates that for intensive quenching of cylinder-
shaped parts, the error that arises due to the approximate
calculations is equal to just 0.2 % (see Fig. 4). More signifi-
cant errors can arise due to averaging the thermal and physi-
cal properties of materials and heat transfer coefficients.
However, these errors can be reduced to a minimum with
the correct choice of average values.

The theory of regular thermal conditions was widely
used for the determination of thermal and physical proper-
ties of materials. For calculations of cooling time, it was not
used in practice, however, because of a lack of study of the
time sir of the irregular thermal process, which is a part of
the cooling process. Total time is the sum of the time of
irregular thermal process sir and the time of regular thermal
process sr, that is: s ¼ sir þ sr. Furthermore, there were no
generalized equations obtained to calculate cooling (heating)
time depending on the Biot number, thermal properties of
material, and form and size of a body. The generalized equa-
tion for calculation of cooling time for bodies of any shape,
provided in Chapter 5 (Eq 60), eliminates this shortcoming.

6.2.1 Application of the Theory of Regular Thermal
Conditions to Bodies of Complex Shape
In 1961–1962, a hot discussion occurred between Professor
Tret’yachenko [6,7] and the creators of the theory of regular

Fig. 2—Universal approximate relationship Kn ¼ fðBivÞ[4]: 1, plate;
2, ball; 3, cylinder.

Fig. 3—The beginning of regular thermal process versus F0, Bi,
and an admissible calculation error e (%) for the core of a plate.

Fig. 4—The beginning of regular thermal process versus F0, Bi,
and an admissible calculation error e (%) at the axis of a cylinder.
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thermal conditions [8,9]. Very distinguished heat treaters,
belonging to the school of well-known thermal scientist Kon-
dratjev, took part in that discussion. Tret’yachenko claimed
that the theory of regular thermal conditions did not work for
bodies with complex geometric configurations, such as turbine
blades or wedge-shaped bodies, and a number of experimental
facts were presented exposing the incorrectness of the theory.

Included in this discussion was the cooling process for
wedge-shaped bodies (see Figs. 5 and 6) as described by the
infinite series:

h ¼
X1
n¼1

AnJn ln
r
R

� �
expð�mnsÞ; ð17Þ

where the terms Jn ln
r
R


 �
are Bessel functions of the first kind,

order n, depending on the opening angle /. It turns out that
at the edge of a wedge, along the Z-axis, Bessel functions of
order n are equal to zero, and they possess very small values
near the Z-axis. During the entire cooling period for wedges at
these points, the regular thermal process never occurs and the
cooling process is described by the third or even fifth terms of
the series, where the Bessel function increases considerably.

In [5] and [10], it was proved that, at the points farthest
from the wedge’s surface (see Fig. 6), Bessel functions of
order n possess maximum values (see Fig. 7). Therefore, at
these points, the regular thermal process (regular condi-
tions) occurs, and the cooling process is described by an
exponent (Eq 6) that is of greatest interest relative to the
work being discussed here. Therefore, the generalized Eq 60
is valid for bodies of a complex shape, including the wedge
in Fig. 5.

To verify the reliability of Eq 60, experimental cooling
studies were conducted with wedges having different opening
angles / [5,10]. For this work, the wedges were made of
epoxy resin and cooled in ice water at a constant temperature.
In addition to wedges, cooling of epoxy gear wheels (see Fig. 8)
was also studied.

The wedge and gear samples shown in Fig. 8 were made
of epoxy resin and cooled in a temperature-controlled tank
by water flow at 0.5–1.5 m/s (see Fig. 9). Because of low heat
conductivity and thermal diffusivity of the epoxy resin, the
requirement Bi fi 1 in this condition was met, which
allowed the determination of Kondratjev form factors (coef-
ficients K) for the wedges and gears (bodies with a complex
geometric configuration).

6.3 KONDRATJEV FORM FACTORS AND A
TECHNIQUE OF THEIR DETERMINATION
6.3.1 Analytical Methods
As discussed previously, Kondratjev form factors (coeffi-
cients) K are necessary for calculation of the duration of the

Fig. 5—Wedge-shaped bodies include this sector cut from a finite
cylinder with an opening angle of uo.

Fig. 6—The location of points the most remote from a surface of
a wedge that are within the inscribed circle of radius R1 (R1 < R).

Fig. 7—Bessel functions of the first kind, order n.

Fig. 8—Wedges and gear wheels used in the study of the regular
thermal process: (a) wedge; (b) gear; (c) temperature versus time
in semilogarithmic coordinates for wedges; (d) the same for gears
(# ¼ T – Tm; Tm is the temperature of the cooling medium).
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self-regulated thermal process and for calculation of cooling
time of bodies with either simple or complex configurations.

For bodies with a simple shape, there are many analyti-
cal equations suitable for the determination of Kondratjev
form factors. If there is an analytical solution of the equa-
tion of nonstationary heat conductivity for a specific part,
the appropriate Kondratjev form coefficient can be obtained
from this solution by analyzing an exponent of the exponen-
tial power under the condition Bi fi 1. Therefore, since
there are many analytical solutions for these conditions, it is
possible to present many analytical dependences for the
Kondratjev form coefficient (see Table 1).

In addition to a Kondratjev form coefficient K, Table 1
presents values for S/V and KS/V, which are used for these
calculations.

For bodies of complex configuration for which there are
no analytical solutions, Kondratjev form coefficients are

determined experimentally or by numerical calculation. A
detailed technique for the determination of K coefficients
based on natural and numerical experiments will now be dis-
cussed. Table 2 provides results from computer numerical cal-
culations of Kondratjev factors for different sizes of punches.

6.3.2 Experimental Technique of the
Determination of Kondratjev Form Factors
If there is a body of complex configuration, for example, a
wedge-shaped part, the junction of the thermocouple must be
placed at a point that is farthest from the surface, that is, at
the center (core) of the inscribed circle (see Fig. 6). Samples
of a complex body can be cast of wax or epoxy resin of which
the thermal diffusivity and heat conductivity are well known.

If the thermal diffusivity of the material is unknown, a
finite cylinder is made of the material to be tested and the
thermal diffusivity a is determined by experiment. The tech-
nique is quite simple and consists of the following:
1. A finite cylinder is cooled in a temperature-controlled

tank with ice water (see Fig. 9). The change in tempera-
ture at the core of the cylinder versus time is recorded
under condition Bi fi 1.

2. A chart of temperature # ¼ T – Tm versus time is con-
structed using semilogarithmic coordinates.

3. The cooling factor m is determined using two points
located on a straight line (see Fig. 8), by the ratio

m ¼ ln#1 � ln#2

s2 � s1
.

4. On the basis of the second Kondratjev theorem, the
thermal diffusivity of material a (m2/s) is determined by
the equation a ¼ Km1 or:

a ¼ m1
5:784
R2 þ p2

Z2

: ð18Þ

Fig. 9—Temperature-controlled tanks with ice (a) and agitated
quenchant (b) for the study of regular thermal processes.

TABLE 1—Kondratjev form factors K for bodies of a simple configuration (results of analytical
calculations), S/V values, and their product, KS/V

Shape of the part K (m2) S/V (m- 1) KS/V (m)

Unbounded plate (slab) of
thickness L

L2

p2
2
L

2L
p2

Infinite cylinder of radius R R2

5:784
2
R 0.346 R

Square infinite prism with
equal sides of L

L2

2p2
4
L

2L
p2

Cylinder of radius
R and height Z

1
5:784
R2 þp

2

Z2

2
Rþ 2

Z

� � 2RZðRþ ZÞ
5:784Z2 þ p2R2

Finite cylinder,
R ¼ Z

R2

8:252
3
R 0.356 R

Finite cylinder,
2R ¼ Z

R2

8:252
3
R 0.364 R

Cube with sides of length L L2

3p2
6
L 0.203 L

Finite square plate with sides
of length L1, L2, L3

1

p2
1

L21
þ 1

L22
þ 1

L23

 ! 2ðL1L2 þ L1L3 þ L2L3Þ
L1L2L3

2ðL1L2 þ L1L3 þ L2L3ÞL1L2L3
p2ðL21L22 þ L21L

2
3 þ L22L

2
3Þ

Ball of radius R R2

p2
3
R 0.304R
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5. A model of the steel part is made from the same mate-
rial. If the steel part is too large, the sizes of a corre-
sponding sample or model are reduced by n times.

6. A junction of the thermocouple is placed at the core of
the model, and using the procedures described above, the
Kondratjev form factor K is determined by the equation:

K ¼ a
m1

; ð19Þ

where the thermal diffusivity of material was determined by
Eq 18.

Kondratjev form factors obtained based on this experi-
mental approach are shown in Table 3.

By using this technique, Kondratjev form coefficients
were determined for wedges, gears, shafts, and wheels of
complex configuration (see Table 2). If the sizes of the sam-
ple are reduced by n times relative to the dimensions of an
actual part, the Kondratjev form factor (coefficient) K is
determined from [11]:

K ¼ n2Ksample: ð20Þ
The weakest point in this technique is the necessity of pro-

viding condition Bi fi 1. Lykov [4] has noted that the theory
of regular thermal conditions has served as a basis for the
determination of thermal properties of various materials. How-
ever, there are difficulties determining K factors and thermal
diffusivity, due to the creation of conditions where Bi fi 1.

Consider, for example, the conditions of cooling a cylin-
der of 30-mm diameter and 120-mm height made of paraf-
fin, where the heat conductivity is equal to k ¼ 0.268 W/mK
[12]. For this study, it can be assumed that the Bi fi 1 when
experimentally Bi ¼ 50. Then, to satisfy the condition Bi fi
1 for the 30-mm diameter cylinder, it is necessary to pro-
vide a quench tank where the heat transfer coefficient a is:

a ¼ 50k
0:015m

¼ 50 	 0:268 W
m	K

0:015m
¼ 839

W
m2K

:

If the quench tank contains thawing ice and flowing
water mixed by a propeller, the heat transfer coefficient in
the tank reaches 2,000 W/m2K, which surely creates the con-
dition Bi fi 1.

TABLE 3—Experimental Kondratjev form
factors K

Part Sketch K, m2

Shaft 1.15 3 10�3

Center 4.38 3 10�4

Stock 6.65 3 10�4

Plug 6.08 3 10�4

TABLE 2—Surface (S), volume (V), and Kondratjev form factors K
for different punches

Shape and size of parts S (m2) V (m3) K (m2) S
V K (m)

11.02 3 10�3 1.66 3 10�4 7.92 3 10�5 5 3 10�3

6.87 3 10�3 8.19 3 10�5 5.29 3 10�5 4.44 3 10�3

9.76 3 10�3 1.39 3 10�4 7.91 3 10�5 5.56 3 10�3
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6.3.3 Calculation of Kondratjev Form Factors K
by Finite Element Method (FEM) Calculations
There are many software programs for the computation of
temperature fields and the stress-strain state of parts to be
quenched based on the use of finite element methods (FEM)
[14,17–19]. Any of these can be used to determine the Kon-
dratjev form coefficients K using the proposed method of cal-
culation. In the Ukraine, Tandem software is widely used for
this purpose [15,16]. Results of FEM calculations obtained
using Tandem software are provided in Tables 4 and 5.

The technique for the experimental determination of
Kondratjev form coefficient K described above can also be
used for numerical calculations. Calculations are based on

the condition of cooling Bi > 100, and it is assumed that the
thermal properties of a material are constant independent
of temperature. The procedure is as follows:
1. The natural logarithm of temperature difference T – Tm

versus time at the core of the sample is calculated.
2. The range of temperatures where ln(T – Tm) is a linear

function of time is found.
3. Within this range, the value of m1 is calculated, using:

m1 ¼ lnðT1 � TmÞ � lnðT2 � TmÞ
s2 � s1

:

4. Finally, Kondratjev form factor K is calculated as
K ¼ a

m1
.

Thus, for the determination of K, it is necessary to con-
sider the points most remote from the surface or points at
which the temperature corresponds to the average value,
that is:

TðsÞ ¼ 1
V

Zx
0

Zy
0

Zz
0

Tðx; y; z; sÞdxdydz:

(Here it is assumed that the temperature of the quen-
chant is 0�C.)

For calculations for every five to ten time steps, a cool-
ing factor m ¼ ln#1�ln#2

s2�s1
is determined, under the condition

Bi fi 1 at constant thermal and physical characteristics of
the material.

When the regular thermal process is achieved for that
specific part, the K factor remains constant. Therefore,
within the specified period, Kondratjev form coefficient K is
determined by the equation:

K ¼ a
m

;

where:
a is a preset value of thermal diffusivity of the material; and
m is the calculated cooling factor under condition Bi fi 1.

The average value K is calculated for all the time periods
where m is constant. Results of calculations of Kondratjev
form factors (coefficients) K are presented in Tables 4 and 5.

If parts to be quenched have an identical shape but dif-
fer in size, recalculation is performed using Eq 20. Tabular
values in this case are used as pattern values. Tabular values
in Tables 1–5 are used at the simplified calculations for steel
quenching design [20,21].

6.4 EVALUATION OF HEAT TRANSFER
COEFFICIENTS BASED ON REGULAR
THERMAL CONDITIONS AND TESTING
STANDARDIZED PROBES
The standardized probes for evaluation of cooling capacity
of quenchants are discussed in [22]. Test methods based on
ASTM Standards D6200-01, D6482-99, and D6649-00 for
determining the cooling characteristics of quenchants by
cooling of probes made from Inconel 600 material are
widely used in practice [23–25]. The chemical composition
of Inconel 600 is: 72 % nickel; 14–17 % chromium; 6–10 %
iron; 0.15 % carbon; 0.5 % copper; and 0.5 % silicon. The
diameter of the probe is 12.5 mm and its length is 60 mm.
Probe details and its general assembly are shown in Fig. 10.

The probe is placed in the preheated furnace and then
brought to the required temperature of 850�C. Cooling
curves and cooling rate curves are obtained for comparison.

TABLE 4—Kondratjev form factors K for bear-
ing rings and gears

Shape Sketch K (m2)

Inner bearing
ring 308

5.8 3 10�6

Outer bearing
ring 308

5.4 3 10�6

Outer bearing
ring 7215

8.89 3 10�6

Gear 5.29 3 10�5
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The effect of agitation, the presence of additives, and quen-
chant contamination based on cooling characteristics can be
investigated. The cooling rate is calculated by numerical dif-
ferentiation of the probe thermocouple output temperature.
On the basis of regular thermal condition theory, the use of
standardized methods can be considerably extended. This is
shown below.

One of the earliest probes used for the cooling curve anal-
ysis is shown in Fig. 11 [22]. This probe was constructed from
a 100 3 300 mm (4 3 12 in.) SAE 5145 alloy by cutting it in
half, yielding two 100 3 150 mm sections. Fig. 12 illustrates a
smaller probe of 13 3 50 mm described by French [26].

Tagaya and Tamura [27] developed a Japanese Indus-
trial Standard (JIS) for cooling curve acquisition that utilizes
a cylindrical silver probe with a thermocouple assembly specifi-
cally constructed to determine the surface temperature change
with time during quenching (see Fig. 13) [28]. Figs. 14 and 15
provide more information about cooling curve analysis.

Upon initial immersion of the heated probe into cold
liquid, there are no bubbles on the metallic surface. At this
time, cold liquid is heated to the boiling point of the liquid,
and the surface temperature of the probe drops rapidly to
the saturation temperature. In this extremely short period of
time, heat transfer behaves as a convection process. When

TABLE 5—Kondratjev form factors K obtained from FEM calculations

Steel part K (m2)

73 3 10�6

3.94 3 10�6

171 3 10�6

Fig. 10—The standardized Inconel 600 cylindrical probe used for
testing different kinds of quenchants: (a) probe details; (b) gen-
eral assembly [23–25]. Fig. 11—The SAE 5145 steel probe used by Grossmann [22].
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the liquid is overheated, shock boiling starts, and thousands
of small bubbles appear, becoming larger with time. Simulta-
neously, a temperature gradient is established at the surface
of the probe. From this moment of time, two different proc-
esses may be observed occurring simultaneously on the sur-
face of the probe: full film boiling and nucleate boiling. Full

film boiling is established when the initial heat flux density
qin is higher than the first critical heat flux density qcr1, that
is, when qin > qcr1. Nucleate boiling occurs immediately after
shock boiling when qin < qcr1.

The different boiling processes are shown in Fig. 16.
Here Tm is the temperature of the medium, Ts is saturation
temperature, and Tsf is the surface temperature of the probe.
In this last case, only nucleate boiling and convection prevail
during cooling (see Fig. 17).

Typical cooling curves obtained during quenching of a
steel ball 38 mm in diameter in cold water when full film
boiling is absent are shown in Fig. 18. In this figure, line 1 is
the core temperature and line 2 is the surface temperature.

Typical stages of cooling, with semilogarithmic coordi-
nates (logarithm of temperature difference against time), are
shown in Fig. 19. Here, line 1 illustrates cooling where full
film boiling is eliminated, and line 2 illustrates cooling
where full film boiling exists.

Shown in Fig. 20 are heat flux densities versus time,
which were obtained both when full film boiling exists (a)
and when it is absent (b) [10].

Using regular thermal condition theory, it is possible to
determine heat transfer coefficients obtained by testing standar-
dized probes. For the cooling rate curve shown in Fig. 21, the
regular process starts at point 1. The cooling rate within the area
1–2 can be calculated by differentiation of Eq 6, which results in:

v ¼ mðT � TmÞ: ð21Þ
Proceeding from Eq 21, m and the Kondratjev number

Kn can be evaluated because there is a correlation between
m and Kn:

Kn ¼ m
m1

;

where:
m1 ¼ a

K
;

a is the thermal diffusivity of the material; and

K is the Kondratjev form factor.
For an “infinitely” long cylinder whose length is more

than four times its diameter, the Kondratjev form factor
K ¼ R2/5.783.

For Fig. 21, the cooling rate at point 1 is equal to 44�C/s
when the surface temperature is equal to 650�C. Assuming
the quenchant (medium) temperature Tm is 50�C, then:

44C=s ¼ m ð650C� 50CÞ
or

m ¼ 0:073 s�1:

If a standardized Inconel 600 probe with a diameter of
12.5 mm (see Fig. 10) was used, then it is possible to evalu-

ate m1 ¼ 5:784a
R2

, which is true when Bi fi 1. According to
Table 6, the average value of thermal diffusivity a is equal to

Fig. 12—The probe used by French [26].

Fig. 13—JIS silver probe [27,28].

Fig. 14—Cylindrical silver probe [29].
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4.63 10�6 m2/s when the temperature is 650�C. For the
Inconel 600 probe, R2 ¼ 1.5625 3 10�6 m2, which means
that m1 ¼ 0.17 s�1. Using this value, we can calculate:

Kn ¼ m
m1

¼ 0:073 s�1=0:17 s�1 ¼ 0:43:

From Eq 16, it follows that BiV ¼ 0.66 when Kn ¼ 0.43.
The average heat transfer coefficient may then be calculated
as follows:

BiV ¼ a
k
K

S
V

¼ 0:66

or

a ¼ 0:66kV
KS

¼ 5775 W=m2K:

We also have k ¼ 18.9 W/mK; K ¼ 6.75 3 10�6 m2; and
V/S ¼ 0.00313 m (see Tables 1 and 7).

Therefore, standardized methods, which as a rule utilize
cylindrical probes with the thermocouple located at the geo-
metric centers, provide only average data connected with the
information on cooling capacity of quenchants. More accu-
rate data can be received by solving the inverse problem
[30–32]. For example, very accurate data can be achieved
when utilizing the Liscic-Nanmac probe [33] (the inverse
problem and Liscic-Nanmac probe are discussed in detail in
Chapter 13). This probe may be used to [34–39]:

• Measure the duration of nonstationary nucleate boiling
(the self-regulated thermal process)

• Measure heat flux densities and heat transfer coeffi-
cients during self-regulated thermal processes

Fig. 15—Illustration of a typical cooling time–temperature curve and cooling rate curve [22].

Fig. 16—Two possible boiling processes that may occur during
quenching, depending on critical heat flux densities.

Fig. 17—The two stages of cooling versus time, where nucleate
boiling and convection are the primary modes of heat transfer
and full film boiling is absent.
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• Investigate initial heat flux density during immersion of
the probe into a quenchant and compare results of
measurements with the results of solving parabolic and
hyperbolic heat transfer equations to improve existing
standards2

6.5 DISCUSSION
It was shown in Chapter 5 that the cooling time for any
shape of steel part can be calculated using generalized equa-
tion 69:

ms ¼ kBiv
2:095þ 3:867Biv

þ ln
T0 � Tm

T � Tm

� �
ð22Þ

where:
m ¼ aKn

K ; and
k ¼ 1, 2, or 3 for a plate, cylinder, or ball, respectively.

In practice, it is important to compare the results of cal-
culations of the value ms with experimental data obtained
for the condition Bi fi 1. Table 8 below presents such a
comparison. The results of calculations were achieved for

h ¼ T � Tm

T0 � Tm
¼ 0:01:

This means that:

ln
T0 � Tm

T � Tm
¼ 4:605:

Fig. 18—Typical cooling curves obtained during quenching of a
steel ball 38 mm in diameter in cold water when film boiling is
absent: 1, core temperature; 2, surface temperature.

Fig. 19—Typical stages of cooling, shown as the logarithm of tem-
perature difference against time: 1, when full film boiling is elimi-
nated; 2, when full film boiling exists.

Fig. 20—Heat flux density versus time: (a) when full film boiling
exists; (b) when full film boiling is absent [10].

Fig. 21—Cooling rate versus surface temperature, showing the
regular condition area (1–2) where average heat transfer coeffi-
cients can be evaluated.

2 Currently, the significance of creating a database for cooling capacities of various quenchants to be used in practice by engineers, scientists,
and designers is being considered as described in [40].
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Furthermore, the ratio

kBiv
2:095þ 3:687Biv

;

when Bi fi 1, for the plate-shaped form, cylindrical form,
and spherical form has the values 0.258, 0.517, and 0.775,
respectively. Taking into account these results, ms equates to
4.863, 5.122, and 5.38, respectively, for the three forms.
From Table 8, it is evident that the calculation and experi-
mental results correlate very well with each other.

Knowing the value BiV, it is possible to calculate the
cooling time for any condition when the Kondratjev number
Kn can be obtained from Table 9 or 10. Table 9 is used for

conventional cooling technologies, and Table 10 for inten-
sive cooling technologies when Kn > 0.8 [37].

It should be noted that BiV and Kn during heating and
cooling of steel parts can only be positive values. If BiV were
negative, then Eq 6 would be

h ¼ A1U1em1s;

which is not possible. During heating, Eq 6 is written as:

h ¼ 1� A1U1e�m1s

and during quenching, it is written as:

h ¼ A1U1e�m1s:

Since the generalized equation 22 is used for both heat-
ing and cooling processes, and since BiV and Kn are always
positive, the difference is only in the term

ln
T0 � Tm

T � Tm
;

which is used for quenching, whereas

ln
T0 � Tm

T0 � T

is used for heating process calculations.

6.5.1 Example of Cooling Time Calculation
Assume that a cylinder 20 mm in diameter and 40 mm in
height is cooled at the core from 900�C to 9�C in cold water
at 0�C. For this cooling condition, Kn ¼ 0.6, determined by
experiment [10]. The Kondratjev form factor K, according to
Table 1, is:

K ¼ 1
5:783
R2 þ 9:87

Z2

¼ 15:633 10�6m2:

As was shown previously for a cylinder-shaped form,
ms ¼ 5.122 when

h ¼ T � Tm

T0 � Tm
¼ 0:01

and a ¼ 5.55 3 10�6 m2/s (see Tables 11 and 12). Then
cooling time, according to Eq 22, is:

s ¼ 5:122x15:63x10�6m2

5:55x10�6 m2

s x0:6
¼ 24:04 sec:

The correlations between the generalized Biot number
BiV and the simple number Bi for bodies that are plate-
shaped, cylindrical, and spherical are: BiV ¼ 0.405Bi,
BiV ¼ 0.346Bi and BiV ¼ 0.304Bi, respectively [20,21].
These simplified calculations can be used by engineers and
heat treaters when designing optimizing cooling processes
[32,33].

TABLE 8—Dimensionless values of relative
temperature hreg and ms for points most
remote from the surface for bodies of various
shapes (h ¼ 0.01)

Specimen
shape

hreg
(experiment)

ms

Experiment Calculations

Plate 0.98 4.85 4.863

Rectangular
prism

0.76 5.00 5.082

Cylinder 0.76 5.09 5.122

Cube 0.61 5.30 5.380

Wedge,
uo ¼ 10�

0.88 4.97 4.960

Wedge,
uo ¼ 15�

0.75 5.00 5.070

Wedge,
uo ¼ 30�

0.74 5.04 5.110

Wedge,
uo ¼ 45�

0.76 5.10 5.200

Gear 0.77 5.00 —

TABLE 6—Thermal diffusivity a of Inconel 600 material versus temperature

T (�C) 100 200 300 400 500 600 700 800 900

a 	 106;m2

s 3.7 4.1 4.3 4.8 5.1 5.4 5.6 5.8 6.0

�a 	 106;m2

S 3.7 3.9 4.0 4.25 4.4 4.55 4.65 4.75 4.85

Note: �a is the mean value for the range between 100�C and the stated temperature.

TABLE 7—Thermal conductivity of Inconel
600 versus temperature

T (�C) 100 200 300 400 500 600 700

k; W
mK 14.2 16 17.8 19.7 21.7 23.7 25.9

�k; W
mK 14.2 15.1 16.4 16.73 17.23 17.7 20.05

Note: �k is the mean value for the range between 100�C and the stated
temperature.
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TABLE 9—Relationships between generalized small and average Biot number (Biv < 4), criterion
of temperature field nonsmoothness (Y), and Kondratjev number (Kn)

Biv Y Kn Biv Y Kn Biv Y Kn

0.00 1.00000 0.00000 0.68 0.64000 0.43536 1.95 0.36263 0.70712

0.01 0.99284 0.00993 0.70 0.63297 0.44308 2.00 0.35637 0.71274

0.02 0.98574 0.01971 0.72 0.62585 0.45061 2.05 0.35032 0.71816

0.04 0.97171 0.03887 0.74 0.61887 0.45796 2.10 0.34447 0.72338

0.06 0.95791 0.05747 0.76 0.61200 0.46513 2.15 0.33880 0.72841

0.08 0.94434 0.07555 0.78 0.60531 0.47214 2.20 0.33331 0.73328

0.10 0.93101 0.09310 0.80 0.59873 0.47898 2.25 0.32799 0.73797

0.12 0.91792 0.11015 0.82 0.59227 0.48566 2.30 0.32283 0.74251

0.14 0.90507 0.12671 0.84 0.58594 0.49319 2.35 0.31783 0.74690

0.16 0.89246 0.14279 0.86 0.57973 0.49857 2.40 0.31298 0.75115

0.18 0.88009 0.15842 0.88 0.57364 0.50480 2.45 0.30827 0.75525

0.20 0.86796 0.17359 0.90 0.56766 0.51089 2.50 0.30369 0.75923

0.22 0.85607 0.18833 0.92 0.56179 0.51851 2.55 0.29925 0.76309

0.24 0.84441 0.20266 0.94 0.55604 0.52268 2.60 0.29493 0.76682

0.26 0.83298 0.21657 0.96 0.55039 0.52837 2.65 0.29074 0.77045

0.28 0.82178 0.23010 0.98 0.54484 0.53395 2.70 0.28665 0.77396

0.30 0.81081 0.24324 1.00 0.53940 0.53940 2.75 0.28268 0.77737

0.32 0.80007 0.25602 1.05 0.52622 0.55253 2.80 0.27882 0.78069

0.34 0.78954 0.26844 1.10 0.51362 0.56498 2.85 0.27505 0.78390

0.36 0.77923 0.28052 1.15 0.50157 0.57680 2.90 0.27139 0.78703

0.38 0.76913 0.29227 1.20 0.49003 0.58804 2.95 0.26782 0.79007

0.40 0.75923 0.30369 1.25 0.47898 0.59873 3.00 0.26434 0.79302

0.42 0.74954 0.31481 1.30 0.46839 0.60891 3.05 0.26095 0.79590

0.44 0.74005 0.32562 1.35 0.45823 0.61861 3.10 0.25764 0.79870

0.46 0.73076 0.33615 1.40 0.44848 0.62787 3.15 0.25442 0.80142

0.48 0.72166 0.34640 1.45 0.43911 0.63672 3.20 0.25127 0.80407

0.50 0.71274 0.35637 1.50 0.43011 0.64517 3.25 0.24820 0.80665

0.52 0.70401 0.36608 1.55 0.42146 0.65326 3.30 0.24520 0.80917

0.54 0.69545 0.37555 1.60 0.41312 0.66100 3.35 0.24228 0.81162

0.56 0.68708 0.38476 1.65 0.40510 0.66842 3.40 0.23942 0.81402

0.58 0.67887 0.39374 1.70 0.39737 0.67553 3.45 0.23662 0.81635

0.60 0.67082 0.40249 1.75 0.38992 0.68236 3.50 0.23389 0.81863

0.62 0.66294 0.41103 1.80 0.38273 0.68892 3.55 0.23122 0.82085

0.64 0.65522 0.41934 1.85 0.37580 0.69523 3.60 0.22862 0.82302

0.66 0.64766 0.42745 1.90 0.36910 0.70129 3.65 0.22606 0.82513
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TABLE 10—Relationships between generalized large Biot number (Biv > 4), criterion of tempera-
ture field nonsmoothness (Y), and Kondratjev number (Kn)

Biv Y Kn Biv Y Kn Biv Y Kn

3.70 0.22357 0.82720 5.45 0.16109 0.87796 12.5 0.07555 0.94434

3.75 0.22113 0.82922 5.50 0.15981 0.87898 13.0 0.07280 0.94641

3.80 0.21874 0.83120 5.55 0.15855 0.87998 13.5 0.07025 0.94833

3.85 0.21640 0.83313 5.60 0.15732 0.88096 14.0 0.06787 0.95012

3.90 0.21411 0.83501 5.65 0.15609 0.88193 14.5 0.06564 0.95179

3.95 0.21186 0.83686 5.70 0.15489 0.88289 15.0 0.06356 0.95336

4.00 0.20967 0.83866 5.75 0.15371 0.88383 15.5 0.06160 0.95482

4.05 0.20751 0.84043 5.80 0.15254 0.88475 16.0 0.05976 0.95620

4.10 0.20540 0.84216 5.85 0.15140 0.88566 16.5 0.05803 0.95749

4.15 0.20334 0.84385 5.90 0.15026 0.88656 17.0 0.05639 0.95871

4.20 0.20131 0.84551 5.95 0.14915 0.88744 17.5 0.05485 0.95986

4.25 0.19932 0.84713 6.00 0.14805 0.88831 18.0 0.05339 0.96095

4.30 0.19738 0.84872 6.10 0.14590 0.89001 18.5 0.05200 0.96198

4.35 0.19547 0.85027 6.20 0.14382 0.89165 19.0 0.05068 0.96296

4.40 0.19359 0.85180 6.30 0.14179 0.89325 19.5 0.04943 0.96389

4.45 0.19175 0.85329 6.40 0.13981 0.89480 20.0 0.04824 0.96478

4.50 0.18995 0.85476 6.50 0.13789 0.89631 21.0 0.04602 0.96642

4.55 0.18817 0.85619 6.60 0.13603 0.89778 22.0 0.04400 0.96792

4.60 0.18644 0.85760 6.70 0.13421 0.89920 23.0 0.04214 0.96929

4.65 0.18473 0.85898 6.80 0.13244 0.90059 24.0 0.04044 0.97055

4.70 0.18305 0.86034 6.90 0.13072 0.90194 25.0 0.03887 0.97171

4.75 0.18140 0.86167 7.00 0.12904 0.90325 26.0 0.03741 0.97278

4.80 0.17979 0.86297 7.20 0.12580 0.90578 27.0 0.03607 0.97377

4.85 0.17820 0.86426 7.40 0.12273 0.90817 28.0 0.03481 0.97470

4.90 0.17664 0.86551 7.60 0.11980 0.91045 29.0 0.03364 0.97556

4.95 0.17510 0.86675 7.80 0.11700 0.91262 30.0 0.03255 0.97636

5.00 0.17359 0.86796 8.00 0.11434 0.91468 35.0 0.02799 0.97970

5.05 0.17211 0.86915 8.50 0.10817 0.91945 40.0 0.02456 0.98221

5.10 0.17065 0.87032 9.00 0.10263 0.92371 45.0 0.02187 0.98417

5.15 0.16922 0.87147 9.50 0.09764 0.92754 50.0 0.01971 0.98574

5.20 0.16781 0.87260 10.0 0.09310 0.93101 60.0 0.01647 0.98810

5.25 0.16642 0.87371 10.5 0.08897 0.93416 70.0 0.01414 0.98979

5.30 0.16506 0.87480 11.0 0.08519 0.93704 80.0 0.01239 0.99106

5.35 0.16371 0.87587 11.5 0.08171 0.93967 100 0.00993 0.99284

5.40 0.16239 0.87692 12.0 0.07851 0.94210 1 0.00000 1.00000
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6.6 A PROBLEM TO BE SOLVED
IN THE NEAREST FUTURE
As is well known, the heat conductivity differential parabolic
equation is solved by use of the standard method of variable sep-
aration. The partial solution in this case can be presented as [4]:

T ¼ ChðsÞ#ðx; y; zÞ; ð23Þ
where C is a constant. Then the heat conductivity differential
equation can be rewritten as:

h0ðsÞ
hðsÞ ¼ ar2#ðx; y:zÞ

#ðx; y; zÞ : ð24Þ

This technique works because the product of functions
of independent variables (the left and right parts of Eq 24)
are constant, that is:

h0ðsÞ
hðsÞ ¼ D ¼ const ð25Þ

ar2#ðx; y:zÞ
#ðx; y; zÞ ¼ D ¼ const ð26Þ

A partial solution for Eq 25 is:

hðsÞ ¼ eDs: ð27Þ
The constant D is selected from the main postulate of

thermodynamics, which says that in a closed system, sooner
or later thermal equilibrium is always established. To satisfy
this law, the constant D must be as follows:

D ¼ �ak2; ð28Þ
where:
a is the thermal diffusivity of a material; and
k is evaluated from the boundary condition.

However, ak2 is always a positive value and cannot be
negative; that is:

ak2 > 0: ð29Þ
This means that Tables 9 and 10 must provide only posi-

tive generalized Biot numbers. BiV cannot be, for example,
–0.7185, because that would contradict the main postulate
of thermodynamics.

For example, the cooling process in the regular stage
can be evaluated using the plain exponent

T � Tm

T0 � Tm
¼ Ae�FoVwBiV ; ð30Þ

where:
FoV ¼ as

K is the generalized Fourier number;
c is the criterion of nonsmoothness temperature distribu-

tion; and
BiV is the generalized Biot number.

All of these numbers must be only positive values. If one
of them is negative, then Eq 30 will give no real solution:

T � Tm

T0 � Tm
¼ AeFoVwBiV ; ð31Þ

which is nonsense from the point of view of mathematical
physics because, in this case, during quenching the tempera-
ture would exponentially increase.

The question is, is a generalized Fourier number being
introduced for complicated steel parts? Conventional Fou-
rier numbers for slab, cylinder, and ball are written as

Fo ¼ as
R2

;

where R is half the thickness of each body. Since it is not pos-
sible to locate a similar thickness for a gear, for example,
should the half-thickness of a gear tooth or the half-thickness
of the main body of the gear be used? This was not known
until now. Therefore, the generalized Fourier number is intro-
duced to solve this problem:

FoV ¼ as
K

; ð32Þ

where:

K ¼ 4R2

p2
for a slab;

K ¼ R2

5:784
for a cylinder; and

K ¼ R2

p2
for a ball.

For a gear, the generalized Biot number is FoV (Eq 32),
where K can be taken from Table 5. Thus, the problem con-
nected with the cooling process during quenching is solved for
any configuration of steel parts in the regular condition stage.

However, the problem is not solved completely because
there still exists a contradiction between the main postulate of
thermodynamics and the exponential law of cooling. From
Eq 30, it follows that the thermal equilibrium is established when
time of cooling tends to infinity, that is, sfi1, but the main pos-
tulate of thermodynamics says that the thermal equilibrium is

TABLE 11—Thermal conductivity of supercooled austenite versus temperature

T (�C) 100 200 300 400 500 600 700 800 900

k; WmK 17.5 17.75 18.55 19.25 20.25 21.15 21.90 22.65 23.4

Note: �k is the mean value for the range between 100�C and the stated temperature.

TABLE 12—Thermal diffusivity a of supercooled austenite versus temperature

T (�C) 100 200 300 400 500 600 700 800 900

�a 	 106;m2

S 4.55 4.59 4.625 4.75 4.95 5.10 5.19 5.37 5.55

Note: �a is the mean value for the range between 100�C and the stated temperature.
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established in a finite period of time. There is an uncertainty
here. To solve this problem, the laws of statistical physics should
be considered. There is no sense considering the exponential law
of cooling if the temperature difference at the end of cooling is
comparable with the average temperature oscillation in a closed
system. This problem is now under consideration, and hopefully
it will be solved in the near future [34].

It should be noted that, at the present time, a database
for Kondratjev numbers is under development. For this pur-
pose, Hart [16], Dante (USA) [17], or Hearts (Japan) [18]
software can be used. All results of calculations presented in
Chapters 6 and 7 were made using Hart software (the name
Hart was chosen from the root of the Ukrainian word for
quenching: hartuvannya).
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7
Stress State of Steel Parts During
Intensive Quenching
N. I. Kobasko1

7.1 INTRODUCTION
It is important to study the effect of cooling during quench-
ing on the magnitude and distribution of residual stresses
that remain in parts after their complete cooling, because
the service life of machine parts depends on mechanical
properties of the material as well as residual stresses. Tensile
stresses at the surface of a hardened part reduce its service
life, while compressive stresses increase the service life. Fur-
thermore, tensile stresses produce a greater propensity for
quench crack formation.

It is known that high surface compressive stresses arise
during superficial quenching or quenching of carburized
parts. To prevent quench cracks in through-hardening, heat
treaters often use oil cooling and alloy steels to increase
hardenability. When quenching in oil, stresses are low (due
to relatively small temperature gradients), and alloying pro-
vides sufficient hardenability of parts. However, more bene-
fits can be obtained when using plain carbon steels
combined with intensive quenching with water, although
there is a problem of quench-crack prevention due to inten-
sive cooling.

7.2 INTENSIVE QUENCHING PROCESS
VARIATIONS
This chapter describes the study of the effect of heat transfer
intensity on the magnitude of the residual stresses arising
from quenching of cylindrical specimens and steel parts
made of various steel grades. It should be noted that regular-
ities of stress distribution during quenching were used to
develop the IQ-1, IQ-2, and IQ-3 processes, which may be
characterized by high Grossmann factor H > 5 [1].

The IQ-1 process is a two-step process. In the first step,
a steel part is cooled slowly in oil, an aqueous polymer solu-
tion, molten salt, air, or some other media. Upon cooling to
the martensite start temperature MS, the part is intensively
cooled within the martensite range until the cooling process
is completed [2,3]. During this first step, the austenite–
martensite transformation is delayed almost completely, and
intensive cooling is performed only within the martensite
range. The temperature gradient is not large, and the temper-
atures at all points in the cross-section transform uniformly
and simultaneously to the martensite start temperature. Gen-
erally, oils are used at the optimal temperature and polymers
are used at the optimal concentration, temperature, and agita-
tion rate.

The IQ-2 process is also two-step quenching. In the first
step, a part is intensively cooled after austenitizing until

nucleate boiling ceases. Then the part is air cooled to allow
equalization of the temperature through the cross-sections.
After this process, the part is intensively cooled a second time
until the cooling process is completed. There is no nucleate
boiling in the second step. The IQ-2 process is based on the
self-regulated thermal process [2] (see Chapter 10).

The IQ-3 process is the most intensive process because
film boiling and nucleate boiling are both completely pre-
vented. Direct convection heat transfer is facilitated by inten-
sive jets or water flows until maximum surface compressive
stresses are achieved. The IQ-3 process can be applied to any
part in which the optimal depth of the hardened layer can
be achieved by interrupting intensive quenching at the
appropriate time [4].

The optimal depth of hardness can be also achieved by
the proper selection of the chemical composition of steel to
provide shell hardening. The basis for the IQ-3 process is the
formation of an optimal quenched layer, which is achieved
when the Biot number BiV is greater than 5 [5]. There is a
correlation between the generalized Biot number BiV and
the conventional Biot number Bi; for bodies that are plate-
shaped, cylindrical, or spherical, the correlations are BiV ¼
0.405Bi; BiV ¼ 0.346Bi; and BiV ¼ 0.304Bi, respectively [1].

In mathematical modeling of thermal and stress-strain
states during quenching, a group of equations consisting of
the nonlinear equation of transient heat conduction and the
corresponding equations of the plasticity theory have been
solved. The mathematical model of the processes to be stud-
ied is presented below.

7.3 MATHEMATICAL MODELS FOR THE
CALCULATION OF THERMAL AND
STRESS-STRAIN STATES
The coupled equation of transient heat conduction is [5–9]:

cr
@T
@s

� divðkgradTÞ � rij _e
p
ij þ

X
rIlI _nI ¼ 0; ð1Þ

with corresponding boundary conditions for film boiling:

@T
@r

þ af
k
ðT � TSÞ

� �
r¼R

¼ 0 ð2Þ

and initial conditions:

Tðr; 0Þ ¼ T0: ð3Þ
The transition from film boiling to nucleate boiling

occurs when the following is fulfilled:

qcr2 ¼ af ðTsf � TSÞ; ð4Þ

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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where:

qcr2 ¼ 0:2qcr1: ð5Þ
During nucleate boiling, the boundary conditions are:

@T
@r

þ bm

k
ðT � TSÞm

� �
r¼R

¼ 0 ð6Þ

and

Tðr; sf Þ ¼ uðrÞ: ð7Þ
Finally, in the convection stage, the boundary conditions

are similar to those for film boiling:

@T
@r

þ aconv
k

T � Tmð Þ
� �

S
¼ 0 ð8Þ

and

Tðr; snbÞ ¼ wðrÞ: ð9Þ
The condition of transfer from nucleate boiling to one-

phase convection is given by qnb ¼ qconv. These equations
determine boundary conditions of the third kind and
describe conditions of heat transfer processes. However, in
practice, boundary conditions of the first kind that are
obtained from experimental data are often used. In this case,
the primary differential equation of heat conductivity must
be added with the above conditions:

Tðri; sÞjri¼Ri
¼ uðRi; sÞ ð10Þ

where i is the coordinate index and uðRi; sÞ is a value of
temperature at different points of the cooling surface.

Plasticity theory equations are presented in detail in
[5,8,9] and have the following form:

_eij ¼ _epij þ _eeij þ _eTij þ _emij þ _etpij ð11Þ
with relevant initial and boundary conditions, where:
T is temperature;
rij is stress
_eij is total strain rate;
_eeij is elastic strain rate;

_epij is plastic strain rate;

_eTij is thermal strain rate;

_emij is strain rate for structural dilation due to phase
transformations;

_etpij is strain rate for structural dilation due to transformation
plasticity;

k is thermal conductivity; and
c is specific heat.

To solve these equations, the finite element method
(FEM) described in [10,11] was used. For the investigations
of medium-carbon and high-carbon steel grades, AISI 1045
and AISI 52100 steels have been selected. CCT (continuous
cooling transformation) diagrams and mechanical properties
of the specified steel grades with respect to temperature are
presented in [12,13].

Steel phase transformation occurring during the quenching
process has been modeled using methods correlating the time–
temperature quenching cooling curve with the temperature-
dependent thermal, physical, and mechanical properties exhib-
ited by materials with respect to the transformation product
formed, as indicated by the corresponding CCT diagrams for the
steel of interest. The accuracy of the technique was determined
[5,9], and the calculation error did not exceed 3 % with respect

to temperature or 12 % with respect to stress, which provides a
basis for the use of the suggested technique in the study of
changes occurring in the thermal and stress-strain states in
quenched parts with respect to the cooling processes and charac-
ter of steel phase transformations. Detailed information on resid-
ual stress distribution during intensive quenching of steel parts
is available from [14–16].

7.4 STRESS STATE OF CYLINDRICAL BODIES
AFTER MARTENSITIC THROUGH-HARDENING
Computation of the transient and residual stresses for a
cylindrical test specimen of 6-mm diameter made of AISI
1045 steel was conducted for various heat transfer coeffi-
cients, where the generalized Biot number BiV changed from
0.07 to 35. Note that the correlation between the Biot num-
ber Bi and the generalized Biot number BiV is presented in
[1]. The austenitizing temperature was 1,300K. The results
obtained showed that intensive cooling produced surface resid-
ual stresses initially decrease, then increase to a maximum
value (BiV ¼ 1.4), and then become compressive at BiV ¼ 4.5,
as shown in Fig. 1.

These observations are explained as follows. At small val-
ues of BiV, an insignificant temperature gradient is observed.
During transformation of austenite into martensite, there are
small compressive stresses near the surface due to the greater
specific volume of martensite in the initial stage. However,
when martensite is formed in the core of a specimen, there
are large expansion forces, resulting in tensile stresses at the
surface. Under intensive cooling conditions (BiV > 6), mar-
tensite transformations start at a thin superficial layer of a
specimen while the temperature at other points is still high.
The larger the BiV, the larger the temperature gradient at the
superficial layer will be, and the greater the distance from
the center a layer of martensite will form. When cooling the
inner layers, two different processes offset each other: con-
traction because of decreasing temperature, and expansion
because of the formation of martensite, which possesses the
greater specific volume in comparison to austenite.

Under conditions of BiV > 6, the contraction process
prevails in the inner points of a specimen. Therefore, the
superficial layer of a part is compressed upon quenching

Fig. 1—Residual hoop stresses at the surface of a cylindrical speci-
men versus the generalized Biot number BiV, which is directly
related to the cooling rate. Note that the stress changes from ten-
sile to compressive at a BiV of about 4.3 [17].
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because the contracted inner layers of the part try to move
the originally formed layer of martensite closer to the cen-
ter. When the temperature gradient is small, the outer layer
of newly formed martensite, compared to the cold state, is
closer to the center. Therefore, there will be tensile residual
stresses at the surface due to the increase in specific volume
of a material during martensite transformations in inner
layers. This suggests that there is a value of BiV where the
forces contracting the material compensate each other. With
a BiV of approximately 4.3, there will be zero residual
stresses at the surface of the quenched part.

Fig. 1 shows the residual hoop stresses at the surface of
the cylindrical test specimen versus the generalized number
BiV. The correlation between the generalized BiV number
and the Bi number for cylindrical bodies is BiV ¼ 0.346Bi.

The character of dependence shown in Fig. 1 depends
on the chemical composition of the steel and the shape of
the part. However, there is a commonality for parts of differ-
ent shapes and made of different steel grades. It is necessary
to assume that martensite is formed through the entire sec-
tion of a part to be quenched. The following explanations
can be provided for the results obtained using a simple
mechanical model (see Fig. 2) [17,18].

The reason why intensive quenching results in high com-
pressive stresses can be explained using the model shown in
Fig. 2, which consists of segments (1) joined together by
springs (2) to form an elastic ring. The segments are placed on
a plane surface and connected with rigid threads (3), which
pass through a hole (4) in the center of the ring and are
attached to the opposite side of the plane surface.

Now consider the processes that occur when quenching
a cylindrical steel test specimen and how they would affect
the behavior of the model. Assume that the specimen is
being quenched under conditions of intensive cooling. In
this case, the surface layer is cooled to a certain depth while
the core remains at nearly the austenitizing temperature and
is considerably expanded in volume. Let the cooled surface
layer correspond to the segmented ring in Fig. 2.

Because metals contract when cooled, the ring segments
(1) also will contract. The springs (2) must then extend by
an amount that corresponds to the increase in tangential
tensile stresses. However, when the surface layer is further
cooled, austenite transforms to martensite, which possesses
a high specific volume. That is why the cooled layer enlarges
or swells.

Now imagine that the segments expand. In this case,
resulting compression of the springs corresponds to the
appearance of tangential compressive stresses on the surface
of the part. With additional time, the temperature of the
specimen core will drop, and its diameter will decrease. In
the model, the core (5) is represented by the smaller blank
circle which is held in tension by the rigid threads. When the
threads are taut, the springs will also compress. The level of
tangential compressive stresses will increase until the austen-
ite in the core of the part transforms to martensite. The core
now starts to swell because the specific volume of martensite
is greater than that of austenite, which causes the compres-
sive stresses to decrease. In the model, this would be
reflected by an enlargement of the inner circle and a result-
ing decrease in the compressive power of the springs.

The result obtained is of practical interest since it allows
quenching alloy and high-alloy steels intensively by water.
However, it is necessary to consider that the parts of a com-
plex configuration will require conducting additional calcula-
tions for the determination of the value of residual stresses
and character of their distribution through the section of the
hardened part.

7.5 DISTRIBUTION OF CURRENT
STRESSES THROUGH THE SECTION OF
CYLINDRICAL PARTS
Numerical computations of residual stresses were performed
on cylindrical bodies with diameters of 6, 40, 50, 60, 70, 80,
150, 200, and 300 mm. These computations were performed
for AISI 1045 steel and for the cases when the CCT diagram
is shifted to the right by 20, 100, or 1,000 s. These calcula-
tions simulated the quenching process for steel grades where
the formation of martensite is observed through the entire
section of a part. The results of this work are discussed
below [5,7].

The initial time when thermal tensile stresses appear
at the surface of a cylindrical specimen is shown in Fig. 3.
When martensite is formed at the surface of a part, cur-
rent tensile stresses transform into compressive stresses
(see Fig. 4). There exists a certain moment of time when
the compressive stresses reach their maximum (see Fig. 5),
after which they start to decrease as the core swells. These
facts agree well with the mechanical model presented in
Fig. 2.

1. Segment

2. Spring

3. Rigid
     thread

4. Hole

5. Core

Fig. 2—This mechanical model can be used to explain the formation
of hoop stresses at the surface of a cylindrical specimen during
intensive quenching [17].

Fig. 3—Stress distribution within the section of a through-hardened
cylindrical test specimen of 60-mm diameter at 1 s (a ¼ 25,000
W/m2K) [5].
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7.5.1 Similarity in the Distribution of Current
Stresses Through the Cross-Sections of Parts
The study described above showed that, if a certain condi-
tion is met, the distribution of current and residual stresses
is similar to those formed in cylinders of different sizes that
possess the correlation:

h ¼ FðBi;F0; r=RÞ; ð12Þ
where:

h ¼ T � Tm

T0 � Tm
;

Bi ¼ a
k
R ¼ idem; and

F0 ¼ as
R2

¼ idem,

with idem indicating “the same value” or constant.
In this case, the average values of heat conductivity and

thermal diffusivity of steel are taken over the interval of tem-
peratures from Tm to T0, which still produced a good correla-
tion of the distribution of current stresses in cylinders of
different sizes. Note that the computer simulation used thermal
properties dependent on temperature. However, during dis-
cussion, the results of the calculations’ average values are

considered, because heat-treating engineers are more familiar
with the average values, like the Grossmann H-Factor. Further-
more, all existing standards can provide only average values.
Using the average values allows for useful generalizations [19].

Fig. 4 provides a comparison of the computational results
for one cylinder of 6-mm diameter and another of 60-mm
diameter. In both cases, martensite was formed through the
entire section of the cylinder that was obtained by shift of the
CCT diagram to the right by 100 s. For a comparison of cur-
rent stresses, the time chosen was the moment when compres-
sive stresses at the surface of the cylinder to be quenched
obtained their maximum values. For the 6-mm-diameter cylin-
der, this time was 0.4 s; for the 60-mm-diameter cylinder, the
maximum compressive stresses at the surface were obtained

after 40 s, provided that
a
k
R ¼ idem. This condition was obtained

by the computation of current and residual stresses for the 6-mm
cylinder at a ¼ 300,000W/m2s and for the 60-mm cylinder at
a ¼ 30,000 W/m2s. For both cases, the Biot number was
Bi ¼ 45. This means that, in each case, the maximum compres-
sive stresses were obtained at F0 ¼ 0.24, that is, at s ¼ 0.4 s for
the cylinder of 6-mm diameter and at s ¼ 40 s for the cylinder
of 60-mm diameter [17].

The same values of hoop and radial stresses are
observed at points with the same ratio r/R (see Fig. 4). There-
fore, hoop stresses for both cases are equal to zero at r/R ¼
0.65, which occurs at r ¼ 1.95 mm for the smaller cylinder
and at r ¼ 19.5 mm for the larger one [17].

The results of the calculations, presented in Fig. 6, coin-
cide very well with the results of experiments in [20].

7.5.2 Optimal Hard Layer
From this study, a conclusion regarding the optimal depth
of the hardened layer can be drawn. According to the theory
of similarity, the maximum surface compressive stresses will

Fig. 4—Stress distribution within the section of a through-hardened
cylindrical test specimen of 60-mm diameter at 10 s (a ¼ 25,000
W/m2K) [5].

Fig. 5—Stress distribution within the section of a through-hardened
cylindrical test specimen of 60-mm diameter at 40 s (a ¼ 25,000
W/m2K) [5].

Fig. 6—Stress distribution through the section of two cylindrical
specimens, one of diameter 6 mm (black data points) and the
other of 60 mm (white data points), at the time of the achieve-
ment of maximum compressive stresses at the surface (Bi ¼ 7;
F0 ¼ 0.7) [17].
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correspond to the optimal depth of the hardened layer. If
that is true, the following condition must be met:

Dr
R

¼ idem ð13Þ

or

Dr
R

¼ const;

where Dr is the optimal depth of the hardened layer.
Steels of controlled hardenability are normally used for

the creation of high surface compressive residual stresses of
steel parts [10–12]. However, according to ratio 13, as the
section size varies, it is also necessary to vary the steel grade
to provide the optimal depth of the hardened layer, which is
not always possible to do in practice.

Fig. 7 illustrates the character of phase distribution
through the section of a cylinder at the initial moment of
time and at the time of achieving maximum surface com-
pressive stresses (medium strip). It is possible to achieve a
similar phase distribution through the section of the cylinder
in two different ways [9]:
1. Selection of the appropriate steel composition to pro-

vide the optimal depth of the hardened layer
2. Interruption of intensive cooling at the time when the

maximum surface compressive stresses are formed by
cooling in air at the martensite start temperature
The first method permits the replacement of alloy steels

with low-alloy or carbon steels. The disadvantage of this
method is that when the size of a part changes, it is neces-
sary to select a different steel grade to provide the desired
optimal depth of the hardened layer.

The second method can be applied for parts of different
sizes. However, for parts with a complex configuration, it is
not always possible to provide a uniform martensite layer
over the entire surface. In some cases, to obtain a uniform
martensite layer, water-air jets are used to provide different
cooling intensities at different surface points using different
flow rates and water-air fluid compositions.

7.5.3 Comparison of Stresses Achieved by Different
Processes with Equivalent Optimal Layers
It is important to analyze the current stresses at the optimal
layer of martensite obtained by the two methods described
above: interruption of intensive cooling at the time of achieve-
ment of maximum surface compressive stresses, and selection

of steel compositions. Fig. 8 presents the values of compressive
stresses at the time of achievement of the optimal depth of mar-
tensite, which yields a maximum of about 1,200 MPa. Approxi-
mately the same depth of the hardened layer is achieved using
extremely intensive cooling of a 300-mm-diameter cylinder
made of AISI 1045 steel (Fig. 9). In both cases, at the optimal
depth of martensite, the same values of surface compressive
stresses are obtained: 1,200 MPa. The maximum compressive
stresses can be increased considerably by increasing the cool-
ing intensity and carbon content of the steel.

7.6 ANALYSIS OF STRESS STATE OF STEEL
DURING QUENCHING
In addition to the creation of high surface compressive
stresses, it is important to characterize the stress distribution
through the cross-section. Fig. 10 shows that in the inner
layers, there are tensile stresses that further become compres-
sive in the superficial layers (see also Fig. 11). Axial r22 and
hoop stresses r33 are typical. Radial stresses at the surface are

Fig. 7—Optimal depth of the martensite zone corresponding to
the maximum surface compressive stresses [7,17,19].

Fig. 8—Stresses at the surface of a cylindrical specimen (dia 60 mm)
versus time after through-hardening [7].

Fig. 9—Stresses at the surface versus time for a cylindrical
specimen (dia 300 mm) made of steel 45 (AISI 1045) after shell
hardening [7].
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equal to zero, and at the axis of the cylinder they are equal to
the hoop stresses.

This study shows that with very high Biot numbers Bi
(which would be typical for large power-machine parts),
quench cracks may be formed internally. To avoid quench
cracks, for example, when quenching large rotors of turbines,
apertures are made at the axis of a rotor, through which the
quenchant is pumped. In this case, the inner layers’ compres-
sive stresses prevent quench crack formation. The shortcom-
ing of such a method is that it is necessary to bear the
significant expense of drilling apertures in large parts.

Therefore, a steel quenching process for large parts that
will prevent quench crack formation in continuous parts
without axial apertures is of interest. The IQ-3 quenching
process, which will be further discussed in Chapters 10 and
12, where the time of achievement of maximum compressive
stresses is calculated based on a generalized universal
dependence [17,19], was developed to prevent quench crack
formation for these applications.

7.7 STRESS STATE OF A COMPLEX PART
7.7.1 Computations for Bearing Rings
Having considered in detail the as-quenched stress state of cyl-
inders, the stress state of parts of more complex configurations

will now be addressed. There are reliable experimental data
that can be used for computations for such parts as railway
bearing rings and carburized plugs [21–25]. Some of these
rings were made of low-hardenability, high-carbon steels that
provide a nearly optimum hard layer. These rings have under-
gone cyclic tests, and the results were compared with those
produced by typical quench processing [15,16]. For this rea-
son, the complex ring shown in Fig. 12 [23] will be used.

The CCT diagram for AISI 52100 steel, shown in Fig. 13,
was used for calculations [12,16]. For simulation of steels of
low hardenability, the diagram was shifted to the left in the
area of pearlite and other intermediate transformations (4 and
3, respectively, in Fig. 13). In this way, it was possible to obtain
approximately the same depth of martensite as obtained by
experiment for a ring made of low-hardenability steel.

The purpose of this work is to analyze the stress state of
parts of more complex configuration in different cases,
including:
1. A ring made of AISI 52100 steel and through-hardened

in oil (Fig. 13)
2. A ring made of low-hardenability steel with the same

content of carbon as in AISI 52100 (Fig. 14) and inten-
sively quenched
In both quenching simulations, the mechanical proper-

ties (in austenite and martensite states) were considered to
be identical. Their temperature dependencies are presented
in Figs. 15 and 16 [14–16]. The coefficient of linear expan-
sion aT, as a function of temperature, exhibits the following
feature: When the martensite transformation starts, the coef-
ficient of linear transformation aT becomes negative. The
physical meaning of this is that, when the temperature of
the material decreases, the material does not contract, but
rather expands because of the greater specific volume of

Fig. 10—Stress distribution through the cross-section of a cylindri-
cal specimen (dia 80 mm) made of steel 45 (AISI 1045) after shell
hardening for 2 s and a cooling condition Bi ¼ 50 [15,16].

Fig. 11—Stress distribution through the cross-section of a cylindri-
cal specimen (dia 80 mm) made of steel 45 (AISI 1045) after shell
hardening when cooling is completed with a cooling condition of
Bi ¼ 50 [15,16].

Fig. 12—Outline of a railway-bearing ring.

Fig. 13—CCT diagram for AISI 52100 steel: 1, austenite; 2, mar-
tensite (� 50 %); 3, bainite; 4, pearlite; 5, martensite (� 50 %); 6,
mixed structure [15,16].
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martensite. The greater the carbon content in the steel, the
more negative aT is, as shown in Fig. 16.

Within the martensite range, superplasticity is also
observed, which is evident from the sharp decrease of yield
strength ry and ultimate strength ru (see Fig. 15).

Using these mechanical properties and CCT diagrams
and FEM analysis, the as-quenched stress state of the ring was
calculated. Oil quenching of AISI 52100 steel produced
through-hardening (Fig. 17(a)), formation of small tensile
stresses at the surface, and small compressive stresses in the
core (see Fig. 18a). If the ring is made of a low-hardenability
steel and is quenched by intensive water jets or water flow,
then a uniform martensite layer at the surface of the ring
with a high hardness is formed (see Figs. 17(b) and 18(b)).
Results of fatigue testing are presented in Fig. 19. Thus, when
compared to quenching in oil, higher surface residual com-
pressive stresses are observed, reaching values of 1,000 MPa,
while there are tensile stresses in the core where the material
is soft [14–16].

It should be noted that such a distribution is reasonable
if the ring has identical sections along the height. If a ring
contains variable section sizes and has grooves at the end,
however, it is not always possible to create compressive
stresses in the grooves. Usually tensile stresses appear in the
grooves, which results in splitting of the flanges. In this case,
it is not useful to use low-hardenability steels, since the thin
part is through-hardened and therefore there may be cracks
or splitting of flanges in thin parts. These calculations pro-
vide a qualitative representation of the residual stress distri-
bution through the cross-section of rings, but nevertheless
they are of practical interest.

7.7.2 Computations for Splined Half-Axles
Structural transformations occurring during quenching were
considered based on both the thermophysical and mechanical

Fig. 14—CCT diagram for low-hardenability bearing steel with low
content of Mn and Cr: 1, austenite; 2, martensite (� 50%); 3, bain-
ite; 4, pearlite; 5, martensite (� 50%); 6, mixed structure [15,16].

Fig. 15—Strength properties, elastic modulus E, and hardening
modulus E0 of steel ShKh15 (AISI 52100) [14–16].

Fig. 16—Coefficient of linear expansion aT of steel ShKh15 (AISI
52100) vs. temperature [14–16].

Fig. 17—Character of the phase distribution through the cross-
section of a bearing ring: (a) through-hardened bearing ring;
(b) shell-hardened bearing ring. The dark color is martensite,
and the light color represents intermediate phases [14–16].
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properties as a function of material temperature and the
cooling temperature and time represented by the CCT dia-
gram of the steel (Fig. 20) [26]. At each time and space step,
the results were compared with CCT diagrams, and new
thermal and mechanical properties of a material for the next
step were chosen depending on the structural components
[5,7,22]. Hart software was used for the calculations [5,7,16].

Computations were performed on the part shown in
Fig. 21, which was made of AISI 1045 steel (see Fig. 20). The
current and residual stresses were calculated both for AISI
1045 steel and for the case when the CCT diagram was
shifted to the right by 1,000 s. This permitted the simulation
of alloyed steel quenching with martensite formation
observed over the entire section of the part after quenching.
The calculation was performed for oil quenching, quenching
in still water, and intensive water flow. The heating tempera-
ture was 1,130K.

The analysis results in Fig. 22 show that when quench-
ing in oil, considerable tensile residual stresses (250 MPa)
arise at the bottom of the spline (alloyed steel). However,
when quenching the same steel in intensive water flow,
residual stresses at the surface remain compressive. When
quenching alloyed steel, maximum compressive stresses
were observed, which subsequently decreased. The greater
the rate of cooling, the higher the compressive stresses at the
surface of the quenched part. Thus, during oil quenching,
maximum compressive stresses were 225 MPa, while for
quenching in an intensive water flow, they were 1,100 MPa.

The depth of the hardened layer (martensite range) cor-
responding to the maximum compressive stresses in the
spline bottom is shown in Fig. 23 where M is the austenite
region, MþB is the region containing 0–50 % martensite, and
P is the martensite region. The optimal depth of the martens-
ite layer corresponds to maximum compressive stresses. Fur-
ther martensite penetration into the part causes a decrease of
compressive stresses, which may be attributed to the larger
specific volume of martensite as the part core swells and
residual tensile stresses (up to 350 MPa) form at the surface
(see Fig. 23). Due to the high compressive residual stresses at
the surface of steel parts and the steel superstrengthening
phenomenon [27,28], the parts’ service life significantly
increases (see Table 2).

It should be noted that Hart software is two-dimensional
code for temperature fields and stress distribution calcula-
tions [5,15,16]. At present, the most powerful software is the
three-dimensional Dante, which is widely used in the United
States [30–36]. The Dante predictive heat treatment software
tool provides significant insight into the process sensitivity,
particularly on the effect of variations in boundary conditions
[30–36]. It is widely used for designing and optimizing inten-
sive quenching processes [37–39], including those that were
developed early and those that will be developed in the future.
Combining Dante software with the appropriate databases for
boundary condition and CCT-TTT diagrams, the next signifi-
cant step in intensive quenching development is possible.

7.8 DISCUSSION
As a result of numerous calculations, two basic conclusions
have been made. The first is that through-hardening with
intensive cooling produces very high surface compressive
stresses, which are compensated by small internal tensile
stresses [5,7,16]. This is important because alloy and high-
alloy steels can be quenched intensively in water without

Fig. 19—Fatigue testing results for inner rings of railway car bear-
ings made of various steels (the numbers of the curves correspond
to numbers of steel and heat treatment variants in Table 1) [15,16].

Fig. 18—Distribution of hoop stresses r33 through the cross-section
of a bearing ring after it is through-hardened in oil (a) and after it
is intensively quenched using water jets with the formation of mar-
tensitic shell layer at the surface (b) [15,16].
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quench crack formation. Therefore, in some cases, the use of
expensive and flammable oils and aqueous high-concentration
polymer solutions can be avoided.

Although the existence of internal tensile stresses can
result in quench crack formation in the core, the propensity
for quench cracking is reduced because:
1. The internal tensile stresses are relatively small.
2. Intensive cooling can be interrupted when the core is

sufficiently viscous that tensile stresses cannot lead to
internal crack formation.

3. After intensive quenching, it is possible to immediately
temper (snap-temper) to prevent quench crack formation.
Additional information is available in [15–18].
The second conclusion is that, during through-hardening

of steel, initially there are enormous surface compressive
stresses, but these gradually disappear or transform into ten-
sile stresses. Quenching technology has been developed that
permits selection of the conditions that produce maximal
surface compressive residual stresses [4,15–17].

To demonstrate the potential increase in service life due
to the creation of surface compressive stresses, inner rings

of bearings were made of different steels and two cases were
considered [16,23]:
1. Through-hardening of bearing rings
2. Quenching of bearing rings to a certain depth using a

low-hardenability bearing steel
The results obtained were summarized in Table 1. Fatigue

tests have shown that the service life of rings is longer when
the depth of the hardened layer is closest to the optimum (see
Figs. 17–19). The service life of steel parts is affected not only
by the magnitude of the compressive residual stresses but

TABLE 1—Structure and hardness of inner rings of railway bearings made of various steels [23]

Parameters

Values for rings made of the following steels:

ShKh15SG 18KhGT ShKh4 ShKh4

Number of steel and heat
treatment variant

1 2 3 4

Surface hardness (HRC) 60–61 59–61 62–64 62–64

Depth of hard layer (mm):
(a) HRC > 58
(b) HRC > 55

Through-hardening
(a) 0.7–0.9
(b) 1.8–2.1

(a) 1.5–2
(b) 2.4–2.7

(a) 1.5–4
(b) 3–4.5

Core hardness (HRC) 60–61 32–35 36–40 40–45

Microstructure in the core Martensite, carbides Low-carbon martensite Sorbite, troostite Troostite

Percentage of retained austenite
at the surface (%)

14–16 8–10 6–8 6–8

Grade of austenitic grain size 9–10 9 10–11 10–11

Note: Chemical composition of Russian steels are provided in the appendix of the book

Fig. 20—CCT diagram of AISI 1045 steel: 1, austenite; 2, martens-
ite (� 50 %); 3, bainite; 4, pearlite; 5, martensite (� 50 %); 6 and
7, mixed structures [26].

Fig. 21—Sketch of cross-section of splined half-axle (a) and mesh-
ing for finite-element method (b): 1, spline bottom; 2, spline side
surface; 3, spline tooth.
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also by the mechanical properties of a material that is being
improved by intensive quenching, especially in the optimal
superficial layer. This aspect of the study will be considered
in more detail in Chapter 9, which presents the effect of
increasing the cooling rate within the martensite range on
the mechanical properties of various steel grades.

Computer simulation was also used to investigate two-
step quenching and distortion based on the mathematical
models discussed above [5,7,8,16]. Using the bearing ring
illustrated in Fig. 24, quenching was conducted in oil at the
optimum temperature. Cooling in oil during the first stage
was interrupted to minimize distortion. Intensive cooling and
washing were conducted simultaneously during the second

step of the process. Minimal distortion after the second stage
was observed by cooling in air or after a very intensive
shower [14]. It appears that the conicity of the rings is less
when cooling very fast within the martensite range, as com-
pared with a moderate intensity (see Table 3 and Fig. 25).

Computer simulations established that there is minimal
distortion of the bearing rings during their quenching in oil
(see Fig. 24). Fig. 25 shows displacements of the generatrix
of the inner surface of the bearing ring during hardening in
oil after 30 s, 39 s, and complete cooling [8,15,25]. Minimal
distortion was observed after cooling in oil for 30 s (Fig. 25,
curve 3). The computer simulation shows that minimal dis-
tortion can be fixed when interruption is made at 30 s dur-
ing cooling in oil and then very slow or very fast cooling is
applied (see Table 3).

Distortion decrease after very intensive cooling can be
explained by Fig. 26, which shows the phase transformation
during moderate cooling (a) and during extremely intensive
cooling (b) with BiV > 6. When moderate cooling takes place
(Fig. 26(a)), the phase transformation starts in the thin sec-
tion of the part and, due to the change of specific volume of
martensite, results in an increase in distortion. In the case of
intensive cooling (Fig. 26(b)), a thin shell of martensite
forms uniformly over the entire surface and fixes the shape
of the part, so the distortion is lower [8,15,25].

Along with the distortion evaluation, Hart software
allows prediction of the place and time of crack formation
in the bearing rings, shown in Fig. 24, during moderate cool-
ing in water [40]. For this purpose, a generalized criterion
was selected as a failure criterion during hardening:

cri þ ð1� cÞr1 � rt; ð14Þ
where:

c ¼ rt
rc
;

rt is ultimate tensile strength;
rc is ultimate compressive strength;
r1 is greatest principal stress; and
ri is stress intensity.

Using Eq 14, Morhuniuk and colleagues [9,14,40] esti-
mated the place and time where cracks had appeared after
quenching in still water at 20�C in the bearing rings (see
Figs. 24 and 26).

These important investigations are being continued by Jap-
anese scientists and engineers, who have made significant con-
tributions to computer simulations of the quenching processes
and comparison of the results of calculations with the results
of accurate experiments [41–47]. In particular, Sugianto and
colleagues [47] visually detected the cracks in an eccentric-
holed disk quenched in still water. Metallography and fractog-
raphy were carried out by optical and scanning electron micro-
scopes, indicating the structure of band martensite and
intergranular cleavage fractures.

A computer simulation was also used to predict the for-
mation of transient and residual stresses in an eccentric-holed

TABLE 2—Fatigue tests of KrAZ truck half-axles [22,29]

Quenching method Steel grade Numbers of cycles to fracture Notes

Oil AISI/SAE 4340 3.8–4.6 3 105 Half-axles were destroyed

Intensive water spray cooling AISI/SAE 1040 or AISI/SAE 1045 3.0–3.5 3 106 No fracture observed

Fig. 22—Current hoop stresses vs. time in the process of splined
half-axle surface cooling in various quenching media in the spline
bottom [26]: oil cooling (alloyed steel, through hardening);

the same (carbon steel); cooling in still water (alloyed
steel); the same (carbon steel); cooling in intensive
water flow of 8 m/s (alloyed steel); the same (carbon steel).

Fig. 23—Phase distribution across the half-axle section at the time
of reaching maximum compressive hoop stresses in the spline bot-
tom [26]: P, pearlite; M, martensite; B, bainite.
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disk quenched in different conditions to predict crack forma-
tion. Results of calculations were compared with the results of
experiments [44,46,47].

Taking into account all experimental and computer simula-
tion data, intensive technologies were further developed and
optimized in the United States for many steel parts and tools
[28,48–54]. Especially good results were achieved for AISI S5
punches. Their service life after intensive quenching increased
two times [48]. The distortion of S5 cylinders after oil and inten-
sive quenching has been studied using dimensions of 1.5 inches
(38.1 mm) in diameter and 2.2 inches (55.9 mm) long [48].

The results showed that the difference in quenching
rates between the oil and the intensive quenching process
affects the distortion patterns of the cylinders. The distortion
map of the oil-quenched cylinder is shown in Fig. 27. The
arrows indicate the direction and magnitude of movement.
The cylinder is bulged around the center perimeter, with the
center diameter about 0.0032 inches (0.0813 mm) larger
than the top and bottom diameters. The distortion map of
an intensively quenched cylinder is shown in Fig. 28. The cyl-
inder has an “hourglass” shape, with the center diameter
about 0.0032 inches (0.0813 mm) smaller than the sides.

Heat treatment simulation of 10 and 22-mm water-
quenched cylindrical specimens was performed, and the
results were compared with experiments, in an attempt to
explain the mechanism of producing distortions and residual
stresses. The mechanism of quench distortion and stress gen-
erations in through-hardened and incompletely hardened
test specimens was explained by changes of the thermo-
phase transformation, elastic, plastic, transformation plastic,
and total strains [5,7,41,48,49].

The process of quenching of carburized rings was also
examined [41]. The origin of distortion—namely, a decrease
of the inner and outer diameters and an increase of the
height in the carburized and quenched ring—was explained
by examining each simulated strain distribution. It was
shown that the transformation plastic strain strongly affects
quench distortion [41]. Simulated elastic strain changes
explained why high compressive residual stresses are pro-
duced in the cases of the carburized ring [33,41,48].

It should be noted that, at present time, it is possible to
predict the distortion and magnitude of residual stresses by
using commercially available software to simulate the
quenching processes [34]. The results have shown that the

Fig. 24—Structural composition and shape of the bearing ring
profile during hardening: (a) is initial (cold and heated state); (b)
through (f) are the states during cooling. The unshaded area is
austenite, single hatching indicates the area up to 50 % martens-
ite, and cross-hatching indicates 100 % martensite.

TABLE 3—Conicity of the bearing ring
depending on the cooling conditions
within the martensite range at the
second stage of cooling [5,15]

Method of cooling Conicity

In air 0.044

In oil 0.045

In circulating water 0.051

Under very intensive shower 0.005

Fig. 25—Displacements of the generatrix of the inner surface of
the bearing ring during hardening (lines denote computed data,
and circles experimental data): 1, after machining (see Fig. 24(a),
left side); 2, after heating to austenite temperature (Fig. 24(a),
right side); 3, after cooling in oil for 30 s; 4, after cooling in oil for
39 s; 5, after complete cooling in oil [8,15,25].
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cooling capacity of quenchants affects distortion and residual
stresses. However there is no appropriate database for the
cooling capacities of different kinds of quenchants or critical
heat flux densities, which are needed for computer simula-
tion. This is a problem that must be addressed in the future.

7.9 SUMMARY
1. It has been established that, when a steel part is sub-

jected to through-hardening with an increasing cooling
rate, residual hoop stresses at first grow as tensile
stresses, and then, with large Biot numbers, they trans-
form to compressive stresses despite the increase in the
specific volume of martensite in the core of the part.

2. It has been shown that transient compressive hoop
stresses at the surface of parts during through-hardening
achieve a maximum and then decrease or disappear
completely. This will help to develop and optimize new
quenching processes for producing maximum surface
compressive stresses that will increase service life.

3. Maximum surface compressive stresses correspond to
the optimal depth of the hardened layer.

4. The similarity in distribution of residual stresses through
the section of parts to be quenched has been demonstrated.

5. It has been established that with an increase in the sec-
tion size, the optimal depth of the hardened layer
increases in such a way that the ratio Dr/D is constant,

Fig. 26—Phase distribution at slow (a) and intensive (b) cooling at the very beginning: 1, austenite; 2 and 5, martensite.

Fig. 27—Distortion map of an oil-quenched cylinder [48]. Fig. 28—Distortion map of an intensively quenched cylinder [48].

118 INTENSIVE QUENCHING SYSTEMS: ENGINEERING AND DESIGN



where Dr is thickness of the optimal layer and D is the
characteristic size of the part.

6. The basic regularities of stress distribution for bodies of
simple shape are attainable for bodies of more complex
configuration, as well.

7. It has been shown that high compressive stresses at the
quenched surface result in an increase in cyclic fatigue
strength.

8. The opportunity of using the regularities for the develop-
ment of intensive quenching technologies is emphasized.

9. The specific methods of using the optimal hard layer for
increase in service life of bearing rings and semi-axles
have been discussed.

10. The results of investigations are applied in practice.
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8
Steel Quenching in Liquid Media
Under Pressure
N. I. Kobasko1

8.1 INTRODUCTION
It has been shown in earlier chapters that during nonstation-
ary nucleate boiling, a self-regulated thermal process occurs,
where the surface temperature of a part to be quenched is
kept above the saturation temperature. This provides an
opportunity to greatly affect the martensite transformation
process by either retarding or accelerating it. There are two
methods available. The first is to use additional pressure to
increase the boiling point of the boundary liquid layer. The
second is to use high-concentration aqueous solutions of salts
or alkalis where the saturation temperature is increased. The
use of both approaches is effective when quenching high-
carbon steels where the martensite start temperature MS is
less than 200�C (that is,MS � 200�C).

Experimental studies have been conducted to examine
the effect of pressurization on the temperature distribution in
hardened parts, the probability of quench crack formation,
and distortion. By retarding the transformation of the super-
cooled austenite into martensite, there is an opportunity to
apply low-temperature thermomechanical treatment (LTMT)
to increase the mechanical and plastic properties of quenched
steels. Increasing the pressure increases the critical heat flux
densities qcr1 and qcr1 and decreases the probability of full film
and transitive boiling, which in most cases causes nonuniform
surface hardness and increased distortions.

Although these factors may justify the development of
new technologies, perhaps the most important is the potential
to control (regulate) the temperature field of a part to be
quenched when Bi fi 1. Generally when Bi fi 1, the surface
temperature of a part during quenching becomes equal to the
temperature of the quenchant, and therefore it is impossible
to change the temperature field of the part. During the boil-
ing process, the surface temperature decreases sharply to the
boiling temperature of the boundary liquid layer, and during
the self-regulated process it is maintained at approximately
at the same level. However, by applying pressure or additives
to the quenching solution, it is possible to vary the saturation
temperature, which will result in a change of the surface tem-
perature during the self-regulated thermal process. With high-
carbon steels, although the martensite start temperature MS

is below 200�C, it is still possible to increase the boiling tem-
perature of a boundary liquid layer up to MS, which will
retard the transformation of austenite into martensite when
the maximal temperature gradients are normally observed in
the part.

This concept may be used to control the temperature
field of a part to be quenched when Bi fi 1, which expands

the potential of LTMT and is a basis for the development of
new intensive quenching technologies. Experimental data
illustrating the use of this concept are presented below.

8.2 QUENCHING PROCESSES UNDER
CONTROLLED PRESSURE
Steel quenching processes performed using water and aque-
ous solutions under controlled pressure were studied using
the testing system shown in Fig. 1. The system consisted of
an induction heating device (5), a tightly closed quenching
chamber (2), a vacuum pump for evacuation and for crea-
tion of an underpressure in the chamber, a cylindrical pres-
sure vessel (7) with the compressed air, and measuring
devices (8–10) for monitoring temperature fields in test
specimens and pressure in the chamber [1,2].

Inside the chamber was an inductor (4), induction instal-
lation (5), coil pipe (1) for cooling (quenchant), electric heat-
ers, and a test specimen (8) suspended on a mobile rod,
which moves up and down by turning a solenoid (6) on or
off. Observation windows on lateral walls permitted visual
monitoring of the formation of vapor films throughout the
process. Compressed air was introduced into the chamber
from a tank (7), which was used for cooling specimens
under pressure. A vacuum pump was connected here for the
creation of underpressure above the bath and for vacuum-
cooling test specimens. The temperature of the quenchant
was measured at different points in the tank by using chromel-
copper thermocouples delivered through the bottom of the
chamber to potentiometer EPP-098. The temperature of the
specimen was determined by using chromel-alumel thermo-
couples inserted into the chamber through the seal in the top
cover. Temperature fields were recorded using two potentiom-
eters (EPP-09 and PS-11) and an oscillograph (N105) [1].

Tests were performed using a cylindrical specimen of
20-mm diameter made of austenitic Kh18N9T or Kh18N10T
(AISI 304) steel. Stainless steel specimen material was used
because when steel is austenitized, its thermal and physical
properties differ very little from the thermal and physical
properties of Kh18N9T (AISI 304) steel.

Differential chromel-alumel thermocouples were made
of 0.2-mm-diameter wire. The junctions of the thermocou-
ples were welded inside the test specimen, and at the sur-
face, the thermocouple extensions were recessed in grooves
and covered by foil. To prevent the possibility of quenchant
penetration into apertures at the end-face of a test specimen,
a tube was welded to isolate the inner thermocouples from
the liquid. The test specimen assembly was fixed on a mobile

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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rod, which, when the solenoid was turned on, pulled the
specimen into the inductor to be heated.

This test apparatus was used for the study of cooling
properties of quenchants under controlled pressure. For the
study of the effect of pressure on distortion and to assess the
probability of quench crack formation, a special experimen-
tal stand was made, consisting of a tightly closed tank inside
of which was an electric furnace used for heating of test
parts (see Fig. 2). At the bottom part of the electric furnace,

there was a door that was opened by an electric relay. When
heating to the austenitization temperature, a steel part was
suspended from a special device, which, when turned on,
dropped the part into the quenchant.

The quenching experiments were conducted as follows.
At the beginning of the experiment, the vacuum pump
removed air from the chamber, and the chamber was then
filled with an inert gas. When the electric furnace reached
the required austenitization temperature and after soaking
for the required time at temperature, the electric furnace
door was opened using an electric relay, the dropping device
was turned on, and the part was dropped (by gravity) into
the quench tank located at the bottom of the chamber. The
chamber was pressurized using an inert gas, which was deliv-
ered into the chamber from a tank. The part was unloaded
from the chamber through the hatch (4 in Fig. 2). A constant
quenchant temperature was maintained by the water-jacketed
chamber. For this purpose, casing (3) was attached to the
outer wall of the chamber, to which water was supplied.

Water and aqueous solutions of salts and alkalis of vari-
ous concentrations were used as quenchants for steel
quenching under pressure. The choice of solutions of salts
and alkalis was made with a double purpose. First, as has
been shown, there is an optimal concentration of salts and
alkalis in water, at which the first critical heat flux density
qcr1 reaches a maximum, that provides more intensive and
uniform cooling of a part’s surface due to minimization of
the probability of the formation of vapor films. The use of
aqueous solutions of salts and alkalis (electrolytes) of opti-
mal concentration together with high pressure significantly
raises the critical heat flux density. Second, the use of aque-
ous solutions of salts and alkalis of high concentration
increases the saturation temperature.

The test stand shown in Fig. 2 has been used to study
the effect of pressure on the steel quenching process. In par-
ticular, it can be used for the study of the effect of pressure
on the process of quench crack formation, deformation and
distortion, hardening capacity, and hardenability of steel
parts, as well as on the effect of pressure on residual stresses
that arise during quenching. Initially, the quenchants were
not agitated (still) during the steel quenching, and only natu-
ral circulation of the quenchant was observed.

The effect of pressure upon temperature distribution
was studied using a cylindrical specimen of 20-mm diameter.
Experiments were conducted at atmospheric pressure and at
pressures of 0.3, 0.6, and 0.9 MPa. Temperatures at various
points of the specimen are shown in Fig. 3. During cooling
in water under atmospheric pressure, nonuniform cooling
of the part’s surface was observed due to the formation of
localized vapor films. When the pressure on the quenchant
was increased, the film boiling process disappeared, and the
temperature of the surface of the part decreased quickly to
the saturation temperature of the quenchant, after which
nucleate boiling proceeded to the saturation temperature of
the quenchant.

Fig. 3 shows that, during nucleate boiling at atmos-
pheric pressure for 10 s, the temperature at the surface of a
specimen changed from 120�C to 100�C, while at the center
of the specimen, the temperature changed from 730�C to
250�C. At high pressure, in particular, 7 3 105 Pa (0.7 MPa),
the temperature at the surface sharply decreased to 190�C
and, after 10 s, to approximately 170�C. In this same time,
the temperature at the distance of r/R ¼ 0.31 was reduced

Fig. 1—Schematic illustration of the installation used for quench-
ing steel test specimens in liquid media using controlled pressure:
1, coil pipe; 2, chamber casing; 3, test specimen; 4, inductor; 5,
induction installation; 6, solenoid; 7, tank with compressed air;
8 and 9, potentiometers EPP-09 and PS-11; 10, oscillograph N105;
11, rectifier V-26.

Fig. 2—Testing installation for steel quenching in water and aque-
ous solutions under controlled pressure: 1, installation case; 2, elec-
tric furnace; 3, chamber casing; 4, hatch for unloading parts; 5,
tank with compressed gas; 6, test specimen; 7, door of the electric
furnace, under which there is a sliding reflecting screen.
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from 730�C to 220�C. When the pressure was increased fur-
ther, the temperature of the surface also increased. During
nucleate boiling, this temperature did not change signifi-
cantly, and with increasing pressure, the duration of nucle-
ate boiling decreased somewhat, transitioning earlier into
single-phase convection.

These results are important from a practical point of
view since the transformation of the supercooled austenite
into martensite—in particular, for high-carbon steels—starts at
200�C and below. For low-carbon and medium-carbon steels,
the martensite start temperature MS is characteristic, below
which, with an increase in cooling rate, intensive transforma-
tion of a greater part of austenite into martensite starts. For
medium-carbon steels, the MS temperature is approximately
150–200�C. Therefore, for these steels, the application of a
low pressure over the liquid quenchant during quenching
will delay the transformation of a greater part of austenite
into martensite, and for high-carbon steels, transformation is
completely avoided. Such a delay is feasible only during
nucleate boiling where there is a minor alteration of the sur-
face temperature and essential change of temperature of
inner points of the specimen.

It should be noted that one can delay the phase trans-
formations through pressure by reducing martensite start
temperature MS instead of increasing the surface tempera-
ture of a body up to MS. In practice, low pressures do not
exhibit an effect upon MS temperature. Only at very high
pressure (about 3 3 108 Pa or 300 MPa) will a shift of MS

to a lower temperature occur.
Fig. 3 also shows that when quenching in water, high

thermal gradients may occur during nucleate boiling, which
would lead to high thermal stresses. In addition, because of
the high specific volume of martensite formed as a result of
the quenching process, significant transformational stresses
would be formed as well. It is necessary to consider that
untempered martensite is a fragile microstructure, and the
transformation of austenite into martensite in the presence
of high thermal gradients is associated with the danger of
quench crack formation. The delay of transformation of aus-
tenite into martensite during nucleate boiling minimizes the
possibility of crack formation. Shteinberg [3] has noted that
quench cracks arise only when there is more than 50 % mar-
tensite in the supercooled austenite. Quench cracks do not

form in this case because of the high plasticity of super-
cooled austenite. Therefore, control of pressure during steel
quenching is a powerful tool to control distortion and
quench-cracking of parts.

The use of variable pressure is of interest because, in
practice, it is difficult to control pressure at a constant level.
When loading and unloading parts from the quench cham-
ber, the pressure decreases to atmospheric pressure. To
study the effect of variable pressure on temperature at the
surface of a part during quenching, an experiment was per-
formed in the system shown in Fig. 1. The chamber pressure
from the time of immersion of the heated specimen into a
quenchant increased from atmospheric to 9 3 105 Pa
(0.9 MPa). Fig. 4 shows the linear variation of surface tem-
perature of a cylindrical 20-mm-diameter specimen versus
pressure.

Inner points of the specimen during nucleate boiling
were intensively cooled, and with increasing pressure, the
surface temperature at first increased slightly and then
decreased to the quenchant temperature. The slight increase
of surface temperature came about because, at the comple-
tion of the nucleate boiling process, the chamber pressure
increased insignificantly, and only during convection did it
reach 0.9 MPa. This shows that it is possible to control the
surface temperature using pressure only during nucleate
boiling. During convection, it is practically impossible to con-
trol the surface temperature.

This observation has also been shown by numerical cal-
culations described in [1]. Fig. 4(b) provides experimental
data illustrating the effect of variable pressure during a vari-
ation of temperature at the surface and within the specimen
[1]. Therefore, by both experimental and numerical data, the
character of variation of temperature at the surface and
within a steel test specimen is identical.

However, numerical calculations show that cooling
within a test specimen is somewhat faster than indicated by
experimental data. This is explained as follows. Upon immer-
sion of a test specimen in a quench tank at atmospheric
pressure, localized vapor films are formed, and once formed,
they do not disappear even with a further increase in

Fig. 3—Effect of pressure on the temperature field of a cylindrical
specimen of 20-mm diameter made of steel Kh18N9T (AISI 304):
I, 0.1 MPa; II, 0.4 MPa; III, 0.7 MPa (R is the radius of the cylinder;
r is the coordinate or distance from the core).

Fig. 4—Effect of variable pressure during a change in tempera-
ture at the surface and core of a 20-mm-diameter cylindrical
Kh18N9T (AISI 304) steel test specimen during cooling in water at
20�C: (a) numerical calculation; (b) experimental data; 1, at the
surface; 2, at a point a distance of 6.2 mm from the center.
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pressure. This may occur outside of a junction of the ther-
mocouple welded in the specimen and appreciably slow
down the cooling rate at points within the specimen.

It is of practical interest to study the effect of variable
pressure on the surface temperature during nucleate boiling.
Fig. 5 presents the effects of variable pressure on the tem-
perature at the surface of a test specimen during cooling
from 850�C in water at 20�C. When the pressure changes
harmonically in this way, the surface temperature changes
harmonically also. This is typical for a nucleate boiling proc-
ess. Calculations have shown that during convection there is
an insignificant change in the surface temperature due to
the change in physical characteristics of the quenchant.

Fig. 6 illustrates the effect of pressure on the tempera-
ture field for a cylindrical specimen obtained using a finite-
difference numerical computation. These data show that

during the existence of high thermal gradients inside a
cooled specimen, the surface temperature is 10–30�C greater
(depending on the size of a specimen) than the saturation
temperature of the quenchant. At the conclusion of the
nucleate boiling process, the temperature gradient is equal-
ized and the temperature of the specimen gradually
decreases to the temperature of the quenchant.

It is known that high intensity of heat transfer during
nucleate boiling is due to the formation, growth and dis-
patch of vapor bubbles which causes the heat transfer. For
the formation and growth of vapor bubbles, it is necessary
that the boundary liquid layers be superheated to a tempera-
ture above the saturation temperature.

Not all vapor bubbles in a superheated liquid are able
to undergo further growth, but only those whose diameter
exceeds the critical size Dmin, which is determined by:

Dmin ¼ 4rTS

r00r�ðT � TSÞ ; ð1Þ

where:
r is surface tension;
r* is the latent heat of vapor formation;
TS is the boiling (saturation) temperature;
T is temperature of a wall; and
r00 is the density of vapor.
Therefore, as shown in Fig. 6, during nucleate boiling, the
temperature field of parts to be quenched can be controlled
by pressure.

Table 1 shows the effect of pressure on the temperature
of a boundary liquid layer. With increasing pressure, the sur-
face temperature is always higher than the boiling tempera-
ture of a boundary liquid layer by 10–30�C and changes
insignificantly during nucleate boiling, as shown in Fig. 6.

Thus, by changing pressure, one can effectively control
the surface temperature of a part to be quenched under any
given condition, which can be used for controlling the proc-
ess of transformation of supercooled austenite into martens-
ite. Using CCT (continuous cooling transformation) diagrams
and knowing the martensite start (MS) temperatures, one
can design optimal steel quenching conditions using Table 1.

8.2.1 Formation of a Boundary Liquid Boiling Layer
and Critical Heat Flux Density
Previously, the effect of pressure on the temperature field
during quenching was discussed. Upon immersion of auste-
nitized steel into a quenchant, nucleate boiling occurs imme-
diately, but the surface temperature can be controlled by
pressure. However, during quenching, the formation of local-
ized and stable vapor films, which interrupt the overall sur-
face cooling process, was observed. This nonuniform film
boiling process is undesirable in industrial quenching proc-
esses since it results in nonuniform surface hardness, defor-
mations, distortions, and so on. Therefore, it is of practical
interest to consider the effect of pressure on the formation
of a boundary liquid boiling layer and the occurrence of
film boiling.

When a heated specimen is immersed into an under-
heated liquid, the boundary liquid boiling layer is formed
first, after which nucleate or film boiling appears. Typically,
the formation of a boundary liquid boiling layer in nonsta-
tionary conditions of heat transfer is usually not considered;
however, this is the initial phase from which all other boiling
processes start to develop. This is evident when considering

Fig. 5—Effect of a harmonic variation of pressure on surface tem-
perature of a cylindrical 20-mm-diameter Kh18N9T (AISI 304) test
specimen, cooled in water at 20�C: (a) at a frequency of 1 Hz; (b) at
a frequency of 0.25 Hz; 1, surface temperature; 2, core temperature.

Fig. 6—Temperature field of a 20-mm-diameter cylindrical Kh18N9T
steel test specimen cooled from 850�C in water at 20�C: (a) at atmos-
pheric pressure; (b) at a pressure of 7 3 105 Pa (0.7 MPa); (c) at a
pressure of 10 3 105 Pa (1 MPa).
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the time dependence of heat flux density by solving reverse
problems of nonstationary thermal conductivity [4,5]. For
this work, cylindrical specimens of 20 and 30-mm diameter
were cooled in water at various temperatures under atmos-
pheric and higher pressure conditions.

Calculations showed that the heat flux density during
water quenching of a 30-mm-diameter specimen at first
grows from zero to 6.8 MW/m2 and then drops sharply, as
shown in Fig. 7. When cooling from 840�C, two maxima of
heat flux density are observed, which are attributable to the
first and second crises of boiling [5]. In the first part of the
curve (see Fig. 7), for rather a short time (0.2 s), the bound-
ary liquid boiling layer is formed and the first critical heat
flux density qcr1 is reached. Then the process of film boiling
occurs, and the second maximum of heat flux density is
caused by the second crisis of boiling. As the initial tempera-
ture decreases, which is equivalent to a decrease in the heat
flux density, the second maximum must disappear, because
at small heat flux densities the crisis of boiling may not occur.
In this case, a boundary liquid boiling layer is formed and the
liquid boils, during which the heat flux density reaches a maxi-
mum that depends on the temperature gradient of the body

and thermal conductivity of the material. Then, the heat flux
density decreases approximately exponentially. This change in
the heat flux density is observed during cooling a cylindrical
specimen of 30-mm diameter from 447�C in water at 20�C
(Fig. 7(b)).

For the test specimens studied, a boundary liquid boiling
layer is formed for a short time. For example, during cooling
of a 30-mm-diameter cylindrical specimen from 850�C in
water at 20�C, the time of the first period, during which the
first maximum of heat flux density is reached, is approxi-
mately 0.2 s, while the time of nucleate boiling for this speci-
men is 22 s. The time of the first period is thus about 1 % of
the total time of nucleate boiling.

In some cases, there may be no experimental data for
boundary conditions for the first period; the time may be
neglected since nucleate boiling is established immediately
upon immersion into the quenchant. Such an approach pro-
vides only an approximate solution; however, when there is
no film boiling, satisfactory agreement between computed
data and experimental results is obtained.

Fig. 7(a) shows that when there is film boiling, the heat
flux density during cooling reaches a critical value that
agrees well with experimental results obtained under station-
ary conditions. Table 2 below presents results of the determi-
nation of the first critical heat flux density qcr1 versus water
temperature based on experimental data.

When the pressure increases, qcr1 increases. Tolubinskiy
and Fedorchenko [6,7] studied the effect of pressure and
deep underheating on the first critical heat flux density.
Some of their results are presented in Fig. 8. These data
show that steel quenching under pressure possesses a num-
ber of advantages. By increasing pressure, not only is the
process of transformation of austenite into martensite dur-
ing the period of high thermal stresses delayed, but the value

TABLE 1—Water saturation temperature versus pressure

P (MPa) TS (�C) P (MPa) TS (�C) P (MPa) TS (�C) P (MPa) TS (�C)

0.1 99.64 1.1 184.05 2.1 214.84 3.2 237.44

0.2 120.23 1.2 187.95 2.2 217.24 3.4 240.88

0.3 133.54 1.3 191.60 2.3 219.55 3.6 244.16

0.4 143.62 1.4 195.04 2.4 221.77 3.7 247.31

0.5 151.84 1.5 198.28 2.5 223.93 3.8 250.33

0.6 158.84 1.6 201.36 2.6 226.03 3.9 253.24

0.7 164.96 1.7 204.30 2.7 228.06 4.0 256.05

0.8 170.42 1.8 207.10 2.8 230.04 4.1 258.75

0.9 175.35 1.9 209.78 2.9 231.96 4.2 261.37

1.0 179.88 2.0 212.37 3.0 233.83 4.3 263.91

Fig. 7—Heat flux density versus time during the cooling of a cylin-
drical specimen of 30-mm diameter in water at 20�C: (a) cooling
from 840�C; (b) cooling from 447�C.

TABLE 2—The first critical heat flux density
qcr1 versus water temperature

T (�C) 0 18 38 75 89 100

qcr1 (MW/m2) 6.5–7 5.8 4.8 2.4 1.91 1.45–1.6
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of qcr1 is significantly increased, which will result in the
avoidance of the formation of vapor films.

When the pressure increases, underheating of the liquid
also increases because the saturation temperature increases
(see Table 1). The greater the underheating of a liquid with
respect to the saturation temperature, the more heat is nec-
essary for the formation of a boundary liquid boiling layer,
the lower the temperature at the surface of a part during
quenching, and the lower the probability of the formation of
vapor films.

To examine this process in detail, consider the time
dependence of the heat flux density during cooling of a
30-mm-diameter cylindrical specimen in an alkaline solution
of sodium hydroxide (NaOH), where the critical heat flux den-
sity qcr1 is higher than the initial maximum heat flux density
(see Fig. 9). The maximum heat flux density does not exceed
11 MW/m2, while qcr1 during quenching under pressure or in
aqueous solutions of alkalis is much higher than this value.

During steel quenching under pressure in an aqueous
electrolyte solution, in some cases there is no film boiling at
all. The only phenomenon observed is the formation of a
boundary liquid boiling layer, which may be neglected with
minimal error. The primary cooling processes are nucleate
boiling and single-phase convection. The absence of film

boiling during steel quenching is notable, because it was for-
merly believed that during steel quenching from high tem-
peratures, full film boiling would always be observed.

8.3 EFFECT OF PRESSURE ON QUENCH
CRACK FORMATION
When there is no film boiling during steel quenching, high
temperature gradients are observed, because during nucleate
boiling the most intensive heat transfer at which Bi fi 1 is
obtained. Therefore, it is necessary to determine if it is possi-
ble to avoid quench crack formation during intensive heat
transfer due to the increase in pressure upon the quenchant.
It is also important to determine the effect of pressure on
quench distortion. Therefore, a study was conducted using
the experimental test rig shown in Fig. 2 to determine the
effect of pressure on distortions and quench crack forma-
tion. The experiments were conducted using bearing rings
and split keys made of ShKh15 (AISI 52100) steel. Parts
made of this steel are among the most sensitive to quench
crack formation, especially during quenching in water, and
for this reason they were selected for this study.

The bearings were heated to 860–870�C, and then they
were quenched in water until the cooling process was com-
plete. Constant pressure was maintained on the surface of
the quenchant. As the pressure increased, the probability of
quench crack formation decreased, as shown in Fig. 10. Dur-
ing water quenching at atmospheric pressure, all of the test
specimens possessed quench cracks observable to the naked
eye. As the pressure increased, the number of test specimens
with cracks sharply decreased. At a pressure of 10 3 105 Pa,
cracking was observed only on a few specimens. It was not
possible to avoid the quench crack formation completely,
because during water quenching the convection heat trans-
fer coefficient is quite large and therefore thermal stresses
during single-phase convection are still sufficient to cause
some cracking.

To reduce the convection heat transfer coefficient in
water, various salts and alkalis can be added. At a 20 % con-
centration of salts and alkalis in water and a pressure of
3 3 105 Pa, crack formation was completely avoided. For
this experiment, aqueous solutions of calcium chloride
(CaCl2) and sodium hydroxide (NaOH) were used.

Quench cracks were not formed during quenching in
high-concentration, aqueous solutions at atmospheric pressure
if the concentration of the solutions provided a boiling tem-
perature of the boundary liquid layers of about 130–140�C.

Fig. 8—First critical heat flux density qcr1 versus pressure and tem-
perature of water.

Fig. 9—Heat flux density versus time during cooling of a cylindri-
cal specimen of 30-mm diameter from 830�C in 5 % aqueous
solution of NaOH at 20�C.

Fig. 10—Effect of pressure on the quenchant on quench crack for-
mation for bearing rings made of ShKh15 (AISI 52100) steel: X,
208/01 bearing ring; O, 308/01 bearing ring. Temperature of the
water quenchant was 30–40�C.
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8.3.1 Quenching in Aqueous Solutions of Salts
and Alkalis of High Concentration
High concentrations of salts and alkalis, for example, calcium
chloride and sodium hydroxide, in water raise the boiling tem-
perature of the solution, and therefore, the application of high-
concentration solutions is equivalent to an increase of pressure.
Furthermore, the increase of salt and alkali concentrations
results in the reduction of the convection heat transfer coeffi-
cient. Therefore, the cooling rate is reduced during the transfor-
mation of austenite into martensite, which reduces quench
crack formation. Fig. 11 shows the temperature at the surface
of a part during quenching in water at 20�C, and in a high-con-
centration solution of calcium chloride and oil.

When quenching in a salt solution, the surface tempera-
ture increases. However, during quenching in water and
high-concentration salt solutions, film boiling is observed
due to the delay of the cooling process. By increasing the
concentration of salts and alkalis in water, the critical heat
flux density qcr1 decreases. Therefore, when quenching in
high-concentration solutions of salts and alkalis, the possibil-
ity of quench crack formation is eliminated and distortion,
as shown in Fig. 12, is minimized.

The reduction of ovality of rings during quenching in
aqueous solutions is related to the delay of transformation
of austenite into martensite, which reduces transformational
stresses due to the different specific volumes of microstruc-
tures formed. This process leads to a nonuniform phase
transformation, which is why nonuniform cooling results in
increased deformations and distortion.

When quenching into solutions with an increased boil-
ing temperature in the range of 130–140�C, quench cracking
was not observed with specimens made of ShKh15 (AISI
52100) steel, as shown in Table 3. Fig. 13 illustrates the cool-
ing process for the inner points of a split key performed in
various quenchants. The cooling rate of specimens in water
and aqueous solutions, within the range of temperatures of
200–300�C, differs very little. This suggests that the slight
increase of the surface temperature during nucleate boiling
led to a delay of the transformation of austenite into mar-
tensite, during which time high thermal stresses exist, and
therefore no quench cracks were formed.

The test specimens, whose shapes are shown in Fig. 14,
were bearing rings, split keys made of ShKh15 (AISI 52100)
steel used in automobile industry, and splined specimens of
half-axles of KRAZ (Kremenchuk Automobile Zavod) auto-
mobiles. The test specimens were made of AISI 1045, 47GT,
and 40KhN2MA (AISI 4340) steel. In addition, cylindrical
specimens of 6-mm diameter of 45, 40Kh, U7A, and 60SA
steels were prepared for a break test and for the study of the
quenching process. The chemical composition of various
steel grades is presented in Table 4. The critical points of
phase transformations for the mentioned steel grades are
presented in Table 5.

These data show that even a slight increase in the tem-
perature at the surface of parts to be quenched during
nucleate boiling by increasing pressure or by the use of vari-
ous additives to increase the boiling temperature of the solu-
tions results in a sharp reduction or full elimination of
quench crack formation.

The application of high-concentration aqueous solutions
in practice is not always expedient because equipment may
become contaminated, corrosion of the metal surface
occurs, and additional costs for the purchase of chemicals
are required, along with increased environmental concerns.
Therefore, most quenching is performed in water under
pressure or, in some cases, under pressure in aqueous salt
solutions at their optimal concentration. In case of quench
crack formation during quenching in water under pressure,
the cooling process is interrupted at the end of the nucleate
boiling process. Subsequent cooling is performed much
more slowly, either in air or in a slower quenching media.
For this purpose it is important to be able to calculate the
duration of nucleate boiling, that is, the duration of time
during which there is a delay of transformation of a great
bulk of the supercooled austenite into martensite.

8.4 THERMOMECHANICAL TREATMENT OF
STEELS WITH THE USE OF PRESSURE
Steel quenching in water and electrolytes of optimal concen-
tration and increased boiling temperature is similar to iso-
thermal quenching, except that with isothermal quenching

Fig. 11—Surface temperature versus time for bearing ring 308/01
cooled in water at 20�C (solid curves); an aqueous solution of
CaCl2 (q ¼ 1,280 kg/m3) at 30�C (dashed curves); and oil (dash-
and-dot curve).

Fig. 12—Ovality of bearing rings 208/01 (a) and 308/01 (b) during
quenching from 860�C in various quenchants at 30–40�C in: 1, oil;
2, an aqueous solution of CaCl2 (q ¼ 1,280 kg/m3); 3, water.
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the cooling process is slowed and it is necessary to use high-
alloy steels to obtain hardenability. Isothermal quenching
can be performed for parts of small sizes. Unlike isothermal
quenching, quenching under pressure can be performed
only during nucleate boiling; at the conclusion of nucleate
boiling, the surface temperature approaches the quenchant
temperature, so it is important to calculate the duration of
nucleate boiling.

Isothermal quenching is performed in molten salts, hot
oils, molten metals, or other media where the temperature is
maintained above or near the martensite start temperature
MS. Therefore, during isothermal quenching, transformation
of austenite into martensite is prevented because the bath
temperature Tm is higher than the martensite start tempera-
ture, that is, Tm � MS. The microstructure of the steel after
isothermal quenching is finely divided sorbite or bainite.

To expand the potential of isothermal steel quenching in
molten salts, a small amount of water is added to increase
the quenching severity [8,9]. However, relative to quenching
in water and electrolytes, the cooling capacity of such mol-
ten salts with water additions is rather low. Quenching in
water and in aqueous solutions under pressure eliminates
these shortcomings [1].

As indicated previously, it is possible to use high-
concentration aqueous solutions of salts and alkalis. Fig. 15
illustrates the boiling temperature versus the concentration of
sodium hydroxide (NaOH) and potassium hydroxide (KOH) in
water. High solubility of alkalis can be obtained using warm
water. For isothermal quenching, it is not necessary to warm
the aqueous solution up to temperature MS; it is sufficient if
the boiling temperature of the solution is at MS.

This process was demonstrated as follows. A part was
heated to the austenitization temperature and immersed into
the quenching solution, for example, a 50 % sodium hydrox-
ide solution at 30–40�C. The boiling temperature of the
boundary liquid layer of such a solution, according to the
data shown in Fig. 15, is approximately 150�C. At the conclu-
sion of nucleate boiling, the duration of which was calcu-
lated as shown in Chapter 5, the part was cooled in air or
was placed into an electric furnace at 150–200�C. If higher
isothermal temperatures are required, solutions of higher
concentrations are used. In this case, to increase of solubility
of salts and alkalis, it was necessary to increase the bath tem-
perature (see Fig. 15).

Methods of low-temperature thermomechanical treat-
ment (LTMT) have been developed for isothermal quenching
processes. Typically, after austenitization, a part is cooled to
a temperature at which the supercooled austenite contains

TABLE 3—Effect of saturation temperature of salt solutions upon quench crack formation in split
keys made of ShKh15 (AISI 52100) steel

Quenchant
Temperature of
quenchant (�C)

Density of
quenchant (kg/m3)

Saturation
temperature (�C)

Number of parts
with cracks

Surface hardness
(HRC)

Water solution
of NaOH

22 1,000 100 50 64

24 1,250 107 60 65

24 1,330 116 10 64.5

Aqueous solution
of CaCl2

45 1,480 130 0 64.5

Oil 26 890 — 0 62

Fig. 13—Temperature at the center of a split key versus time dur-
ing quenching from 850�C in various quenchants: I, an aqueous
solution of NaOH at 40�C (q ¼ 1,250 kg/m3); II, an aqueous solu-
tion of NaOH at 24�C (q ¼ 1,330 kg/m3); III, an aqueous solution
of CaCl2 at 27�C (q ¼ 1,480 kg/m3); IV, a solution of 40 % glycerin,
20 % NaCl, and 40% water. The solid line denotes water at 22�C;
the dashed line denotes oil at 24�C.

Fig. 14—Shapes of the specimens studied: (a) specimen for break
test; (b) slot specimen of a half-axle of KRAZ automobile; (c) split
key; (d), (e), and (f) bearing rings.
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no more than 25 % martensite, and the part is maintained at
this temperature. The temperature is equalized throughout
the part, at which time the parts are cooled under pressure
in an aqueous electrolyte solution at an optimal concentra-
tion. The required isothermal temperature is dependent on
the pressure. At the conclusion of the process, the part is
subjected to plastic deformation, and then it is intensively
quenched to achieve complete transformation of the austen-
ite into martensite.

Another method of LTMT [10] involves cooling the part
to a temperature where it is held isothermally so that, in the
supercooled austenite, no more than 50 % martensite is
formed. Then the part is subjected to the further treatment
as described above [10–13]. The distinctive feature of this
method is that the part is held isothermally in a cold quen-
chant, where temperature is controlled by pressure. This
method extends the potential of LTMT since intensive
quenching is performed, which allows the use of carbon

steels and parts with a large section size. Isothermal transfor-
mation temperatures where no more than 25 % martensite
is formed in austenite are given in Table 6. For many steel
grades, the application of pressure for the implementation
of isothermal transformation during intensive quenching is
required.

If equipment has not been modified for pressurization,
it is sometimes possible to use high concentrations of aque-
ous salt solutions. However, is it impossible to perform this
process without pressurization when conducting the quench-
ing process at first in water at atmospheric pressure and
then subjecting the parts to plastic deformation as described
above, because when cooling in water, at the surface temper-
ature where there are no local vapor films, the temperature
quickly cools to the saturation temperature of water
(100–130�C). Therefore, in the surface layers of the part for
the majority of steel grades, more than 50 % martensite is
formed. Subjecting such a part to further treatment, such as

TABLE 4—Chemical composition of steels

Steel grades

Percentage of composition (% weight)

C Si Mn S (max) P (max) Cr Ni Others

45 AISI 1045 0.42–0.50 0.17–0.37 0.5–0.8 0.04 0.04 0.25 0.25 —

40Kh AISI
5140

0.36–0.44 0.17–0.37 0.5–0.8 0.035 0.035 0.80–1.10 0.25 —

ShKh15 AISI
52100

0.95–1.10 0.15–0.35 0.20–0.40 — — 1.30–1.65 0.25 —

40KhN2MA
AISI 4340

0.37–0.44 0.17–0.37 0.50–0.80 — — 0.60–0.90 1.25–1.65 0.15–0.25

60S2 AISI
9260

0.57–0.62 1.05–1.20 0.60–0.90 0.04 0.04 0.30 0.40 0.25

U7A AISI
1070

0.65–0.74 0.15–0.30 0.15–0.30 — — 0.15 — —

U8 AISI 1080 0.75–0.84 0.15–0.30 0.15–0.30 — — 0.15 — —

U12 AISI W1 1.15–1.24 0.15–0.35 0.15–0.35 — — 0.20 — —

TABLE 5—Temperatures of phase transformations
of steel grades studied

Steel grade Ac1 Ac3 MS (�C)
Temperature of
heating (�C)

45 AISI 1045 740 805 345 850

40Kh AISI 5140 730 760 330 840

40KhN2MA AISI
4340

680 775 390 830

60S2 AISI 9260 775 830 300 860

U7A AISI 1070 720 760 280 810

U8 AISI 1080 730 740 245 800

U12 AISI W1 720 — 200 780–800

ShKh15 AISI 52100 750–795 — 245 860

CHAPTER 8 n STEEL QUENCHING IN LIQUID MEDIA UNDER PRESSURE 129



plastic deformation, isn’t reasonable since the martensite has
not been tempered and is a fragile microstructure that,
under the effect of mechanical loadings, can break. In addi-
tion, during water quenching, film boiling is observed, which
slows the cooling process and leads to potential transforma-
tion of austenite in the intermediate area.

The use of pressure is also effective for high-temperature
thermomechanical treatment (HTMT) for parts exposed to
stamping or rolling in dies where some portion may undergo

partial cooling. For example, during rolling of ShKh15 (AISI
52100) steel bearing rings in dies of an automated line, the
rings are partially cooled, and afterward it is impossible to
implement HTMT using the usual conditions. During quench-
ing in oil, troostite spots are formed in the cooled area of a
ring; when quenching in water, there is a high probability of
quench crack formation and there are large tensile residual
stresses that exhibit an adverse effect on the service life of the
bearings. This is one reason why HTMT is not now used in the
bearing industry [10–14].

However, this problem can be solved if the rings after
rolling are quickly cooled to a temperature where the super-
cooled austenite contains no more than 50 % martensite and
then maintained at the same temperature until the tempera-
ture is equalized throughout the cross-section of the ring, at
which time the rings are cooled in a jet of wet air or in
another slow-cooling quenchant. Using this technology, parts
are quickly cooled to an intermediate temperature so that
troostite spots are not formed, and the same temperature is
maintained for a sufficient time until a great bulk of austen-
ite is transformed into martensite, which eliminates the pos-
sibility of quench crack formation. This quenching process
may be conducted with the use of electrolytes at an optimal
concentration and pressure according to conditions
described above.

8.5 QUENCH PROCESS UNDER PRESSURE
FOR TOOLS
The method of quenching in water and aqueous solutions
under controlled pressure, or in high-concentration aqueous
solutions of salts and alkalis that increase the boiling temper-
ature, may be effectively used in the tool industry to take
advantage of intensive quenching technologies for tools and

Fig. 15—Boiling temperature of solutions (1) and their maximal
solubility in water (2) versus concentration in water: black data
points, NaOH; white data points, KOH.

TABLE 6—Isothermal temperatures for various steel grades
where no more than 25 % martensite in the supercooled
austenite is formed

Steel grade
Austenitization
temperature (�C)

Content of
carbon in
steel (%)

Temperature

MS

Formation of
25% martensite

30G2M — 0.30 350 320

40KhM — 0.38 350 280

40 (AISI 1040) 850 0.43 340 250

50 (AISI 1050) 825 0.53 310 290

45(AISI 1045) 880 0.44 350 310

R18 (AISI T1) 1,300 0.72 190 150

R18K5 — 0.72 185 130

ShKh15 (52100) 860 1.04 245 190

ShKh15SG 850 0.99 200 120

9Kh (AISI L2) 980 0.97 150 90

Carburized 20KhN2M
(4320)

850 1.18 140 120

U8 ( AISI 1080) 850 0.81 235 150

U10 (AISI W1) 780 1.1 200 130
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other parts made of high-carbon steels. Intensive quenching
is important since it not only yields advantages related to
increasing labor productivity and hardenability of steel but
also provides improvement in the mechanical properties and
thus the service life of tools. However, during intensive
quenching, thermal and transformational stresses are high,
and therefore the probabilities of material failure increases.
For example, in practice, quenching processes are usually
conducted in oil, which may prove insufficient for tools
because of low cooling rates. During intensive quenching in
water, for example, high transformational and thermal
stresses may lead to quench crack formation. Quenching
tool steels in water and aqueous solutions under pressure
eliminates this problem.

Fig. 16 presents the basic scheme of an automated proc-
ess for steel heat treatment under controlled pressure. The
quenching process is conducted as follows. When the piston
is at starting position I, the part (5), which is austenitized, is
delivered to the tray (1). At this time, the driving mechanism
is turned on, and the piston occupies work position II, her-
metically closing the top of the quench tank. Simultaneously,
through an aperture (2), compressed air is introduced, creat-
ing the necessary pressure between the quenchant and the
piston (cover). Pressure is delivered so that the quenchant
saturation temperature approximates the MS temperature.
When quenching in water under pressure, during nucleate
boiling there is a delay in the transformation of austenite
into martensite; therefore, the effect of high thermal stresses
consists of the supercooled austenite. Quench cracks under
these conditions are not formed.

After nucleate boiling is completed, the surface tempera-
ture decreases to quenchant temperature. The formation of
the ferromagnetic martensitic phase is fixed by the solenoid
(6). The signal from the solenoid is amplified (A) and trig-
gers the relay (R) to actuate the driving mechanism (G),
which moves the piston (3) to top starting position I. The

part (5) is ejected from the tray (1) and delivered for temper-
ing. It is replaced by the next part, and the cycle is repeated
again [1]. This cooling process may be used for continuous
automated industrial lines.

This described quenching method [1] expands the
potential of low-temperature thermomechanical treatments.
At the end of the nucleate boiling process, the steel part con-
sists wholly or partially of supercooled austenite. The tem-
perature in the core of the part at the end of nucleate
boiling, depending on its size and system pressure, reaches
values related to the relative stability of supercooled austen-
ite. Therefore, after nucleate boiling, the part consists com-
pletely of supercooled austenite and can be subjected to the
plastic deformation, that is, LTMT. In this case, the mechani-
cal and plastic properties of the steel are improved.

The method of steel quenching in water and aqueous
solutions under controlled pressure can be effectively
applied for those steel grades that have a martensite start
temperature MS equal to or less than 200�C. For medium-
carbon steels, intensive quenching within the martensite
range is recommended [14–16].

8.6 PROSPECTS OF STEEL QUENCHING IN
LIQUID MEDIA UNDER CONTROLLED PRESSURE
Steel quenching in water and aqueous solutions under con-
trolled pressure possesses a number of advantages relative
to other cooling processes. One advantage is that water is
the least expensive quenchant. Another advantage is that,
when quenching in water under pressure, high heat transfer
coefficients are achieved, which improves the ability to
harden steel considerably. Water is the most common quench-
ing medium, and it is also used for superficial quenching of
parts during induction heat treatment.

Pressure-controlled delay of transformation of austenite
into martensite during nucleate boiling with the further inten-
sive quenching during convection provides further improve-
ment in mechanical properties, thus expanding the potential
of LTMT. For the implementation of steel quenching in water
and aqueous solutions under controlled pressure, it is neces-
sary to construct custom quenching installations and devices.
Such installations and devices can be connected in a single
industrial line, with the continuous production process begin-
ning from processing preforms with a lathe and finishing with
the release of heat-treated parts.

Since it is necessary to intensify heat transfer within the
martensite range to provide the condition of Bi fi 1, the
mathematical description of quenching processes under
these conditions becomes considerably simpler. Reliable con-
trol over the temperature field of parts to be quenched
under conditions close to Bi fi 1 using water and applying
computer-aided control systems will expand opportunities
for the use of controlled pressure quenching processes to
obtain high-strength and heavy-duty materials. Intensification
of the heat transfer process during martensitic transforma-
tion improves steel strength, which significantly increases
service life even of carbon steels. Therefore, a great bulk of
machine parts, work tools, and equipment of various kinds
may be made of inexpensive carbon steels, while more
expensive alloys may be saved for other purposes.

The immediate tasks in the improvement of steel
quenching technology are the description of all processes by
mathematical models and the development of computer
automated production lines [17–19].

Fig. 16—Basic scheme of the automated process of steel quench-
ing in water and aqueous solutions under pressure: 1, tray; 2,
aperture for pumping in compressed air; 3, mobile piston (cover);
4, case of the quench tank; 5, the part to be quenched; 6, sole-
noid for fixing the initial time of transformation of austenite into
martensite; A, the amplifier of a signal of the martensite start;
R, relay of current; G, driving mechanism; I, starting position;
II, work position.
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Another interesting development is the increasing use of
vacuum furnaces for heat treatment of tools utilizing water
and aqueous solution quenching under pressure. In this
case, heating of tools is performed in vacuum, and quench-
ing is performed in an adjacent chamber under pressure.

In practice, heat treatment of tools is often performed
with isothermal quenching in molten salts. The quenching
method described above permits the replacement of molten
salts with aqueous solutions of salts and alkalis at high con-
centration, which possess a high boiling temperature of a
boundary liquid layer—that is, MS � TS—considerably reduc-
ing costs and simplifying heat treatment.

To illustrate, consider the process of quenching a part in
clamped condition (fixture or press quenching) using quen-
chants under pressure [1,20–24]. Parts made of alloyed steels
are usually cooled in oil in the clamped condition to minimize
distortion. There are many special installations, one of which
is shown in Fig. 17 [25], that can be adapted for quenching
parts in water under pressure. Such processes are efficient
when using high-carbon steels with an MS of approximately
200�C or lower. In this case, the martensite transformation
may be delayed to obtain optimal mechanical properties.

During phase transformations, superplasticity is observed
where resistance to deformation is reduced by two or three
orders of magnitude [20]. This provides new opportunities for
punching by minimizing deformability and distortion of hard-
ened parts and reduces defects due to turning [21–24].

Quenching of stamps under pressure permits the use of
water instead of oils, since pressurization increases the satura-
tion temperature of water, which delays the martensite trans-
formation during the self-regulated thermal process. When
the temperature of the core reduces to MS, the steel becomes
superplastic, and during this period the shape of the part is
corrected using only small forces—that is, the part receives the
required shape set by stamp. Abnormal reduction in yield
strength near the MS temperature and the probable reasons
of such behavior are discussed in [20].

Using pressure, it is possible to influence the temperature
field of a part to be quenched, delaying the transformation of
austenite into martensite and controlling the superplasticity
process, thus easily correcting existing defects in a part to be
quenched, which will minimize distortion.

As an example, assume that a part is cooled from the
austenitization temperature of 820�C and the martensite
start temperature MS is observed at 180–220�C. The part has

the shape of a ring with an internal diameter of 200 mm
and an outer diameter of 250 mm. The height of the ring is
30 mm. Calculate the pressure and duration of the nucleate
boiling process during which martensite transformation can
be delayed.

During the nucleate boiling process, when martensite
transformation is delayed, it is necessary to apply a force to
the ring to avoid distortion and to correct existing defects.
To delay the transformation of austenite into martensite
below MS (180�C), it is necessary to perform quenching
under pressure of 10 atmospheres (1 MPa) [1]. In this case,
the temperature at the surface of the ring during nonstation-
ary nucleate boiling (the self-regulated thermal process) will
be supported for enough time at 180�C. The duration of the
self-regulated thermal process is determined by Eq 2 (see
Chapter 2 and [1,26]):

s ¼ 0:48þ 3:21 ln
#I

#II

� �
K
a
; ð2Þ

where:

#I ¼ 1
7:36

2k #0 � #Ið Þ
R

� �0:3
; ð3Þ

#II ¼ 1
7:36

aconv #II þ #uhð Þ½ 
 0:3; ð4Þ

k ¼ 22 W/mK is the heat conductivity of steel;
#0 ¼ 820�C – 180�C ¼ 640�C;
L ¼ 0.025 m is the thickness of the ring;
Z ¼ 0.03 m is the height of the ring;
aconv ¼ 1,000 W/m2K is the heat transfer coefficient during

convection;
#uh ¼ 180�C – 20�C ¼ 160�C;
#I ¼ 9.2�C is the temperature at the beginning of the self-

regulated thermal process calculated by Eq 3;
#II ¼ 5�C is the temperature at the end of the self-regulated

thermal process calculated by Eq 4:

ln
#I

#II
¼ 0:61;

a ¼ 5.36 3 10�6 m2/s is the thermal diffusivity of steel; and

K ¼ 1
9:87

ð0:03Þ2 þ 9:87
ð0:025Þ2

¼ 37:4 	 10�6m2 is the Kondratjev form

factor.

Substituting all input data to the first equation (Eq 2),
we obtain:

s ¼ ½2:44
 37:4 	 10�6m2

5:36 	 10�6m2
=s

¼ 17 sec :

Thus, in this example, the self-regulated thermal process lasts
for 17 s, and transformation austenite into martensite can
be delayed for 17 s, too. During this period, when material is
still plastic, a press quenching can be applied to eliminate
distortion or to fix it by press forces. After 17 s, it would be
dangerous to apply forces, since a brittle layer of martensite
appears at the surface of the ring and applied forces could
damage the ring, generating cracks.

The generalized equation 69 from Chapter 5 can be
used also for designing pressurized quenching processes. ForFig. 17—System for quenching gears under pressure.
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example, it is possible to estimate the temperature at the
core of the ring at 17 s using Eq 69. Substituting, we obtain:

s ¼ 0:48þ ln
8208C� 208C
2508C� 208C

� �
37:4 	 10�6m2

5:36m2=s 	 0:7 ¼ 16:9 sec;

where Kn � 0.7 is the Kondratjev number. This means that
at the end of nucleate boiling, the surface temperature will
be 180�C and the core temperature of the ring will be
250�C. No martensite transformation will take place during
this period, and the material will still be plastic during this
period of time, so press quenching can be applied to prevent
distortion.

These examples show that Eq 2 can be successfully used
for engineering calculations. More accurate calculations may
be performed by computer simulation using a reliable data-
base of experimental data. Detailed information describing
quenching of steel parts under pressure can be found in
[1,2,26–32].

8.7 DISCUSSION
Quenching of steel parts and tools under pressure has sev-
eral benefits. The most important are:
• It allows the potential utilization of low-temperature

thermomechanical treatment, which brings further
improvement in the mechanical properties of steel.

• It reduces distortion of quenched steel parts and tools.
• It eliminates film boiling when quenching steel products

in water flow under pressure.
• It can be combined with press quenching to signifi-

cantly reduce distortion.
• It can be used with vacuum furnaces.

Currently, quenching in pressurized water flow is used
in the production of semi-axles for trucks [1], rebars [27],
and rods and wires [32]. The mass production of rebars in
India is shown schematically in Fig. 18 [27].

A more detailed drawing of the cooling chamber for
quenching rods and wires, including rebars, is shown in
Fig. 19 [1,32]. Water pressure at the entrance of the cooling
chamber is 0.3–0.35 MPa, and the water flow minimum in
the chamber is 8 m/s. This process can be significantly
improved if an optimized quenched layer is utilized after
intensive quenching of rebars and rods [1,33].

8.8 SUMMARY
1. Steel quenching in water and water-salt solutions under

extra pressure eliminates film boiling and delays transfor-
mation of austenite into martensite during nucleate
boiling. This expands the potential for application of low-
temperature thermomechanical treatment when quench-
ing alloy and high-alloy steel grades tools in water.

2. Vacuum furnace production of heavy-duty tools may be per-
formed by using an adjacent pressurized quench chamber.

3. Molten salts used for isothermal quenching may be
replaced with high-concentration water-salt solutions,
which reduce the cost of the process of heat treatment.
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9
The Steel Superstrengthening Phenomenon
N. I. Kobasko1

9.1 INTRODUCTION
The conventional method for improvement of mechanical
properties of materials requires the use of alloying elements,
which significantly increases their cost. Alloy steels usually
are quenched in oils or polymers of high concentration to
eliminate crack formation. However, slow cooling in oils
decreases the mechanical properties of the materials. This
means that more alloy elements need to be added to the
material to satisfy the requirements of industry. This chapter
discusses new ways of improving the mechanical properties
of materials by intensive quenching, especially increasing the
cooling rate within the martensite range. It will be shown
that intensive cooling within the martensite range is equal to
low-temperature thermomechanical treatment and increases
the strength and plastic properties of materials [1–4].

9.2 ALTERNATIVE WAYS OF ACHIEVING
HIGH-STRENGTHENED MATERIALS
Superstrengthening of metals was first reported in 1967
[3] and has been cited often since that time [5–10].
“Superstrengthening” involves intensive cooling within the
martensite range to produce additional strengthening with
a simultaneous improvement of plastic properties. There is
also an alternative explanation of the superstrengthening
effect that involves intensive cooling within a range higher
than the martensite start temperature MS, which results in
additional strengthening of metals due to a “freezing of
vacancies” formed during the heating process [6,7].

High strength can be achieved in two ways:
1. By obtaining a defectless structure (ideal monocrystals),

or
2. By the creation of extremely high dislocation density in

the material.
Both processes result in a substantial increase in steel

strength [11,12]. However, the second process, which is desig-
nated as thermomechanical heat treatment, typically requires
a large capital investment. During heat treatment, especially
thermomechanical treatment, a very high density of disloca-
tions is formed in the metal, resulting in its strengthening.

The effect of mechanical rolling on the physical and
mechanical properties of metals has been studied [13], from
which the idea to use rapid cooling within the martensite
range to create high-strength materials arose. Initially this
seemed to be unfeasible because it was generally believed
that the high cooling rates associated with intensive cooling
within the martensite range would result in significant
increases in thermal and structural stresses, high distortions,
and an increased propensity for crack formation [14]. At the
time, the ideal cooling process was thought to be rapid

cooling within the pearlite range (550–650�C) and slow cool-
ing within the martensite range (below 300�C).

It was subsequently shown that, although cooling rate
increases within the martensite range do initially increase
the probability of quench crack formation, after a maximum
cooling rate is exceeded, the probability of cracking decreases
to zero (see Fig. 1) [1]. Distortions behave similarly: in-
creased cooling rates within the martensite range initially
increase distortions, but after a maximum cooling rate is
exceeded, distortion decreases.

It was subsequently established that within the martensite
range there is a critical cooling rate above which not only does
the probability of quench crack formation decrease but super-
strengthening of metals is also observed [1–3,15]. However, fur-
ther experimental validation results were variable; in some cases,
this effect was clearly observed, and in others when the chemical
composition of steel was changed, the effect was not observed.

The reason for these effects is related to the self-regulated
thermal process [16,17], where intensive quenching eliminates
film boiling and cooling occurs by nucleate boiling. Under
these conditions, the surface temperature of the steel sharply
decreases to the boiling temperature of the liquid and is main-
tained at this level (see Fig. 2). The duration of the self-regulated
thermal process is determined by this equation (see Chapter 2):

snb ¼ Xþ b ln
#I

#II

� �
K
a
; ð1Þ

where:
snb is time (s);
W ¼ 0.48 (for cylinders);
b ¼ 3.21;
#I is the overheat at the beginning of the self-regulated ther-

mal process;
#II is the overheat at the end of the self-regulated thermal

process;
K is the Kondratjev form factor (m2); and
a is the thermal diffusivity of steel (m2/s).

If the self-regulated thermal process is observed within
the martensite range, it results in the delay of transformation
of austenite into martensite. The duration of this delay is
determined by Eq 1. The cooling rate of the superficial layers
in this case approaches zero. Under these conditions, no super-
strengthening of the material is observed because cooling rate
approaches zero. To avoid this, it was suggested to increase
the boundary liquid layer boiling temperature to the martens-
ite start temperature MS [4] and then to utilize intensive cool-
ing during the second stage.

Fig. 2 shows that the surface temperature sharply
decreases to the boiling temperature of the boundary liquid

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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layer and that the time snb remains constant until nonstation-
ary nucleate boiling is completed [17,18]. If the boundary liq-
uid layer boiling temperature is increased to the martensite
start temperature MS, the transformation of austenite into
martensite will be delayed for the time of snb. By exploiting
this effect, it is possible to provide intensive cooling during
the second cooling stage, after the nucleate boiling process
of the first stage (see Fig. 2). This may be accomplished by
using aqueous solutions of calcium chloride (CaCl2) and mag-
nesium chloride (MgCl2). During quenching in aqueous solu-
tions of these salts—with additional additives to prevent
corrosion of the metal surface—the boiling temperature of the
boundary liquid layer reaches 180�C or more. Therefore, the
transformation of austenite into martensite is delayed during
the first stage. Dependence of the boiling temperature of the
boundary liquid layer upon the concentration of calcium
chloride in water is shown in Fig. 3.

This heat treatment process is easily implemented when
quenching high-carbon steels. When quenching medium-
carbon steels, it is expedient to conduct intensive cooling at
high Biot numbers (Bi fi 1), so that the surface tempera-
ture constantly decreases from the austenitizing temperature
to quenchant (medium) temperature. The martensite start
temperature of these steels is around 300�C, and decreasing
the temperature at the surface of steel to 20�C or below per-
mits high cooling rates in superficial layers of the parts to
be quenched. Due to the high cooling rates within the mar-
tensite range, superstrengthening of the material is achieved.

9.3 NATURE OF THE SUPERSTRENGTHENING
PHENOMENON
To understand the nature of superstrengthening, consider
the scheme shown in Fig. 4. Imagine a superficial layer com-
pressed to the limit (1,200–1,500 MPa) in which there are
plates of martensite possessing a greater specific volume

Fig. 2—Temperature versus time at the surface (1) and the core
(2) of a cylindrical sample of 60-mm diameter during quenching
in an aqueous solution of CaCl2 and comparison with the CCT dia-
gram. These are compared to curves for pearlite (3) and bainite
(4), where the percentages indicate the amount of the microstruc-
ture formed in each area.

Fig. 3—Saturation temperature vs. concentration for an aqueous
solution of CaCl2.

Fig. 4—The transformation scheme of austenite into martensite in
the compressed layer, illustrating the effect of additional strength-
ening (superstrengthening) of the material.

Fig. 1—Effect of cooling rate within the martensite range on
cracking in cylindrical samples of 6-mm diameter made of 40Kh
steel (0.42 % C, 0.60 % Mn, 0.28 % Si, 0.95 % Cr, 0.25 % Ni).
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than the initial phase structure of supercooled austenite. The
period of appearance of such plates is very short at less than
10�6 s. The plates of martensite deform the supercooled aus-
tenite that is between them, as shown in Fig. 4. In this figure,
the hatched area indicates martensite, and the light area, the
supercooled austenite.

The higher the cooling rate is within the martensite
range, the greater will be the extent to which the austenite is
deformed, and the higher the dislocation density. Conversely,
during rapid cooling, there is not enough time for the dislo-
cations to accumulate in the grain boundaries and to form
nuclei of future microcracks; they are frozen in the material.
Thus, the superficial layer acts like a blacksmith: under con-
ditions of high stress, the plates of martensite arise explo-
sively, deforming the austenite and creating extremely high
dislocation densities, which are frozen during rapid cooling.
This process is analogous to low-temperature thermome-
chanical treatment (LTMT).

During plastic deformation—and in particular, during
LTMT—the dislocation density is high. During LTMT, the
density of dislocations have been found to be as high as
1013 cm�2 [19], and material strengthening occurs primarily
due to the formation of high-density dislocations and the
presence of fine carbides, which function as a barrier for dis-
locations. One question that arises is why subcritical cooling
rates do not produce the steel strengthening effect. Appreci-
able steel strengthening and increased cyclic fatigue strength
are only observed to occur from a certain cooling rate
within the martensite range.

During quenching, when austenite is transformed into
martensite, high-density dislocations are formed under stresses.
These dislocations, due to the increased temperature, move in
the steel until they encounter a barrier such as grain bounda-
ries or fine-dispersion inclusions (carbides). The dislocations
accumulate at grain boundaries, forming potential nuclei for
microcrack formation. If the size of a nucleus increases to a
critical size, the crack grows further and propagates into the
solid body.

Griffith identified the dependence between the critical
size of an ellipse-shaped crack and the stresses necessary for
its growth in a plate as [20]:

r ¼
ffiffiffiffiffiffiffiffiffi
2cE
pl

r
ð2Þ

where: 2c is the superficial energy connected with the for-
mation of two new surfaces; E is the Young module; and l is
the length of a crack.

When the cooling rate within the martensite range is very
high, large amounts of austenite transforms into martensite
over a short time and the transformation process exhibits an
explosive character. Because of this rapid temperature decrease,
the dislocations are “frozen” and do not have time to accumu-
late at the grain boundaries; therefore, nuclei that could lead to
potential microcracks are not formed. Because of the explosive
character of the transformation, it is likely that the dislocation
density formation in the steel is so high that dislocation move-
ment is inhibited, thus forming a special state which can exist
for only a short time. As the temperatures increase, this special
state ceases to exist, and the usual dislocation propagation
mechanism resumes. Dislocations without congestion at grain
boundaries can be fixed by rapid cooling to low temperatures,
where the process of fixing dislocations is completed by atomic
carbon or other elements.

It is proposed that quenching with high cooling rates
within the martensite range is equivalent to the LTMT proc-
ess and, in some cases, is more efficient when it is related to
the improvement in fatigue characteristics. From a practical
point of view, this is an important factor, because the LTMT
process requires the application of special equipment for
plastic deformation and implementation of more complicated
and expensive technology. To achieve the superstrengthening
effect, it is necessary to follow specific process recommenda-
tions that will be discussed subsequently.

9.4 EXPERIMENTAL VALIDATION OF
SUPERSTRENGTHENING EFFECT
9.4.1 Phenomenon of Nonlinear Wave Mechanics
Numerous papers have been published, by many authors,
concerning vibromixing processes. However, there is a spe-
cial vibromixing of a two-phase system (air–liquid) where
thousands of air bubbles are vibrating and tuned with the
resonance frequency of the system (see Fig. 5). At that
moment when they become tuned with the resonance fre-
quency of the system, the bubbles go to the bottom of the
liquid and, by resonance vibration, accelerate the heat trans-
fer coefficients by two to five times (see Table 1) [10].

The main author of the theory of nonlinear wave
mechanics of multiphase systems, Prof. R. F. Ganiev, says
that it is the scientific basis for new wave technologies devel-
opment and has no analogues in world practice. He has
emphasized that new wave technologies were designed for
many industries: engineering, environmental sciences, the
chemical industry, materials science (especially when devel-
oping nanocomposites), the food processing industry, and
many others. They can be also used in metallurgy for getting
very fine microstructures and even nanostructures [21].

9.4.2 Experimental Device
The schematic of the experimental apparatus used for exper-
imental validation of the superstrengthening effect is shown
in Fig. 5. The apparatus utilizes a Dewar flask built in a
metal casing, in which the lateral walls are equipped with
windows made of acrylic plastic for observation and control
of the process. The casing with a vessel is rigidly fixed on the
vibrator. The vibration of a vessel with liquid nitrogen (Fig. 5,
3) was performed using a vibration stand VEDS-100A (2),
which includes an electrodynamic vibrator (2) and control sta-
tion (5). The latter consists of a generator of sine-wave oscilla-
tions, a power amplifier, and an acceleration-measuring

Fig. 5—Experimental apparatus (a): 1, fixture (supporting arm); 2,
electrodynamic vibrator; 3, test tank with liquid nitrogen; 4, ther-
mocouple; 5, control station. Schemes of movement of the air bub-
bles are depicted in conditions of vibromixing in water (b and c)
and liquid nitrogen (d and e).
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device connected to a piezoelectric acceleration gauge. Test
specimens were heated to austenitizing temperature in elec-
tric furnace MP-2UM.

During direct cooling from the austenitizing tempera-
ture in liquid nitrogen, the film boiling process occurred so
intensively that specimens made of plain carbon and medium-
alloy steels were not hardened. To provide the necessary
cooling rate for the test specimens at high temperature and
to delay the transformation of austenite into martensite, two-
step quenching in a water-salt solution of high concentration
calcium chloride at a bath temperature of 30–40�C was per-
formed. The duration of the first step of cooling was equal
to the time of the self-regulated thermal process. The self-
regulated thermal process for this solution was dependent

on size of specimens and was above 150�C (see Table 2).
When quenching in water-salt solutions of high concentra-
tion, the surface temperature of tested specimens during the
self-regulated thermal process was a little bit greater than
150�C. Therefore, the greatest amount of austenite transfor-
mation into martensite occurred during the second step of
cooling, in vibrating liquid nitrogen (see Fig. 5(d and e)).

Film boiling was prevented at the first step of cooling in
the water-salt solution of high concentration, and quenching
during that period was by the self-regulated thermal process.
The duration of self-regulated thermal process was calcu-
lated by Eq 1 and, for samples of 5, 6, and 10-mm diameter,
is presented in Table 2.

As seen in Table 2, the transformation of austenite into
martensite during quenching in a concentrated aqueous salt
solution was delayed 1.2–4.9 s, depending on the specimen
size and the agitation intensity of the water-salt solution. This
time was sufficient to perform two-step quenching. The trans-
formation of austenite into martensite was delayed during the
first step of the quenching process, and very intensive cooling
was performed during the second step in agitated liquid nitro-
gen at the resonance frequency to provide maximum heat
transfer (see Fig. 5(d and e)) [4,5,17]. By adjusting variation
frequency and amplitude, it was possible to adjust the cooling
rate within the martensite range. Calculations show that the
cooling rate of specimens within the martensite range was
adjusted from 6�C/s to 30�C/s (see examples 9.1 and 9.2).

Fig. 6 presents the decrease in temperature of a cylindri-
cal test specimen of 12-mm diameter that was cooled from
100�C in a vessel with liquid nitrogen agitated (by vibromix-
ing) at a frequency of 70 Hz and acceleration of g ¼ 17go.
This experiment shows that the vibromixing process intensi-
fies heat transfer, causing the test specimen to be cooled
faster [10].

9.4.3 Results of Two-Step Quenching Experiments
Different steel grades were selected for this test: 45 (AISI
1045), 60S2 (AISI 9260), and U7 (AISI 1070), which have

TABLE 1—Heat transfer coefficients depending on the state of a cooling medium [10]

Cooling medium
Temperature of
medium (�C) Cooling conditions

Frequency of
vibrations (Hz)

Acceleration of
vibrator (gcr/go)

Heat transfer
coefficient a (W/m2K)

Liquid nitrogen �196 No vibrations — — 160–230

Liquid nitrogen and
vapor

�196 Vibromixing 72 17 331–532

Liquid nitrogen and
vapor of helium

�196 Blowing the bath
with helium during
vibromixing

72 17 234–544

Water 20 No vibrations — — 1,600–1,800

Water 20 Vibromixing 20 10 2,800

Water–air 20 Contact of a big
number of air bub-
bles with the
sample:

�partial 160 15–17 4,490

�full 167 15–17 6,260

�vibromixing 60–70 15–17 5,890–8,640

TABLE 2—Duration of the self-regulated
thermal process when quenching cylindrical
test specimens in aqueous solutions of
salts with convection heat transfer
coefficients of 300 or 400 W/m2K and a
temperature of boiling of the boundary
liquid layer of 150�C
Convection heat
transfer coefficient
(W/m2K)

Specimen
diameter (mm)

Duration of
self-regulated
thermal process (s)

300 5 1.3

6 1.9

10 4.9

400 5 1.2

6 1.78

10 4.6

Note: Austenitizing temperature was 800�C; temperature of aqueous
solution was 50�C.
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different martensite start temperatures of 350�C, 300�C, and
230�C, respectively. The temperatures at which 50 % mar-
tensite is formed in supercooled austenite are 210�C, 190�C,
and 140�C, respectively. Therefore, the effect of strengthen-
ing must be observed in high-carbon steels in which transfor-
mation of the greatest amount of austenite into martensite
occurs at a temperature below 150�C. To expand the utility
of this technique, it is possible to use pressure or intensively
cooling solutions possessing a higher saturation tempera-
ture. The cooling time (duration of nucleate boiling) is calcu-
lated using Eq 1.

If the cooling of the test specimen had continued to
room temperature at the first step, any further cooling at the
second step, with or without agitation, in liquid nitrogen
would have had no effect on the mechanical properties and
additional strengthening. This was validated using cylindrical
test specimens of 5 and 6 mm diameters that were first
cooled in a high-concentration salt solution for different
times: 1, 2, or 3 s, and also until completion of cooling.

After the test specimens were quenched in different con-
ditions, they were tempered and polished, and then their
mechanical properties were determined. Specimens made of
AISI 1045 and U7A (AISI 1070) steel were tempered at 360–
370�C for 2 hours; the 60S2 (AISI 9260) steel specimens
were tempered at 460�C, with the same duration of the cool-
ing process. The test results are presented in Table 3.

These data show that whether quenching AISI 1045 steel
in water, aqueous solutions of different salt concentrations,
or oil, there are no appreciable distinctions in the mechani-
cal properties of the steel because martensite transforma-
tions had already occurred before the test specimens were
placed into the tank with the agitated nitrogen.

When quenching test specimens made of U7 (AISI
1070) steel, the martensite transformation was completed at
a lower temperature, and therefore some portion of the mar-
tensitic transformation occurred in a chloride solution and
the other portion in the liquid nitrogen agitated at the reso-
nant frequency. Therefore, an increase in strength of U7
(AISI 1070) steel is observed, while maintaining its rather
high plastic properties. When increasing the duration of
cooling in a high-concentration chloride solution consider-
ably with respect to the calculated value, the strength begins
to decrease. This indicates that the temperature at the surface
during cooling in a water-salt solution for this time signifi-
cantly decreased below 150�C, showing that the transformation

primarily occurred in the first step in the water-salt solution
and that the increased cooling rate in liquid nitrogen exhib-
ited a much lesser effect.

During longer cooling durations in a solution of calcium
chloride as well as during conventional quenching, the effect
of steel strengthening wasn’t observed. This fact shows that
martensite transformations occurred in the water-salt solu-
tion due to the longer time of cooling that prevails during
the self-regulated thermal process. Strengthening also occurred
during quenching of specimens made of 60S2A (AISI 9260)
steel (see Tables 2 and 3) subjected to the same or a similar
procedure of two-step cooling.

It should be also noted that after two-stage quenching in
nonagitated liquid nitrogen using any of the cooling condi-
tions described above, the effect of strengthening was not
observed. The ultimate strength (Rm) and plastic properties
of the material changed very little, although the process of
cooling was performed at different rates within the martens-
ite range. This suggests that only when beginning with a cer-
tain cooling rate within the martensite range is the material
strengthened. Moreover, during two-stage quenching in non-
agitated nitrogen, some test specimens made of U7A (AISI
1070) steel exhibited cracking. At higher rates of intensive
cooling in the liquid nitrogen and agitation at the resonant
frequency, quench cracks were not observed.

The maximum material strengthening effect can appear
only if the martensitic transformation process is completely
stopped during the first stage of cooling and when the sec-
ond stage of cooling is performed in a cryogenic liquid with
cooling rates considerably exceeding the critical value.

The extent to which it is possible to improve the mechan-
ical properties by intensification of heat transfer within the
martensitic transformation range is shown in Table 3, which
provides comparative mechanical properties of U7A (AISI
1070) and 60S2A (AISI 9260) steels quenched by different
processes. These data show that the intensification of heat
transfer produces material strengths similar to those that are
achievable by thermomechanical treatment.

In addition to laboratory studies, industrial tests were
performed with punches made of R6M5 (AISI M2) steel used
for nut-pressing machines (see Fig. 7). Quenching of the
punches was performed in aqueous solutions of salts. The
industrial tests showed that the service life of the punches
increased, on average, by 2.5 times (see Table 4). Thus, the
intensification of cooling within the martensite range results
in an increase in strength and service life for steel parts.

9.4.4 Formation of “Packet” Martensite
Electron photomicrographs of R6M5 (AISI M2) steel after
conventional and intensive quenching are shown in Fig. 8
(a) and (b), respectively. Microstructures of the convention-
ally quenched steel after 5,000 fatigue cycles and the inten-
sively quenched steel after 16,500 cycles are shown in Fig. 8
(c) and (d), respectively.

It is important to note that the martensite that forms
by conventional quenching (Fig. 8(a)) exhibits a “plate” or
“needle” morphology, whereas the martensite formed by
intensive quenching (Fig. 8(b)) exhibits primarily a “packet”
type morphology. Differences in the microstructures of the
fatigue-cycled steels are thought to be due to more stable
grain boundaries in the intensively quenched material [1,2].
Therefore, the improved tool durability is attributable to the
packet martensite formed by intensive quenching. Along

Fig. 6—Effect of the frequency of vibration on the cooling process
of a cylindrical test specimen made of Kh18N9T (AISI 304) steel,
diameter 12 mm, in liquid nitrogen: 1, unagitated; 2, with vibro-
mixing [10].
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with the mechanical improvement of the material, the inten-
sive quenching creates compressive residual stresses at the
surface. Both the mechanical improvement of the material
and the compressive residual stresses increase the service
life of tools [22–24].

To further explain the advantages of intensive steel
quenching methods, the concept of the previously developed
rapid interrupted cooling process will be applied [25–28].
Rapid interrupted cooling occurs when the superficial and
central layers of a part to be hardened are cooled within the
temperature range of 500–850�C at a certain rate so that
there is no pearlitic transformation. Rapid interrupted cool-
ing is usually fulfilled by air water spray to provide a cooling
rate less than intensive quenching in order to receive only
bainitic and not martensitic structure. The difference between
intensive quenching processes and the rapid interrupted cooling

process is illustrated by Fig. 9. Upon reaching a temperature
of 500–600�C, a part is cooled in air at a rate of less than
0.4�C/s or is held isothermally at the bainitic transformation
temperature (see Fig. 9(c)).

It has been established that for heat treatment of pipes
made of 32G2 (AISI 1330) steel using rapid interrupted cool-
ing, the minimum cooling rate must be 40–50�C/s, and the
temperature at the end of interrupted cooling must be 440–
460�C [27]. Examination of the power capacity of fracture
and character of the break showed that the optimal process
of rapid interrupted cooling provides an ultimate strength
and yield strength comparable with high-tempered martens-
ite [27]. By optimizing the rapid interrupted cooling process,
it is possible to obtain the same dislocation structure, mor-
phology, and phase distribution as in steels subjected to

Fig. 7—Punch made of the molybdenum high-speed steel R6M5
(AISI M2). Intensive quenching in aqueous chloride solutions
increased the tool life by 2.5 times. The punch is 126 mm long,
and its maximum diameter is 15.3 mm. Its microstructure is shown
in Fig. 8.

TABLE 3—Comparative data on mechanical properties of specimens made of U7A (AISI 1070) and
60S2A (AISI 9260) steels, treated in different ways

Steel Quenching

Temperature (�C) Strength (MPa)

A (%) Z (%)Heating Tempering Rm Rp0.2

U7A (AISI 1070) In oil MS-20 at 150�C 800 360 1,350 1,270 4.8 29

In 10 % CaCl2 solution 800 360 1,440 1,400 7 26

In 10 % CaCl2 solution for 1 s with
transfer to still liquid nitrogen

800 360 1,450 1,400 6.4 29

In 50 % CaCl2 solution for 1 s with
transfer to liquid nitrogen
(vibromixing)

820 360 1,610 1,570 7.9 31

60S2A (AISI 9260) In oil MS-20 at 150�C 860–880 460–480 1,580 1,410 7 38

In 10 % CaCl2 solution 870 460–480 1,420 1,260 8.2 36

In 10 % CaCl2 solution for 1 s with
transfer to still liquid nitrogen

870 460–480 1,460 1,380 6.7 19

In 50 % CaCl2 solution for 1 s with
transfer to liquid nitrogen
(vibromixing)

880 460–480 1,920 1,740 4 26

Note: Composition of U7A steel (%): 0.65–0.74 C; 0.15–0.35 Si; 0.15–0.30 Mn; <0.15 Cr; <0.20 Ni; <0.20 Cu. Composition of 60S2A steel (%): 0.58–0.63 C;
1.6–2.0 Si; 0.6–0.9 Mn; <0.3 Cr; <0.25 Ni; <0.20 Cu.

TABLE 4—Results of testing punches on
automatic line “National-164” with
performance of 175 strikes per minute

Number of strikes until the
destruction of punches

Increase in service
life (multiple)

Normal
quenching

Intensive
quenching

6,460 15,600 2.4

6,670 16,500 2.9

3,200 5,300 1.65

4,000 12,075 3.0

6,620 8,110 1.2

2,890 10,500 3.6

2,340 7,300 3.1
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obtaining high tempered martensite (see Fig. 9(c)). It has been
established that in both cases, the fine structure of steel is
characterized by the presence of a dislocation fragmentation
of the matrix with a uniformly distributed disperse carbide
phase [27].

It has been reported that rapid cooling of supercooled
austenite, disregarding the martensite transformation, may
result in an increase of strength by freezing vacancies that are
formed at high temperatures [6]. It was also reported that it is
possible to thermally strengthen corrosion-resistant austenitic
steel [6]. However, it is first necessary to determine the extent
of such thermal hardening and cooling rates to be achieved.

Using these results, the expediency of using these
quenching methods can be demonstrated [29,30]. It has been
shown that superficial layers are cooled at the greatest possi-
ble rate, because the Kondratjev number Kn is between 0.8
and 1, that is, Biv fi 1. Note that Kn changes from 0 to 1
when the generalized Biot number Biv changes from 0 to 1
and is written as (see Chapter 6):

Kn ¼ wBiV ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

q : ð3Þ

According to Eq 3, when Kn changes from 0.8 to 1, Biv
changes from 3.2 to 1 [31]. When Biv ¼ 3.2 and Kn ¼ 0.8,

W ¼ Tsf � TC

TV � Tm
¼ 0:25; ð4Þ

where:
Tsf is the average temperature around the surface of a steel

part;
TV is the average temperature through a section of the steel

part; and
Tm is the quenchant temperature.

Within the superficial layers of alloyed and high-alloy
steels, supercritical cooling rates are achieved within the
martensite transformation range, causing additional material
strengthening and, at the same time, improvement of plastic
properties. Furthermore, within the superficial layer, com-
pressive stresses are formed that can be fixed by interrupt-
ing the intensive cooling process at the moment of reaching
maximum compressive stresses. In [30], it is shown that the
maximum compressive stresses are observed when the core
achieves a temperature of 450–500�C. Therefore, when new
quenching methods are used, in superficial layers there is

Fig. 8—Electron photomicrographs of R6M5 (AISI M2) steel punches after conventional and very intensive quenching: (a) normal marten-
sitic structure after conventional quenching; (b) packet-morphology martensite after very intensive quenching; (c) conventionally
quenched steel after 5,000 cycles of fatigue testing; (d) intensively quenched steel after 16,500 cycles of fatigue testing. The intensively
quenched material may have stable grain boundaries, magnified 20,000 times.
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additional strengthening of material, high compressive stresses
are formed, and the central layers are cooled under conditions
of rapid interrupted cooling. Therefore, the mechanical prop-
erties of the material in the core must achieve the mechanical
properties obtained after normal martensite quenching and
tempering. It has also been noted that, with the intensification
of cooling of alloyed steels, the threshold of cold fragility is
decreased and the parameters describing viscosity of material
fracture are improved [30,32,33].

Fig. 9 presents a comparison of three quenching meth-
ods: IQ-2 (a), IQ-3 (b), and rapid interrupted cooling. It
shows that the first two methods (IQ-2 and IQ-3) provide
very intensive cooling of superficial layers where super-
strengthening of material is observed and the core is cooled
under conditions of rapid interrupted cooling [9].

For the study of mechanical properties in the core, cylin-
drical test specimens of diameters of 50, 60, and 70 mm were
made of different steels, heated to austenitizing temperature
under identical conditions, and then cooled in mineral oil and
aqueous solutions of chlorides. To test tensile strength and
impact strength, samples were cut from the core of the cylin-
drical specimens.

Analysis of the experimental data has shown that the
steels tested may be divided into three groups. The first group
consists of steels 40Kh, 35KhM, 38KhMYuA, 25Kh1MF, and
others, for which, after quenching in chloride solutions, the
impact strength increases by two to three times and yield
strength, in some cases, increases by 30 %. So, for 35KhM
steel at the same values of rp0;2 ffi 820 MPa, the impact
strength ak during quenching in oil is 44–53 J/cm2, while dur-
ing quenching in chloride, it is 140–150 J/cm2. Similar results
were obtained also for other steels (see Table 5) [34].

After quenching in oil and tempering, the structure of
40Kh steel consists of grains sorbite-like pearlite and ferrite

as lines with traces of more large grains; after quenching in
water-salt solutions and tempering, it consists of sorbite.
Steels 35KhM and 25Kh1MF after quenching in water-salt
solutions and tempering have the structure of bainite of
more dense structure than during quenching in oil and tem-
pering [34].

These applications of intensive quenching methods for
alloyed and high-alloy steels are progressive; as hardenability
of steel parts increases, strength and plastic properties are
improved [4,33,35,36]. Thus, alloyed and high-alloy construc-
tional steels can be intensively cooled during quenching
without quench crack formation due to the formation of
high compressive stresses at the surface. The mechanical
properties (Rm and Rp0.2) of the alloyed steels after intensive
cooling, in some cases, are higher by 20–30 % than after
quenching in oil, while at the same time the impact strength
increases by two or three times. This improvement is due to
the increase in hardenability of steel parts.

9.5 PRACTICAL APPLICATIONS
It has been shown that intensive cooling within the martens-
ite range is accompanied by simultaneous improvement of
strength and plastic properties. Experience has shown that
only beginning with a certain cooling rate within the mar-
tensite range (>20�C/s) are ultimate strength and yield
strength substantially improved, and the plastic properties
are improved as shown by narrowing and elongation upon
breakage. It has also been noted that intensively quenched
samples or parts require higher tempering temperatures by
30–50�C than samples quenched in oil, even higher if the
steel contains silicon [4].

Can these results be efficiently used in practice? Can
high cooling rates within the martensite range be achieved
with real parts in industrial conditions? The answers are yes.
These steels exhibited martensite start temperatures MS of
250–350�C and martensite finish temperatures within the
range of 30–70�C.

During intensive cooling, the temperature at the surface
of a part to be cooled sharply decreases within 0.1 s to the
temperature of the quenchant, and therefore the superficial
layers are cooled within the martensite range (50–350�C at
a rate much greater than 20�C/s. Parts made of steels hav-
ing a carbon content of up to 0.6 % may be cooled by inten-
sive water streams or intensive jets. In this case, the effect
of additional strengthening of material appears since very
high cooling rates are achieved within the martensite range:
50–350�C.

As for steels where the martensite finish temperature Mf

is below room temperature, it is necessary to use two-stage
quenching. At the first stage, parts are intensively cooled
from austenitizing temperature to martensite start tempera-
ture MS. At the second stage, the parts are cooled in the liq-
uid media or in a liquefied layer where the temperature is
much lower than room temperature. These processes will
now be considered in greater detail.

9.5.1 Fluidized Bed Quenching at
Low Temperatures
Fluidized beds can be successfully used for the intensifica-
tion of heat transfer processes within the martensite range if
the bed is used at low temperatures. The heat carrier has the
form of firm particles, which may be fine particles of copper
or aluminum. During intensive injection of these particles,

Fig. 9—Explanation of the methods of quenching using CCT dia-
grams: (a), IQ-2 process; (b), IQ-3 process; (c), rapid interrupted
cooling; 1, temperature vs. time at the surface; 2, temperature vs.
time at the core.
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high heat transfer coefficients of 1,000–2,000 W/m2K are
obtained. Compared to the convection heat transfer coefficient
of oil, aconv, of 300–350 W/m2K, the heat transfer coefficient
is higher in the fluidized bed by almost an order of magni-
tude. In addition, considering the difference of temperatures
between the part to be cooled and the quenchant, the cool-
ing rate within the martensite range must be significant. Pos-
sible ways of implementing such a process will now be
considered [36,37,38].

Fig. 10 shows an installation for providing the intensifi-
cation of heat transfer in the process of cold treatment of
metals [25,26]. The installation contains a tank (1) filled with
the disperse heat-carrier (2). Vertical pipes (4) are attached
to the bottom of the tank through the punched lattice (3)
and fed from a source of compressed gas (5), and the
heated gas is removed from vertical pipes through a branch
pipe (6).

The working principles of this installation are as fol-
lows: Compressed gas (air) from the compressor is supplied
to the quench tank filled with a heat carrier of high thermal
capacities (for example, copper or aluminum ), through the
vertical pipes in the bottom of the quench tank. According
to the Rank effect [37], in the vertical pipes the streams of
compressed air are divided into cold and hot. Cold air is
supplied through a punched lattice (for uniform distribu-
tion of the stream) to the quench tank. Due to the increased

pressure of the cold air, the disperse heat carrier boils (pseu-
dofluidizes), mixes the bubbles, and is cooled to the tem-
perature of the cold air, at which time the heated parts to
be quenched are placed into the bed and held for the
desired time.

The change in the passage cross-section of the pipe-
lines bringing compressed cooled air to the quench tank
adjusts the degree of supercooling of the quenchant. Dur-
ing quench cooling by this method, strength and per-
formance of the steel increases by 15 % compared with
alternative processes. This method allows intensified cool-
ing of practically any steel due to the preliminary deep
(below the martensite finish temperature) cooling of the
heat carrier. In this case, there is no need for cryogenic
liquids, and the system provides for uniform heat removal
from the entire surface, resulting in the preservation of its
geometry.

The installation in Fig. 10 can be also used during two-
stage quenching. During the first stage, the part is cooled in
aqueous solutions with a high boiling temperature of a
boundary liquid layer, and during the second stage it is
cooled in the fluidized bed at subzero temperatures.

Now let’s consider a specific example and appropriate
calculations illustrating the application of this technology
[37]. Note that the installation shown in Fig. 10 may be sup-
plied with vapors of liquefied gases for the intensification of

TABLE 5—Mechanical properties of different steels after intensive quenching

Steel Quenchant

Temperature (�C) Strength (MPa)

A (%) Z (%) ak (J/cm2) HBTo Tempering Rm Rp0.2

35KhM
(ASTM 4135)

Oil 860 540–550 960
955

775
770

14.0
16.0

53
57

54.0
54–55

285
293

Water-salt
solution

860 550 970
970

820
820

17.0
17.0

63
59

150
140

285

38Kh2N2MA
(AISI 4340)

Oil 860 540–550 1,000
980

860
810

13.5
12.0

58
57

110
102

—

Water-salt
solution

860 540–550 1,095
1,055

965
945

12.5
12.5

57
60

90
94

—

40Kh (AISI
4140)

Oil 860 560 770
780

575
575

23.0
21.0

64
64

13.8
11.3

217

Water-salt
solution

860 540–560 855
860

700
695

18.5
16.5

67
65

150
168

269

25Kh1MF Oil 920 660 755 630 18.5 74 70 229

Water-salt
solution

880–920 660 920
870

820
780

15.0
16.0

68
69

170
190

285

38Kh2MYuA Oil 960 670 825 665 11.0 28 63–75 —

Water-salt
solution

960 670 885 690 19.0 59 155–165

Notes: Composition of 35KhM steel (%): 0.30–0.37 C; 0.50–0.80 Mn; � 0.035 P; � 0.035 S; 0.17–0.37 Si; 0.90–1.20 Cr; 0.15–0.25 Mo; � 0.30 Cu; � 0.30 Ni;
� 0.03 Ti; � 0.05 V; � 0.20 W. Composition of 38Kh2N2MA steel (%): 0.33–0.40 C; 0.25–0.50 Mn; � 0.025 P; � 0.025 S; 0.17–0.37 Si; 1.30–1.70 Cr; 0.30–
1.70 Ni; 0.20–0.30 Mo; � 0.1 Al; � 0.30 Cu; � 0.05 Ti. Composition of 40Kh steel (%): 0.34–0.44 C; 0.50–0.80 Mn; � 0.04 P; � 0.04 S; 0.17–0.37 Si; 0.8–1.1
Cr; � 0.3 Ni. Composition of 25Kh1MF steel (%): 0.22–0.29 C; 0.40–0.70 Mn; � 0.030 P; � 0.025 S; 0.17–0.37 Si; 1.50–1.80 Cr; 0.25–0.35 Mo; � 0.20 Cu; �
0.30 Ni; � 0.05 Ti; � 0.20W. Composition of 38Kh2MYuA steel (%): 0.35–0.42 C; 0.30–0.60 Mn; � 0.025 P; � 0.025 S; 0.20–0.45 Si; 1.35–1.65 Cr; 0.15–0.25
Mo; 0.70–1.1 Al; � 0.30 Cu; � 0.30 Ni; � 0.03 Ti; � 0.05 V; � 0.20 W.
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heat transfer and essential decrease in temperature of the
fluidized bed.

Example 9.1
A cylindrical part with a diameter of 12 mm and height of
45 mm made of U7 steel is at first cooled from 800�C in a
10 % aqueous solution of sodium carbonate (Na2CO3) at
20�C. When the core reaches 300�C, the part is immersed
into the fluidized bed with a temperature of �40�C and
held there until it is completely cooled. Determine the cool-
ing time of the part during the first stage of cooling in the
aqueous solution of sodium carbonate and the cooling rate
at the core during the second stage when it is cooled in the
fluidized bed.

The following input data are known:
• The average thermal diffusivity of the overcooled aus-

tenite is a ¼ k
r cp

ðm2=sÞ, and for the range of 300–800�C

is equal to 5.4 3 10�6 m2/s.

• The Kondratjev number Kn for the first stage ¼ 0.6.
• R ¼ 0.006 m
• Z ¼ 0.045 m
• The Kondratjev form coefficient K ¼ 1

5:783
R2 þ 9:87

Z2

is equal
to 6.04 3 10�6 m2.

• The heat transfer coefficient of the fluidized bed is
equal to 2,000 W/m2K.

• Kn for the second stage ¼ 0.235
• The average thermal diffusivity of the part at low tem-

peratures is equal to 4.4 3 10�6 m2/s.
Using these input data, the cooling time during the

first stage is calculated from the following equation (see
Chapter 5):

s ¼ 0:48þ ln
T0 � TC

T � TC

� �
K

aKn
: ð5Þ

Substituting, we obtain:

s ¼ 0:48þ ln
8008C� 208C
3008C� 208C

� �� �
6:04 	 10�6m2

5:4 	 10�6m2=s 	 0:6 ¼ 2:8 s:

Thus, the cooling time of the part during the first stage
is equal to just under 3 s. The cooling rate during the second
stage when the temperature of the core is 200�C is calcu-
lated from:

v ¼ a Kn
K

T � Tmð Þ;

from which we determine:

v ¼ 4:4 	 10�6m2=s 	 0:235
6:04 	 10�6m2

ð2008C� ð�408CÞÞ ¼ 418C=s:

This example shows that the cooling rate at the core of
the part at the martensite start temperature is equal to 41�C/s,
which is sufficiently high for the phenomenon of super-
strengthening to be observed.

9.5.2 Use of Cryogenic Quenchants and
Special Devices
The cooling rate within the martensite range, when cooling in
cryogenic quenchants, is high due to the large temperature dif-
ference between the steel part and the cryogenic quenchant. A
comparison of heat transfer coefficients that are achievable in
cryogenic quenchants are presented in Table 1 [10].

To increase the cooling rate within the martensite range,
it is necessary to increase the heat transfer coefficient during
cooling in the cryogenic quenchant. For this purpose, simple
devices that considerably increase the heat transfer coeffi-
cient are used. One of these devices is described in [4,10]
and depicted in Fig. 11. The device has the form of a bell
vibrating in the cryogenic quenchant and in which a gas
such as helium that possesses high heat conductivity is sup-
plied (see Table 6).

During quenching in liquid nitrogen, a gas film is
formed around the part, which sharply decreases the cooling
process. Therefore, for the intensification of heat transfer
processes in liquid nitrogen, it is expedient to add helium,
whose heat conductivity and thermal diffusivity are higher
by an order of magnitude than nitrogen’s (see Table 1).

If intensive circulation of helium cooled to �196�C
around a part to be quenched is achieved, the intensity of

Fig. 10—Apparatus for implementation of cooling at negative Cel-
sius temperature [36,37].

Fig. 11—Installation for steel quenching in a cryogenic biphasic
medium: 1, bell; 2, bubbles of helium; 3, part to be quenched; 4,
thermostat [4,10].
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cooling of the parts will sharply increase. To keep bubbles
of helium in liquid nitrogen, one may use special devices
like that in Fig. 11, consisting of a vibrating vessel in which
the cooled helium moves. When vibrating a bell-shaped ves-
sel at the resonant frequency, bubbles of helium in the sus-
pension are kept in the liquid under the bell, making large
oscillatory movements. Due to fluctuations of the bubbles
and the high heat conductivity of helium, the intensity of
heat transfer during martensite transformation is appreci-
ably increased. Since the bubbles of helium are supported in
suspension, very little helium is lost during quenching. Only
for a short time during the initial period of cooling, when
the part drops through the chute into the liquid nitrogen
and reaches the helium bubbles, is it necessary to blow
cooled helium, because at this initial stage of cooling, inten-
sive evaporation of nitrogen occurs, which can suppress the
bubbles of helium and be a part of heat transfer, slowing
down the cooling process.

The effect of heat conductivity of a gas on the heat
transfer coefficient at film boiling is derived from the analy-
sis of the generalized equation of similarity:

afb ¼ 0:18k
g
v a

r0 � r00

r00

� �1=3
: ð6Þ

From Eq 6, it follows that afb is directly proportional to
the heat conductivity of the gas that shrouds a part during
cooling. Considering that the bubbles of helium are vibrat-
ing, the intensity of heat transfer increases due to not only
the increase in heat conductivity but also the intensive circu-
lation of the gas. This method of cooling can be combined
effectively with steel quenching in aqueous solutions to be
conducted during the first stage of cooling.

Example 9.2
A small die made of AISI 52100 steel is first cooled in 30 %
bischofite solution (hydrated magnesium chloride [MgCl2],
a sea salt concentrate) at 40�C. The diameter of the die is
50 mm and its height Z is 40 mm. The austenitizing tem-
perature is 860�C. The convection heat transfer coefficient
of aqueous bischofite solution at a temperature of 40�C is
425 W/m2K. The average thermal diffusivity of the material
for the temperature range of 860�C down to 150�C is
5.5 3 10�6 m2/s, and the average thermal conductivity k is
23 W/mK. The values for the second cooling stage are: k ¼
14 W/mK and a ¼ 4 3 10�6 m2/s. The heat transfer coeffi-
cient in liquid nitrogen during bell vibration (see Fig. 11)
is 350 W/m2K.

Calculate the time of the self-regulated thermal process,
that is, the time of cooling during the first cooling stage, and
the cooling rate during the second stage when the tempera-
ture at the core is 150�C.

Applying Eqs 36–38 of Chapter 2, the cooling time for
the first stage is:

s ¼ 0:48þ 3:21 ln
#I

#II

� �
K
a
;

and the temperature at the beginning and end of the self-
regulated thermal process and the Kondratjev form factor
are given by:

#I ¼ 1
7:36

2 	 23 760� #Ið Þ
0:02

� � 0:3

;

#II ¼ 1
7:36

425 #II þ 1008Cð Þ½ 
 0: 3; and

K ¼ 1
5:783
0:025ð Þ2 þ 9:87

0:04ð Þ2
¼ 64:84 	 10�6m2:

After simplification, we determine that #I ¼ 10.1�C,
#II ¼ 3.36�C, and K ¼ 64.84 3 10�6 m2.

Therefore, the cooling time for the first cooling stage is
approximately 47 s. The cooling rate of the part during the
second cooling stage is determined from:

v ¼ a Kn
K

1508C� ð�1968CÞ½ 


¼ 4 	 10�6m2=s 	 0:15 	 3468C
64:84 	 10�6m2

¼ 3:28C=s;

where Kn ¼ 0.15 (see Chapter 6).
This cooling rate of 3.2�C/s is not sufficient to obtain

superstrengthening of the steel. However, experiments have
shown that the service life of dies quenched in this manner is
doubled, which indicates that the positive effects were achieved
during the first cooling stage and no advantage was obtained
from the second cooling stage in liquid nitrogen. One-stage
cooling of dies made of AISI 52100 steel in bischofite has con-
firmed the increase of service life of dies by 1.5 to 2 times [37].

When cooling smaller parts made of alloyed and normal
high-carbon steels in liquid nitrogen, superstrengthening may
be observed, because the cooling rate depends on the part
size. If all parts are cylindrical with a diameter of 6 mm, then
the cooling rate during the second cooling stage is:

v ¼ 4 	 10�6m2 	 0:0314 	 3468C
1:56 	 10�6m2

� 288C=s;

where:

K ¼ R2

5:783
¼ 1:56 	 10�6m2; and

Kn ¼ 0.0314.
This cooling rate is sufficient to obtain additional

strengthening of the steel.

9.5.3 Use of Aqueous Salt Solutions Cooled Below
Room Temperature
Aqueous solutions of some salts can be cooled below room
temperature down to �80�C (see Table 7). These cold water-
salt solutions can also be agitated. Table 7 shows the solubil-
ity S in grams of waterless substance per 100 grams of pure
solvent, and Tp indicates in which cases the solid phase is
formed and shows that aqueous solutions of LiCl can be
overcooled down to �80�C.

In addition to reducing the temperature of aqueous solu-
tions, it is necessary to increase the convection heat transfer
coefficient. This may be done by using a special device de-
scribed in [4], which is shown in Fig. 12. For the intensification

TABLE 6—Thermophysical properties of the
gaseous quenchants at 20�C
Medium k (W/mK) a (m2/s)

Air 24.423 1.87310�6

Nitrogen 23.260 1.91310�6

Helium 143.049 15.33310�6
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of processes of cooling within the martensite range, it is pos-
sible to establish submerged or open sprays (15 and 3,
respectively, in Fig. 12).

It is difficult to create sprays using mechanical pumps
such as centrifugal and positive displacement pumps
because freezing of the pipelines occurs during the pumping
process. The most reliable way to create sprays in a liquid is

to create vibrations in the liquid using a special device that
consists of a hollow cone (Fig. 12, 11) where the ratio of the
inlet diameter D to the outlet diameter d—that is, D/d—is less
than 2 [4].

When the hollow cone is vibrated, the velocity of move-
ment in its narrow part is much more than in the inlet
cross-section, and therefore, during the flow of the liquid, a
difference of pressures is created, forming a liquid spray
(Fig. 12, 15). Experiments have shown that, depending on
the amplitude and frequency of the vibrations of the hollow
truncated cone, the velocity of the spray (jet) flow can be
adjusted in a wide range [4,10]. Using a simple device like
that in Fig. 12, one can create both submerged and open
sprays in liquid nitrogen or cold water-salt solutions.

The cooling properties of sprays of cold water-salt solu-
tions are not yet deeply and widely studied. There are, how-
ever, a number of works devoted to the study of the cooling
capacity of water sprays, where it is shown that when cool-
ing in cold water flow or water sprays, one may prevent the
film boiling and nucleate boiling processes [4,18,33]. In this
case, convection prevails, since nucleate boiling is rather
short or is completely prevented [4,24,33].

These examples show that by using the devices for inten-
sifying convection at low temperatures, it is possible to cre-
ate high-strengthened materials by using the appropriate heat
treatment process.

9.6 DISCUSSION
It is very important to know the temperature range where
intensive cooling results in the effect of superstrengthening.
Table 8 shows that intensive cooling of test specimens made

TABLE 7—Solubility of salts in water (limit of negative temperatures achievable in aqueous
CaCl2, ZnCl2, and LiCl solutions)

CaCl2 ZnCl2 LiCl

T (�C) S Tp T (�C) S Tp T (�C) S Tp

0 59.5 0 208 0 69.2

�15.5 53.3 �10 189 �20 58.4 2 H2O

�26.5 50.8 �30 160 3 H2O �68 40.3 3 H2O

�35.7 48.7 �40 127 �80 33.9 5 H2O

�55 45.75 6 H2O �50 113

�62 104 4 H2O

Fig. 12—Installation for steel quenching at negative temperature:
1, tank; 2, quenchant; 3, open spray; 4, arc-shaped groove; 5,
clamp; 6, hinge; 7, platform; 8, shock-absorber; 9, activator of
vibrations; 10, supporting arm; 11, hollow cone having different
sections at points 12, 13, and 14; 15, submerged spray; 16, speci-
men or tool to be quenched [4,10].

TABLE 8—Comparison of the mechanical properties of different steels quenched in oil and
quenched with the intensification of heat transfer within the martensite range

Quenching method V (�C/s) Steel grade

Strength (MPa)

A (%) Z (%)Rm Rp0.2

Oil 3–6 U7A 1,400 1,250 4 —

60S2A 1,476 1,355 8.5 —

Two-step intensive quenching 30 U7A 1,610 1,570 7.9 31

60S2A 1,920 1,740 5 22

Note: V is cooling rate within the martensite range.

146 INTENSIVE QUENCHING SYSTEMS: ENGINEERING AND DESIGN



of various steel grades from the austenitizing temperature to
the martensite start temperature MI does not result in appre-
ciable additional strengthening. Therefore, the strength of
small test specimens quenched in oil and aqueous salt solu-
tions differs very little. Only rapid cooling within the mar-
tensite range during the second step of cooling yields
additional strengthening with improvement of its plastic
properties (see Table 8).

This is similar to the effect of high-temperature thermo-
mechanical treatment, because in addition to the appearance
of high compressive stresses, the deformation of unstable
austenite occurs both at high temperatures and during the
supercooling stage above the MS temperature. To obtain an
insight into this process, computations of the stress-strain
state and intensity of plastic deformations of austenite were
performed for the forging illustrated in Fig. 13, which was
cooled in conditions Bi fi 1.

The distribution of temperature fields in the forging—
which was cooled with a heat transfer coefficient of 20,000
W/m2K—20 s after the forging was immersed into a quen-
chant is shown in Fig. 14. Such a quenching intensity can be
achieved by water spray or water flow produced in special
tanks. As Fig. 14 shows, the forging’s core reaches tempera-
tures of 700–750K, where the formation of intermediary
phases with high mechanical properties occurs.

Fig. 15 shows that the safety factor reaches the lowest
values in the layers located between the surface and the core
of the part and equals 1.4–1.5. If the safety factor is less than
1, material fracture occurs [31]. The phase distribution at 20 s
is presented in Fig. 16. Such a phase distribution in a forging
provides high compressive stresses at the quenched surface
and comparatively low tensile stresses at the core.

Hoop stresses at the moment of interruption of intensive
quenching are shown in Fig. 17. This shows that intensive

Fig. 13—Sketch of forging.

Fig. 14—Temperature field (K) in the forging at the time of reaching the maximum compressive stresses at the surface at 20 s.
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quenching of forgings prevents crack formation due to high
compressive residual stresses at the surface of steel parts and
lower residual tensile stresses at their core. The plastic strains
intensities in the forging at 20 s are shown in Fig. 18.

It should be emphasized that the service life of steel parts
increases due to the steel superstrengthening phenomenon
[1,2] and creation of high compressive residual stresses at the
surface [4,31]. For example, the surface cooling rate of a forg-
ing within the martensite range was high enough to provide
superstrengthening and high compressive residual stresses
simultaneously. Both factors are responsible for increasing
the service life of components. Su Chun-xia and colleagues
[39] also noticed that interrupted intensive quenching pro-
vides fine microstructure of manganese-chromium-nickel-
molybdenum steel.

Another opportunity to use both factors in practice is
intensive quenching of low-hardenability steels, where chemi-
cal composition, residual stress distribution, and the super-
strengthening effect are optimized [23,40,41].

9.7 SUMMARY
1. During intensive quenching, the effect of additional

strengthening (superstrengthening) is observed, which is
connected with the intensification of cooling rate within
the martensite range.

2. The process of intensive cooling should be interrupted
upon achieving the maximum compressive stresses at
the surface when the core achieves a temperature of
350–600�C. The core in this case is cooled by the
scheme of rapid interrupted cooling.

Fig. 15—Safety factor (SF) at the time of reaching the maximum compressive stresses at the surface at 20 s.

Fig. 16—Phase distribution in the forging at the time of reaching the maximum compressive stresses at the surface at 20 s: 1, austenite;
2 and 5, martensite.
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3. The potentialities of combined heat treatment of forg-
ings include high-temperature thermomechanical treat-
ment and intensive quenching to maximize the effect of
material superstrengthening.

4. Intensive quenching of forgings is interrupted when there
are maximum compressive stresses at the surface and
small tensile stresses at the core. In many cases, this hap-
pens when the core temperature drops to 400–500�C.

Fig. 17—Hoop stresses S33 in the forging at the time of reaching the maximum compressive stresses at the surface at 20 s.

Fig. 18—Plastic strains intensity in the forging at time ¼ 20 s.
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5. The suggested technology based on the superstrengthen-
ing effect and creation of high compressive residual
stresses yields large economic benefits due to increase
service life of steel parts and the use of plain water as a
quenchant instead of oils.
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10
Intensive Steel Quenching Methods
N. I. Kobasko1

10.1 INTRODUCTION
In the previous chapters, processes and their mathematical
description that form a basis for the development of new
intensive steel quenching methods have been considered.
The primary concept of the new intensive quenching meth-
ods is to perform intensive cooling within the martensite
transformation range of the steel of interest.

There are various methods for performing intensive cool-
ing within the martensite range, such as those illustrated in
Fig. 1. The process represented in the figure by the straight
line on the left (“Fast þ fast”) shows the process of intensified
cooling throughout the entire cooling process, from the auste-
nitization temperature to the final bulk quenchant tempera-
ture. However, in this case, the rapid cooling is insufficiently
intensive to prevent quench crack formation as might occur
during cold water quenching. Therefore parts made of alloyed
steels are typically quenched in oils or aqueous solutions of
polymers at high concentration to reduce the cooling rate
within the martensite range. This quenching process is illus-
trated by the second set of lines in Fig. 1 (“Slow [or fast or
intensive] þ slow”).

The third line of Fig. 1 (“Slow þ intensive”) illustrates
the quenching process designated as IQ-1, which consists of
slow cooling from the austenitization temperature until the
start of the martensite transformation, at temperature MS,
below which the steel part is cooled very intensively. In prac-
tice, the IQ-1 process is performed by first slowly cooling the
alloyed steel in an aqueous polymer quenchant solution at a
high concentration or in petroleum oils to the MS tempera-
ture, followed by rapid cooling using intensive water jets,
which provide a high cooling rate within the martensite
range with the added benefit of washing the part.

IQ-2 intensive steel quenching technology is a three-
stage cooling process. The first step involves intensive cool-
ing without film boiling until the superficial layers contain
50 % martensite. At this point, the intensive cooling process
is interrupted, and the steel is cooled in air, where the tem-
perature is equalized throughout the cross-sections and self-
tempering of the newly formed martensite in superficial
layers occurs. Finally, intensive cooling is continued until the
martensite transformation is completed.

The straight line at the right of Fig. 1 (“Intensive þ
intensive”) illustrates the IQ-3 process, in which intensive
cooling is performed by a method that eliminates both film
boiling and nucleate boiling. This is accomplished by using
powerful jets or streams of water to lower the surface tem-
perature of the steel almost immediately to the temperature
of the quenchant. In this way, maximum thermal gradients
between the superficial layers and the core are created. The

process of intensive cooling is performed until maximum
surface compressive stresses are formed, which is the opti-
mal condition.

Intensive quenching processes designated as IQ-4 and
IQ-5 are not shown in Fig. 1 since they are difficult to illustrate
schematically. The IQ-4 intensive quenching process is used
for parts with a complicated configuration. Different sections
are cooled in such a way that, in each section, the Biot number
remains constant and exceeds a certain specified value, which
leads to the creation of a uniform martensite shell over the
entire surface. As a result, high surface compressive stresses
are formed at the superficial layers, which prevents quench
crack formation and minimizes distortion.

The IQ-5 intensive quenching process is used for
machine cutting parts and is applied for quenching a section
while completely insulating other surfaces from contact with
the quenchant. This method permits the creation of high sur-
face compressive residual stresses instead of tensile stresses
over the working surface of the part.

These intensive quenching processes are considered in
detail in this chapter and are accompanied by numerous
examples of simplified calculations [1–5].

10.2 IQ-1 INTENSIVE QUENCHING TECHNOLOGY
Historically the first intensive quenching process was IQ-1, in
which the intensification of cooling is performed only within
the martensite transformation range. Cooling of the steel
from the austenitization temperature to the martensite start
temperature MS is performed slowly in hot oils or high con-
centrations of water-salt solutions, aqueous polymer solu-
tions, and so on. Upon reaching the MS temperature at the
surface, the steel is unloaded from the quench tank and
placed under intensive jets of water or jets of nitrogen (cryo-
genic treatment).

Two problems were encountered with this process:
crack formation and distortion. These problems were solved
by optimizing the IQ-1 process using appropriate boundary
conditions.

The heat transfer coefficient versus temperature at the
surface of a test specimen using a modified petroleum oil
(MZM-16) is shown in Fig. 2. The average value of the heat
transfer coefficients for the temperature range of 300–800�C
for oil at 120�C and a 30 % (high) concentration of a water–
PAG polymer solution are presented in Table 1. Thermal
properties of the supercooled austenite as a function of tem-
perature are shown in Tables 2 and 3.

Using the thermal properties of the supercooled austenite
and the corresponding heat transfer coefficients, it is possible
to perform computations based on both the approximate

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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method and by computer simulation. Examples will now be
provided illustrating the use of simplified calculations for
quenching of plate-shaped, cylindrical, and spherical bodies.

Example 10.1
A round plate with a diameter of 120 mm and a thickness of
6 mm is to be cooled from 860�C in a concentrated aqueous
polymer solution. The heat transfer coefficient for the tem-
perature range of 300–800�C is 700 W/m2K. The plate is
made of AISI 4140 steel. The CCT (continuous cooling trans-
formation) diagram for AISI 4140 steel is shown in Fig. 3.
The martensite start temperature MS for AISI 4140 is 365�C.
Find the time of cooling of the core of the plate from 860�C
to 400�C and predict the microstructure using the data from
the CCT diagram in Fig. 3 corresponding to this time. For
calculations, use the generalized equation (Eq 69) presented
in Chapter 5. At the first step, calculate the Kondratjev form
factor (coefficient) K and generalized Biot number BiV.

The Kondratjev form coefficient K for a plate of a
round shape can be calculated by the equation:

K ¼ 1
5:783
R2

þ 9:87
Z2

;

where:
R is the radius of the plate (m); and
Z is the thickness of the plate (m).

Substituting the given sizes of the plate in the above-
stated formula, we obtain:

K ¼ 1
5:783

ð0:06Þ2 þ
9:87

ð0:006Þ2
¼ 3:63 	 10�6m2:

The generalized Biot number BiV is determined by the
equation:

BiV ¼ a
k
K

S
V
;

where (substituting the known values):

S
V

¼ 2ðRþ ZÞ
RZ

¼ 2
ð0:06þ 0:006Þ
0:06 	 0:006 ¼ 366:7

1
m

:

The average thermal conductivity for the temperature
range of 300–800�C is approximately 22 W/mK (see Table 2).
Therefore, the generalized Biot number BiV is:

BiV ¼ 700 W
m2K

22 W
mK

	 3:63 	 10�6m2 	 366:7 1
m

¼ 0:042:

Fig. 1—Different techniques of intensive quenching.

Fig. 2—Dependence of the heat transfer coefficient of accelerated
petroleum MZM-16 oil on the surface temperature of a test speci-
men 20 mm in diameter made of AISI 304 steel.

TABLE 1—Average values of heat transfer
coefficients for MZM-16 oil at 80–100�C and
PAG polymer of 30 % concentration at 30�C
within the temperature range of 300–800�C
(no agitation)

Quenchant
Temperature
range (�C)

Average heat transfer
coefficient (W/m2K)

MZM-16 300–800 1,800–2,000

120–350 350

30 % PAG polymer 300–800 700
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Using the universal correlation between Kn and BiV,, we
can now find the Kondratjev number Kn:

Kn ¼ BiV
ðBi2V þ 1:437BiV þ 1Þ0:5

¼ 0:042

ð0:00176þ 0:0604þ 1Þ0:5 ¼ 0:043:

Now using the generalized dependence, Eq 60, we can
calculate the duration of cooling of a round plate from
860�C to 400�C:

s ¼ kBiV
2:095þ 3:867BiV

þ ln
T0 � TS

T � TS

� �
K

aKn

¼ 0:019þ ln
860oC� 100oC
400oC� 100oC

� �
3:63 	 10�6m2

5:36 	 10�6 m2

S 	 0:043
¼ 14:93s � 15s:

Thus, the core of a round plate cools from 860�C to
400�C in 15 s.

The CCT diagram for AISI 4140 steel shown in Fig. 3
indicates that, after cooling for 15 s, the core is in the aus-
tenite condition. If, for the second cooling stage, the plate is
cooled intensively by water jets, martensite quenching will
occur throughout the entire section, and at the same time,
the plate will be cleaned of any remaining surface deposits

from the polymer quenchant. As a result of intensive cool-
ing, the mechanical properties of the material are improved.

Example 10.2
Cylindrical punches (Ø12 mm, and height 120 mm) made of
AISI M2 steel are cooled in hot oil at 120�C. The heat trans-
fer coefficient of the oil is 2,000 W/m2K. Determine the time
of cooling of the core from 1,200�C to 300�C using the fol-
lowing thermal properties of the steel:

• �a ¼ 5:63 	 10�6 m
2

s
;

• �k ¼ 23 W
mK.

First, we calculate the Kondratjev form coefficient K for
the cylinder, the generalized Biot number BiV, and the Kon-
dratjev number Kn as follows:

K ¼ R2

5:783
¼ ð0:006Þ2

5:783
¼ 6:225 	 10�6m2;

BiV ¼ a
k
K

S
V

¼ 2000 W
m2K

23 W
mK

	 6:225 	 10�6m2 	 2
0:006

¼ 0:18;

Kn ¼ BiV
ðBi2V þ 1:437BiV þ 1Þ0:5 ¼ 0:16:

Substituting these results into Eq 60 (k ¼ 2, BiV ¼ 0.18),
we find:

s ¼ kBiV
2:095þ 3:867BiV

þ ln
1200oC� 120oC
300oC� 120oC

� �

3
6:225 	 10�6m2

5:63 	 10�6 m2

S 	 0:16 ¼ 13:3s:

During cooling in hot oil, a small temperature gradient
through the cross-section of a punch is observed, which can
be calculated by the universal correlation:

Kn ¼ wBiV ; ð1Þ
where c is the criterion of nonuniformity of the temperature
field. From this, with BiV ¼ 0.18, it follows that:

w ¼ ðBi2V þ 1:437BiV þ 1Þ�0:5 ¼ 0:88:

On the other hand, the c criterion is also equal to:

w ¼
�Tsf � Tm

�TV � Tm
; ð2Þ

TABLE 2—Thermal conductivity of supercooled austenite versus temperature

T (�C) 100 200 300 400 500 600 700 800 900

k; W
mK 17.5 18 19.6 21 23 24.8 26.3 27.8 29.3

�k; W
mK 17.5 17.75 18.55 19.25 20.25 21.15 21.90 22.65 23.4

Note: �k is the mean value for the range between 100�C and the stated temperature.

TABLE 3—Thermal diffusivity a of supercooled austenite versus temperature

T (�C) 100 200 300 400 500 600 700 800 900

a 	 106;m2

s 4.55 4.63 4.70 4.95 5.34 5.65 5.83 6.19 6.55

�a 	 106;m2

S 4.55 4.59 4.625 4.75 4.95 5.10 5.19 5.37 5.55

Note: �a is the mean value for the range between 100�C and the stated temperature.

Fig. 3—CCT diagram of AISI 4140 steel with superimposed calcu-
lated cooling curves for the surface (S), three-quarter radius (3/4 R),
and center (C ) of a round bar of 50-mm diameter [6].
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where:
�Tsf is the average temperature at the surface;
�TV is the average temperature across the volume; and
Tm is the temperature of the medium.

From Eq 2, if c ¼ 1, then �Tsf ¼ �TV , and the temperature
field is uniform, that is, the temperature of the part through
the entire cross-section is the same. If c ¼ 0, the surface of a
part has the same temperature as the medium. Since c ¼
0.88 differs only slightly from 1, during quenching of the
punch in hot oil, a small gradient of temperature on the
cross-section is observed. When the core temperature of
the punch falls to 300�C, the part is unloaded from the hot
oil, and the cooling is continued in cold water jets, which
increases the service life of the punch.

Now consider the quenching process for parts of more
complicated configuration, using the results of the numeri-
cal calculations made by IQLab and Tandem-Hart software
[1–3]. This software was used to simulate the quenching
process for the carburized plug shown in Fig. 4(a). The plug
was made of steel having the following chemical composi-
tion: 0.11–0.16 % carbon; 0.9–0.7 % silicon; 0.9–1.5 % manga-
nese; and 0.5–0.8 % chromium.

Fig. 4(b) illustrates the quenching process for the carbu-
rized plug in hot oil at 137�C. The temperature at the sur-
face of the plug was measured experimentally at three
points (1, 2, and 3 in Fig. 4(b)). The plug was carburized
only on the inner side to the depth of 1.8 mm. The external
side of the plug was covered with copper to prevent carburi-
zation. After cooling in hot oil at 137�C, the plug was trans-
ferred to a special chamber, where the plug was cooled
cryoscopically using jets of liquid nitrogen at –172�C. Due to
the large temperature difference between the surface of the
plug and the liquid nitrogen and the high heat transfer coef-
ficients of jets of liquid nitrogen, a high cooling rate within

the martensite range was achieved. However, due to the low
temperature, the plug was cooled below Mf and the hardness
at the carburized surfaces reached HRC 66–67.

It is important to determine the character of distortion
of the carburized plugs during each stage of cooling. The
Tandem-Hart simulation shows the different character of the
distortions during the first and second stages [1–3]. During
the first stage of cooling in hot oil, the plug was “barrel-
shaped.” At the inner surface, small tensile residual stresses
appeared (see Fig. 5). During the second stage of cooling of
the plug in jets of liquid nitrogen, due to the greater specific
volume of martensite, distortion of the plug was in the oppo-
site direction, that is, it became concave toward the center
(see Fig. 6). For better visualization, the distortions in Figs. 5
and 6 are magnified by 25 times. It should be noted also that
after the full transformation of austenite into martensite dur-
ing the second stage of cooling of the carburized plug, very
high compressive stresses are observed in the carburized
layer, with values in the range of 1,000–1,450 MPa (see Fig. 6).
The lower values are for transformation of austenite into
martensite in the carburized layer (HRC 66–67); the higher
values are compressive stresses at the carburized surface.

The IQ-1 process is not widely used in practice, except
for carburized plugs. The use of plain water for intensive
quenching of steel is more attractive. However, in this case,
it is required to develop special devices, setups, and auto-
mated industrial lines that facilitate intensification of the
quenching process. In practice, the IQ-2 and IQ-3 processes
are more commonly used. In the next section, the IQ-2 proc-
ess, which is suitable for both batch quenching and continu-
ous processes, is considered in greater detail.

10.3 IQ-2 INTENSIVE QUENCHING TECHNOLOGY
To understand the IQ-2 process, let’s consider the CCT dia-
gram shown in Fig. 7, where MS is the martensite start

Fig. 4—(a) Sizes of the carburized plug; (b) Surface temperature
versus time during quenching of the plug in oil at 137�C [1].

Fig. 5—Distribution of axial (a) and circumferential (b) stresses in
the carburized plug at the end of the first cooling stage (defor-
mation enlarged by 25 times in the illustration).

154 INTENSIVE QUENCHING SYSTEMS: ENGINEERING AND DESIGN



temperature of 180�C. Now assume that a cylindrical speci-
men 20 mm in diameter is made of steel that has the same
CCT diagram as that in Fig. 7. Then, according to the experi-
ments presented in Chapter 8, the surface temperature will

be significantly dependent on pressure. When the pressure is
0.7 MPa, the surface temperature during nucleate boiling is
maintained at 180�C (see Chapter 2). This is seen in Fig. 7,
where curve 1 is for a pressure of 0.7 MPa; curve 2 is for
normal atmospheric pressure, that is, 0.1 MPa.

During nucleate boiling, the surface temperature of the
test specimen is supported at approximately the level that
corresponds to the boiling temperature of a boundary liquid
layer. Changing the static quenchant pressure or increasing
the concentration of water-salt solutions, one can control the
temperature at the surface of the test specimen or steel parts
during the nucleate boiling process. At the end of nucleate
boiling, intensive cooling is interrupted, and equalization of
the temperature through sections of the steel parts is pro-
vided in air. Then intensive quenching continues, to create
an accelerated cooling rate within the martensite range,
which can be combined with the washing of the parts.

The IQ-2 process is a three-step cooling that consists of:
• The nucleate boiling process providing no more than

50 % martensite at the surface of steel parts during the
first step (see Fig. 7)

• Cooling in air to provide equalization of temperature
through the sections of the parts

• Intensive cooling with convection, combined with the
washing of the steel parts
Therefore, it is necessary to interrupt the intensive cool-

ing process at the end of nucleate boiling and to cool in air
to maintain the equalizing temperature through the cross-
section of the test specimen. Interruption of the process
also results in self-tempering of the newly formed martens-
ite in the superficial layers. As a result of self-tempering,
there is an improvement of the mechanical properties, espe-
cially material ductility, in the superficial layer of the steel
parts.

This is the essence of the IQ-2 intensive quenching proc-
ess. The technology was used for the first time in Ukraine
and further developed and applied into practice in the
United States [7–12]. This technology is applicable for high-
carbon steels, including alloy steels with a martensite start
temperature below 200�C, that is, MS � 200�C (see Fig. 7).

For medium-carbon steels, the situation is radically dif-
ferent. The problem is with the formation of 50 % martens-
ite above 200�C (see Fig. 8), because it is practically
impossible to maintain the boiling temperature at this level.
Therefore, when quenching low-carbon and medium-carbon
steels, it is necessary to find the conditions when 50 % of
martensite through the cross-section of the part to be
quenched is reached.

The CCT diagram of Fig. 8 shows that during water
quenching at atmospheric pressure, almost 100 % martensite
is formed during nucleate boiling. This means that during
intensive cooling, because of the large temperature gradient
through the cross-section, the martensite shell, which should
be formed in the superficial layer, moves from the surface
to the core of the part. It is therefore necessary to interrupt
the intensive cooling process at the time when compressive
stresses are at their maximum.

It has been established [4,7,13] that 50 % martensite is
obtained at the time of reaching maximum surface compres-
sive stresses. By interrupting the intensive cooling process at
the end of nucleate boiling, it is possible to obtain simultane-
ously very high hardness in the superficial layers, high sur-
face compressive residual stresses, and a plastic core. Due to

Fig. 7—Pressure adjustment of the cylindrical part’s (diameter
20 mm) surface temperature with water cooling at 20�C: 1,
quenching under pressure 0.7 MPa; 2, quenching under pressure
0.1 MPa.

Fig. 6—Distribution of axial (a) and circumferential (b) residual
stresses in the carburized plug at the end of the second cooling
stage at a ¼ 1,000 W/m2K (distortion enlarged by 25 times in the
illustration).
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the high cooling rate within the martensite range, which is
reached because the martensite finish temperature Mf is
greater than the boiling temperature of the liquid TS (Mf >
TS), improved mechanical properties are observed in the
superficial layers.

As an illustration, consider the quenching process for a
cylinder of 50-mm diameter made of AISI 1045 steel. The
cylinder is heated to 860�C and then is quenched in flowing
water with a flow rate of 1.5 m/s, where the transfer coeffi-
cient during convection is 5,000 W/m2K. Determine the
duration of nonstationary nucleate boiling and analyze the
process with respect to the CCT diagram in Fig. 8.

For this purpose, the generalized equation, which has
the following form,

s ¼ Xþ f ln
#I

#II

� �
K
a

ð3Þ

will be used. For this example:
W ¼ 0.48;
f ¼ 3.21;
K ¼ R2/5.783 ¼ 108.1 3 10�6 m2; and
a ¼ 5.36 3 10�6 m2/s.

Values #I and #II can be calculated by equations pre-
sented in Chapter 2. Eq 37 states:

#I ¼ 1
b

2kð#0 � #IÞ
R

� �0:3
; ð4Þ

where, in this instance:
b, according to Tolubinsky’s equations [6], is equal to 7.36;
k ¼ 22 W/mK;
R ¼ 0.25 m; and
#0 ¼ T0 – TS ¼ 860�C – 100�C ¼ 760�C.

Substituting these values into Eq 4 yields:

#I ¼ 0:136½1760ð760� #IÞ
0:3: ð5Þ
This can be reduced iteratively by substituting into the

right side of Eq 5 any value for #I, preferably close to the
true condition. For example, starting with #I ¼ 30�C, we cal-
culate:

#I ¼ 0:136½1760ð760� 30Þ
0:3 ¼ 9:25C:

Revising the formula using the value of 9.25�C in Eq 5,
the second iteration yields:

#I ¼ 0:136½1760ð760� 9:25Þ
0:3 ¼ 9:33C;

and carrying this one step further refines the value to:

#I ¼ 0:136½1760ð760� 9:33Þ
0:3 ¼ 9:33C:

The value of #II is similarly calculated using Eq 2.38:

#II ¼ 1
7:36

aconvð#II þ #uhÞ½ 
0:3; ð6Þ

where, for this example:
aconv ¼ 5,000 W/m2K; and
#uh ¼ TS – Tm ¼ 100�C – 20�C ¼ 80�C.

Substituting these values into Eq 6, a similar ratio is
obtained:

#II ¼ 0:136½5000ð#II þ 80Þ
0:3: ð7Þ
Solving iteratively in the same way as for Eq 5, we set

any value of #II in the right part of Eq 7, for example,
#II ¼ 5�C, for the first step:

#II ¼ 0:136½5000ð5þ 80Þ
0:3 ¼ 6:64C:

Repeating this procedure, we get:

#II ¼ 0:136½5000ð6:64þ 80Þ
0:3 ¼ 6:67C;

and that value remains the same for the third iteration, so
#II ¼ 6.67�C.

Thus, the duration of nonstationary nucleate boiling for
a cylindrical sample of 50-mm diameter, cooled in a quench
tank, where aconv ¼ 5,000 W/m2K is reached, is equal to:

s ¼ 0:48þ 3:21 ln
9:33oC
6:67oC

� �
108:1 	 10�6m2

5:36 	 10�6m2=s
� 31:4s:

With an increase of the convection heat transfer coeffi-
cient aconv, the duration of nonstationary nucleate boiling
decreases. And, conversely, with a reduction of aconv, the
duration of nonstationary nucleate boiling increases.

Table 4 presents the duration of nonstationary nucleate
boiling snb for a cylindrical sample of 50-mm diameter, cooled
in circulating water, providing various values for the convec-
tion heat transfer coefficient. From Table 4, we see that during
quenching in still water, where the convection heat transfer
coefficient aconv is equal to 1,700 W/m2K, the duration of nucle-
ate boiling snb is 52.7 s. The temperature of the core of the cyl-
inder at the end of nucleate boiling is also presented in Table 4.

At the center of the cylinder, for each specific case pre-
sented in Table 4, it is possible to estimate the temperature
by the following equation:

T ¼ TS þ ðT0 � TSÞe�
C1�as
K � 0:24kð Þ; ð8Þ

where:
TS is the saturation temperature;
T0 is the austenitization temperature;

Fig. 8—CCT diagram of AISI 1045 medium-carbon steel.

TABLE 4—Duration of nonstationary nucleate
boiling snb versus convection heat transfer
coefficient aconv for water at a temperature
of 20�C
aconv (W/m2K) 1,700 2,500 5,000 10,000

snb (s) 52.7 43.9 35.5 17.5

Temperature at the
core (�C)

354 397 431 828
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C1 is a constant;
�a is the average thermal diffusivity of the material;
s is the time at the end of nucleate boiling; and
k ¼ 1, 2, or 3 for plate-shaped, cylindrical, or spherical

bodies, respectively.
During quenching in a still quenchant, the duration of tran-

sient boiling is about 53 s, and the temperature in the core of the
cylinder at the end of this period is about 354�C. Determining the
corresponding parameters for AISI 4140 steel with the CCT dia-
gram in Fig. 3, we find that approximately 40 % bainite is formed
in the core of the cylinder, which will provide a hardness of HRC
46 after complete cooling of the core. On the surface and in the
superficial layers of the cylinder, 100 % martensite is formed,
which, according to Fig. 3, provides a hardness greater than HRC
58, because the surface temperature drops very quickly.

It should be noted that this estimation is approximate.
The exact solution of this problem can be obtained by com-
puter simulation taking into account all of the subtleties of
the transformation of the supercooled austenite into mar-
tensite, along with the intermediate phases. However, even
with the approximate approach, this method is a powerful
tool for use in preliminary thermal process design.

With IQ-2 intensive quenching, a cylindrical specimen after
the finish of nucleate boiling is unloaded from a quench tank to
cool in air, where self-tempering of a superficial layer occurs.
Then cooling is continued until reaching the temperature of the
quenching medium. If a cylinder is cooled in water streams of
1.5 m/s where the average heat transfer coefficient is aconv ¼
5,000 W/m2K, the duration of nonstationary nucleate boiling in
this case is 35.5 s and the temperature of the core reaches 431�C.
According to the CCT diagram in Fig. 8, bainite will be observed
in the core, and the when the surface reaches 100�C, 100 % of
martensite is formed. After unloading the cylinder to air-cool and
self-temper the superficial layer, intensive cooling of the cylinder
is continued until the temperature of the medium is achieved.

Thus, by changing the convection heat transfer coeffi-
cient (aconv), it is possible to control the duration of nonsta-
tionary nucleate boiling and obtain various core temperatures
at the finish of the nucleate boiling process.

10.3.1 Importance of the Intensification
of Heat Transfer at the Time of Immersion
into the Quenchant
When implementing IQ-2 intensive technology, it is impor-
tant to create intensive jets or streams of water at the initial
time of immersion of the steel into the quenchant. This is
necessary to prevent the formation of a steam film at the
surface of the parts to be quenched. Intensification upon
immersion must be performed so that the heat flux density
q from the surface of parts is no greater than the first criti-
cal heat flux density qcr1, that is, q � qcr1. Further intensifica-
tion of the heat transfer during implementation of IQ-2 may
not be performed since it is related to the reduction in the
surface temperature of the steel to the temperature of the
medium. (It is possible to actually implement IQ-3 technol-
ogy, while thinking that IQ-2 technology is being used.)

There are numerous methods to intensify the heat trans-
fer process at the time of immersion of steel into a quenchant
by increasing the first critical heat flux density. First of all,
neutral aqueous solutions of salts of optimal concentration
can be applied, providing the maximum value of qcr1. In prac-
tice, for this purpose, chutes are used in which water is inten-
sively circulated or powerful jets for prevention of process of

film boiling are arranged. Such installations and their hydro-
dynamics will be discussed in Chapter 11.

The discussion in this chapter will be limited to illustrating the
initial timewhen there is no film boiling and a very high heat trans-
fer coefficient is formed. To this end, we will now calculate a heat
transfer coefficient during nucleate boiling when #I ¼ 9.33�C.
According to the equation of Tolubinsky (see Chapter 2, Eq 10),

anb ¼ b3: 33#2:33
I ;

or

anb ¼ ð7:36Þ3:33ð9:33Þ2: 33 � 140; 128W=m2K:

Therefore, the generalized Biot number BiV, given by

BiV ¼ a
k
K

S
V

� �

is equal to 52.6. This calculation shows that during quench-
ing, when there is no film boiling, the surface temperature is
practically equal to the boiling temperature of a liquid. The
temperature remains at this level for a long time and then
eventually decreases somewhat during the nonstationary
nucleate boiling [7,8].

Despite very high values of heat transfer coefficients during
nucleate boiling, the cooling rate within the martensite range
may be zero ifMS � TS. This means that, during boiling, there is
a delay of the transformation of austenite into martensite.

10.3.2 Equations for Calculating
the Speed of Industrial Conveyors
Two methods of quenching medium-carbon and high-carbon
steels, IQ-1 and IQ-2, have been discussed so far. For both
methods, there were no generalized dependences since dif-
ferent equations were used. For the IQ-2 process with two
possible ways of cooling, it is possible to combine the gener-
alized equations developed earlier into a single equation:

s ¼ Xþ b ln h½ 
 K
aKn

; ð9Þ

where, for medium-carbon steels:
b ¼ 1; and

h ¼ T0 � TS

T � TS
,

and for high-carbon steels:
b ¼ 3:21; and

h ¼ ln
#I

#II

� �
.

To unload steel from the quench tank at the appropriate
time of reaching the maximum surface compressive stresses or
the completion of nucleate boiling, it is sufficient to establish a
certain conveyor speed while the steel is immersed into a quen-
chant. This conveyor speed should be calculated by the equation:

W ¼ L
s
¼ aLKn

ðXþ b ln hÞK : ð10Þ

In Eq 10, the speed of the conveyor is given in m/s. To
set the speed in m/hr, it is necessary to multiply the answer
by 3,600. Including this factor in the numerator, the equa-
tion takes the form:

W ¼ 0:36 	 104aLKn
ðXþ f ln hÞK ; ð11Þ

in which the result is speed of the conveyor in m/hr.
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The basic scheme of an industrial installation for the
implementation of IQ-2 intensive quenching is shown in
Fig. 9. The continuous industrial line (conveyor) consists of
conveyor furnace HT1, which in section I is loaded automati-
cally. Furnace HT1 is connected to a computer control
device, which is schematically shown at the top in Fig. 9.

The speed of the conveyor in the furnace is set by com-
puter depending on the shape and size of the parts and chemi-
cal composition of the steel. Parts, after being heated to the
austenitization temperature and kept at the same temperature
for some time, are delivered to a chute (II), where intensive
circulation of the quenchant is performed. The quenchant
may be an aqueous solution of neutral salts of optimal con-
centration that provides the maximum value of the first criti-
cal heat flux density qcr1. In addition, aqueous salt solutions
should prevent surface corrosion of metals. Intensive circula-
tion of the quenchant in the quenching tank and an optimal
concentration of the aqueous solution eliminates film boiling
or causes it to practically vanish. Fig. 9 shows that the quench
tank has two conveyors that move at various speeds and are
connected to the control unit through drives TR2 and TR3.

When heated parts come through the chute (II) to the
first conveyor, they are cooled very intensively, since there is
no film boiling and the surface temperature is kept at the
boiling level of a boundary liquid layer; for pure water, for
instance, this level is 100�C. Depending on the shapes and
sizes of parts to be quenched, the control unit sets a certain
speed of the first conveyor in the quench tank. The speed of
the first conveyor is calculated by Eq 11 and provides
unloading of parts to be quenched from the quenchant
when nucleate boiling is completed or—for low-carbon and
medium-carbon steels—when reaching the maximum com-
pressive stresses in the superficial layers of the part.

The first conveyor transfers the parts being quenched to
the second conveyor, where the temperature throughout
their cross-sections is equalized in air and the martensite
layer that is formed at the surface is self-tempered.

The speed of the second conveyor is also regulated by
the control unit through drive TR3. Equalization of the tem-
perature throughout the parts after air cooling may be
checked by using a semiconductor sensor (like a barometer)

that senses the maximum temperature on a heated surface
of parts during their self-tempering.

The temperature of the quenchant in the tank is kept at
the constant level by use of a refrigerator (CL1). To maintain
the optimal concentration of the solution, it is necessary to
check it from time to time.

The parts after self-tempering move to the following con-
veyor through the washing and quenching device (WQ1),
where they are washed and further cooled intensively. The
speed of this conveyor is regulated by the control unit through
drive TR4. The temperature of the water in the washing tank
is also kept at a constant level by means of refrigerator CL2.

The parts that have been washed out then go to the tem-
pering furnace HT2, where they are finally tempered. The
speed of the conveyor of the tempering furnace is regulated
by the control unit through drive TR5. The ready parts after
heat treatment are collected in storage unit BX1.

The scheme of the line for IQ-2 intensive quenching
described here shows that it is sophisticated. Knowledge of
the peculiarities of heating and cooling of the parts to be
quenched is necessary, and the parameters for optimization
of the process using the control unit must be determined.

Specific examples of the implementation of IQ-2 inten-
sive quenching will now be considered and some simplified
engineering calculations performed. However, more accu-
rate computations are performed by computer simulations
with commercially available software [14,15].

10.3.3 Examples of IQ-2 Implementation
The novelty of intensive quenching technologies lies in the
opportunity to intensify the heat transfer within the martens-
ite range and to regulate the temperature at the surface of
steel parts to be quenched when the heat transfer coefficient
approaches infinity, that is, Bi fi 1. This was not previously
evident, since it was assumed that at Bi fi 1 the tempera-
ture at the surface of steel parts was always equal to the
medium (quenchant) temperature Tm.

Example 10.3
A die made of ShKh15 (AISI 52100) steel, with diameter
D ¼ 2R ¼ 50 mm and height Z ¼ 25 mm, is quenched from

Fig. 9—Industrial installation for the implementation of IQ-2 technology [10]: I, loading point for steel parts to the conveyor for heating
in heater HT1; II, chute with intensive cooling devices; III, quenching tank with two conveyors; IV, unloading point of steel parts from
heater HT2; TR1–TR5, speed control units for conveyor belts 1, 2, 3, 4, and 5 operated by the control device; HT1 and HT2, heaters 1 and
2; WQ1, washing and quenching device; PM1 and PM2, pumps 1 and 2; CL1 and CL2, coolers 1 and 2; F1, filter; BX1, container for
quenched parts.
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860�C in an aqueous solution of calcium chloride (CaCl2) or
magnesium chloride (MgCl2) with additives of calcium
hydroxide (Ca(OH)2) to prevent corrosion [13]. The density
of the solution is 1,320 kg/m3, which provides a boiling tem-
perature for a boundary liquid layer at 125�C and formation
of 50 % of martensite at the end of the nucleate boiling
process. The quenching bath temperature is 50�C. Unloading
is arranged at the completion of the nucleate boiling process
by setting the time of cooling for the first step.

In this case, the duration of the first step is calculated
using Eq 3:

s ¼ Xþ f ln
#I

#II

� �
K
a
;

along with:

#I ¼ 1
b

2kð#0 � #IÞ
R

� �0:3
;

#II ¼ 1
b
½aconvð#II þ #Ha@Þ
0:3; and

K ¼ 1
5:783
R2

þ 9:87
Z2

:

Using the given dimensions R ¼ 0.025 m and Z ¼ 0.025
m and the other inputs:
�a ¼ 5 3 10�6 m2/s;
W ¼ 0.72;
k ¼ 22 W/mK; and
aconv ¼ 420 W/m2K,
we can determine:

K ¼ 1

5:783
R2

þ p2

Z2

¼ 4 	 10�5m2;

R2 ¼ (0.025 m)2 ¼ 6.25 3 10�4 m2;
Z2 ¼ 6.25 3 10�4 m2;
B ¼ 3;
#uh ¼ 125�C – 50�C ¼ 75�C;
#I ¼ 23.6�C;
#II ¼ 7.67�C;
#I / #I ¼ 3.08; and
ln 3.08 ¼ 1.12.

Substituting the initial data in Eq 3:

s ¼ 0:72þ 3:21 ln
23:6
7:67

� �
43 10�5m2

53 10�6m2=s
¼ 34:5s:

Upon unloading, the die is cooled in air or washed in
water and then tempered. The service life of the die
increased in comparison with quenching in oil by 1.5 times.

Example 10.4
Fasteners of cylindrical shape are needed for work in the
cold climate of Siberia and require appropriate impact
strength at –70�C. The fasteners are made of alloyed AISI
4140 steel and are specified to be quenched from 860�C in
6 % agitated (0.5 m/s) water-salt solution of sodium nitrate
(NaNO3) at 20�C. The average diameter of the fasteners is
12 mm. The quenching of fasteners is performed using a con-
tinuous line equipped with conveyor belts depicted in Fig. 9.
There is a need to upload the fasteners from the water-salt
solution at the end of the nucleate boiling process. The length
of the conveyor immersed into the water-salt solution is 1.2 m.

The heat transfer coefficient during the single-phase convec-
tion is 2,900 W/m2K. Other inputs are:
�a ¼ 5.3 3 10�6 m2/s;
k ¼ 22 W/mK;
W ¼ 0.48;
T0 ¼ 860�C;
Tm ¼ 20�C; and
TS ¼ 100�C.

In this example, we find:

K ¼ R2

5:783
¼ 363 10�6m2

5:783
¼ 6:23 10�6m2:

Values of #I and #II are determined by the equations
presented in Example 10.3:
#I ¼ 36�C;
#II ¼ 14�C; and
ln #I / #I ¼ 0.95.

Then, according to Eq 11:

W ¼ 0:363 104 3 5:33 10�6 3 1:2
½0:48þ 3:213 0:95
6:23 10�5

¼ 648:6m=h:

The speed of the conveyor should be not less than 649
m/h or 11 m/min.

As a result of this process, high durability and high
impact strength at –70�C are reached. It is no longer neces-
sary to apply oil as a quenchant.

Example 10.5
A die of 90-mm diameter and 40-mm height used for the cul-
tivation of artificial diamonds is made of R6M5 (AISI M2)
steel and is quenched from 1,200�C in an aqueous solution
of bischofite (r ¼ 1,300 kg/m3) in which, by the completion
of nucleate boiling, 50 % martensite (TS ¼ 120�C) is formed.
Determine the frequency of unloading from the tray in the
bath so that the completion of nucleate boiling coincides
with unloading from the tray:

W ¼ 0:363 104�a
½0:24þ 3:21 ln h
K :

Input factors are:
L ¼ 1;
Kn ¼ 1;
#I ¼ 27�C;
#II ¼ 7.5�C;
ln #I / #I ¼ 1.28;
�a ¼ 5.6 3 10�6 m2/s; and

K ¼ 1

5:783
R2

þ p2

Z2

¼ 1:02 	 10�4m2: m2.

By substitution:

W ¼ 0:363 104 3 5:63 10�6

½0:24þ 3:213 1:28
1:023 10�4
¼ 45 cycles per hour:

Thus, the duration of one cycle is:

s ¼ 3;600=45s ¼ 80s:

For average-size parts, the completion of nucleate boil-
ing coincides with the time of formation of maximum sur-
face compressive stresses. Therefore, the interruption of
intensive cooling at this time will provide the optimal depth
of a superficial layer for which the maximum surface com-
pressive stresses is achieved.
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Example 10.6
Calculate the conveyor speed during quenching of pins, 20 mm
in diameter (R ¼ 0.01 m), made of 40Kh (AISI 4140) steel, if it
is known that L ¼ 1.5 m; Kn = 0.6; f ¼ 1. The temperature
of the core of the pin at the time when maximum compres-
sive stresses at the surface are achieved is 400�C. The austeni-
tization temperature T0 is 860�C. The quenchant and
quenching conditions are the same as those in Example 10.5.

Taking all of these facts into account and substituting the
data provided into Eq 11 (and using K ¼ R2/5.783) yields:

W ¼ 0:363 104 3 1:53 0:63 5:783

0:48þ ln 860�20
400�20


 �� 
13 10�4

¼ 132m=min or 2:2 m=s:

After self-tempering in air, the pins are cooled and
washed and go for two hours tempering (see Fig. 9). As a
result, it was possible to replace the oil with a water-salt solu-
tion. The impact strength of the steel increased by three
times at a temperature of –70�C.

The examples above illustrate the application of the
present technology for various steel grades. It should be
noted that for some high-carbon, high-alloy steels, 50 % mar-
tensite in the supercooled austenite is formed at a tempera-
ture below 100�C (see Table 5). Therefore, these steel grades
may be quenched in aqueous salt solutions of optimal con-
centration where the most intensive cooling occurs and the
boiling temperature is close to 100�C.

10.4 IQ-3 INTENSIVE QUENCHING TECHNOLOGY
The most intensive steel quenching process is IQ-3 [12,13],
because film boiling and nucleate boiling are eliminated and
the heat transfer coefficients are significantly increased dur-
ing forced convection. Therefore, IQ-3 is primarily a direct
convection process. In IQ-3, steel is intensively cooled until
maximum surface compressive stresses are formed with an
optimal depth of the hardened layer, at which point the part
is cooled in air or maintained at the MS temperature. The
service life of steel parts after IQ-3 processing is increased
by 1.5 to 2 times compared to conventional oil quenching.
Therefore, in view of the potential importance of IQ-3
[12,13], the criteria on which this technology is based are
discussed in this section.

10.4.1 Criterion for Determining the Absence
of Nonstationary Nucleate Boiling
The criterion for determining the absence of nucleate boiling at
the surface being quenched is based on the generalized equa-
tion for the duration of nonstationary nucleate boiling—and of
the self-regulated thermal process—and has the form (Eq 3):

s ¼ Xþ f ln
#I

#II

� �
K
a
:

In this equation, W determines the duration of the irreg-
ular thermal process and is a relatively small value. The
duration the nonstationary nucleate boiling is determined by

the second term of Eq 3, f ln
#I

#II
. To avoid nucleate boiling,

it is necessary that this term be equal to zero.

To calculate #I and #II, we use Eqs 4 and 6:

#I ¼ 1
b

2k #0 � #Ið Þ
R

� �0: 3

and

#II ¼ 1
b
aconv #II þ #uhð Þ½ 
0:3:

By equating #I and #II, the criterion determining the
absence of nonstationary nucleate boiling is derived:

2k #0 � #Ið Þ
R

� �0: 3
� aconv #II þ #uhð Þ½ 
0:3; ð12Þ

or because in Eq 12, #I � #II ,

Bi ¼ 2 # 0 � #Ið Þ
#I þ #uh

: ð13Þ

Eq 13 is the basic criterion that determines the absence
of nonstationary nucleate boiling during steel quenching.

To understand the criterion dependences of Eq 13, spe-
cific examples of steel quenching for plate-shaped, cylindri-
cal, and spherical parts are provided below.

Example 10.7
A round plate of 160-mm diameter and a thickness of 20 mm
made of AISI M2 steel is cooled with 20�C water on both sides
from 1,180�C. Determine the value of the convection heat
transfer coefficient required to suppress both film and nucle-
ate boiling.

From the statement of the problem it follows that:

#0 ¼ 1; 180C� 100C ¼ 1; 080C;

and

#uh ¼ 100C� 20C ¼ 80C:

To determine the value of #I using Eq 4 when the mate-
rial and quenchant possess the following thermal and physi-
cal properties:
k ¼ 23 W/mK; and
b ¼ 7.36,
we substitute and get:

#I ¼ 1
7:36

2 	 23 1080� #Ið Þ
0:01

� �0:3
:

Reducing the equation, we arrive at #I ¼ 13.8�C.

TABLE 5—Martensite start temperature and
the temperature at which 50 % martensite
for some tool steels is formed

Steel grade
Austenitization
temperature (�C)

Carbon
content (%) MS (�C) M50

R18
(AISI T1)

1,230 0.81 160 80

1,290 0.81 140 60

R12 (similar
to T1)

1,210 0.87 210 120

1,270 0.87 155 77

Kh12
(AISI D3)

950 2.07 210 115

970 2.08 184 110

1,050 2.08 70 —

1,180 2.07 –85 —
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To calculate Bi for single-phase convection, we use
Eq 13:

Bi ¼ 2ð10800C� 13:80CÞ
13:80Cþ 800C

¼ 22:73:

Knowing Bi for convection, it is then possible to calcu-
late the heat transfer coefficient required to suppress nucle-
ate boiling:

aconv ¼ 22:73
23W=mK
0:01m

¼ 52287
W

m2K
:

This heat transfer coefficient can be created by water jet
cooling. Calculations of jet cooling were considered in detail
in Chapter 4.

Example 10.8
Truck semi-axles of 42 mm in diameter that are made of
40G (AISI 1540) steel are cooled in a stream of water at
20�C from 870�C in a special chamber with a folding cover
(see Figs. 10–13). The inner diameter of the quench chamber
is 80 mm. Determine the speed of a stream of water in the
quench chamber where nucleate boiling is suppressed. To
solve this problem, it is only necessary to calculate the con-
vection heat transfer coefficient aconv.

From the statement of the problem, it follows that:

#0 ¼ 870C� 100C ¼ 770C

and

#uh ¼ 100C� 20C ¼ 80C:

The average heat conductivity for 40G steel is 22 W/mK;
R ¼ 0.021 m.

From this data, the Bi number is determined to assure
the absence of transient nucleate boiling by using Eq 13:

Bi ¼ 2ð7700C� #IÞ
#I þ 800C

;

where:

#I ¼ 1
7:36

2 	 22 7700C� #I

 �
0:021

� �0:3
¼ 9:860C:

Therefore:

Bi ¼ 2ð7700C� 9:860CÞ
89:860C

¼ 16:9:

To avoid the self-regulated thermal process and assure
only single-phase convection, aconv must be greater than the
value determined by the following equation:

aconv ¼ 16:9
22W=m 	 K
0:021m

¼ 17705
W

m2K
:

The value of the convection heat transfer coefficient is
determined from Eq 14 of Chapter 4:

Nu ¼ 0:03Re0:8 Pr
0:43

:

The speed of a stream of water is determined from the
Reynolds number:

Re ¼ Nu
0:03Pr0:43

� �1: 25

:

Since Re ¼ wD/v, the average speed of water in the
quench chamber is calculated from:

W ¼ m
D

Nu
0:03Pr0:43

� �1:25

:

Computations have shown that the average speed of
water is equal 4.9 m/s, which may be implemented in prac-
tice. However, it is actually necessary to create a water flow
of 5 m/s to assure intensive convection immediately from
the very beginning of quenching.

Example 10.9
Different kinds of equipment for conventional and intensive
quenching are described in Chapters 11 and 12 and in
recently published papers [17–19]. Detail information on the
self-regulated thermal process and water spray cooling was
provided in Chapters 2 and 4. This example shows that con-
vective heat transfer coefficients are reliable and can be real-
ized by different methods in practice. In Eastern Europe,
spray cooling for bearing rollers and balls is sometimes
used. To prevent corrosion, a small amount of sodium car-
bonate (Na2CO3) is added to the water.

Balls of 20 mm in diameter made of AISI 52100 steel are
cooled by water spray at 20�C in a special installation from a
temperature of 860�C. Determine the value of the convection
heat transfer coefficient to prevent the self-regulated thermal
process.

From the statement of the problem, it follows that:
#0 ¼ 760�C;
#uh ¼ 80�C;
k ¼22 W/mK;
R ¼ 0.01 m;
b ¼ 7.36; and

#I ¼ 1
7:36

2 	 22ð760� #IÞ
0:01

� �0: 3
¼ 12:250C.

The criterion for the absence of the self-regulated ther-
mal process is calculated as follows:

Bi ¼ 2ð7600C� 12:250CÞ
12:250Cþ 800C

¼ 16:2;

and the convection heat transfer coefficient is determined
thus:

aconv ¼ 16:2
22W=m 	 K

0:01m
¼ 35665

W
m2K

:

In this condition of cooling, the self-regulated thermal
process is prevented from the beginning of intensive
quenching.

These examples show that simplified calculations signifi-
cantly contribute to quench process design. As a part of this
design, it is also necessary to calculate water flow require-
ments and to select appropriate pumps. Using Eq 13 facili-
tates these calculations, which significantly reduces the time
and cost without resorting to more complicated computer
simulations. However, in an effort to utilize intensive
quenching methods, the desired maximum flow rates of
water, up to 20–30 m/s, are not always reasonable, especially
in the case of quenching very large parts. Eq 13 permits the
determination of the appropriate flow rate of water or speed
of jets necessary to provide single-phase convection, avoiding
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nonstationary nucleate boiling, upon immersion of a part
into a quenchant.

10.4.2 Computation of the Time to Achieve
Maximum Surface Compressive Stresses
Computation of the time of achieving maximum surface
compressive stresses at the surface and formation of the
optimal depth of the hard layer is of practical interest. This
problem was discussed in Chapter 7. In the discussion
below, an illustration of a simplified calculation based on
computer simulation of the stress-strain state of parts after
quenching will be provided. The simulation yields the core
temperature at the time of the formation of maximal surface
compressive stresses, which is dependent on the generalized
Biot number and the shape and size of the part.

The results of various calculations are presented in
tables that form a database for the simplified calculations.
Another database presented is of Kondratjev form coeffi-
cients relating to those various configurations. These data-
bases facilitate the calculation of the time required to obtain
maximal surface compressive stresses.

Example 10.10
It is known that compressive residual stresses are reached at
the surface of cylinders made of AISI 1040 and AISI 1050
steels when intensive quenching at the core is interrupted at
450�C in the condition Kn ¼ 0.8 [12,13]. Determine the time
required to obtain maximal compressive residual stresses at
the surface of a cylinder 20 mm in diameter that is cooled
from 840�C by water flow. The quenchant temperature is
20�C.

For this purpose, use the generalized equation from
Chapter 5 (Eq 69):

s ¼ 2 	 0:24þ ln
8400C� 200C
4500C� 200C

� �
K

a Kn
:

The Kondratjev form coefficient for the cylinder is
equal to:

K ¼ R2

5:783
¼ 1 	 10� 4

5:783
¼ 17:29 	 10�6m2:

In addition,
�a ¼ 5.36 3 10�6 m2/s; and
Kn ¼ 0.8.

Using the initial data, the generalized equation is used
to find the time to obtain maximal surface compressive
stresses for a cylinder 20 mm in diameter:

s ¼ 0:48þ 0:646½ 
 17:29 	 10�6m2

5:36 	 10�6m2
=s 	 0:8

¼ 4:54 s:

The advantage of IQ-3 intensive quenching technology
lies in the ability to create cooling conditions that eliminate
the self-regulated thermal process (nonstationary nucleate
boiling). When maximum surface compressive stresses are
formed, the intensive cooling process is interrupted, and
then the temperature is maintained at MS or the immediate
tempering temperature. In addition, the formation of maxi-
mum surface compressive stresses corresponds to the opti-
mal depth of the hardened layer.

The previous example was related to through-hardening.
If steel of low hardenability is used and the martensite layer
that is formed is optimal, then it is possible to perform the

cooling process without fear of reducing the value of surface
compressive stresses. In this case, it is sufficient to create the
conditions of intensive cooling by preventing the nucleate
boiling process.

10.4.3 Application of IQ-3 Technology
for Quenching Truck Semi-Axles
IQ-3 intensive technology is widely and successfully used for
quenching truck semi-axles. The basic scheme of the indus-
trial line is presented in Fig. 10, which consists of several
sections [4,20,21].

The first section is for loading and holding. At the
appropriate time, the semi-axles are delivered to the heating
unit as the first step of a continuous process. The next sec-
tion for induction heating of the semi-axles has two posi-
tions. In the first position, the semi-axles are heated to a
temperature below AC1, and in the second position, the semi-
axles are finally heated to the austenitization temperature.
The semi-axles are then quenched in a special chamber by
intensive water streams. The chamber is cylinder-shaped
with a folding cover that allows loading semi-axles to the
chamber. Semi-axles at both sides are clamped by their cen-
ters, at which time they are rotated. Upon closing the cover
of the chamber, the intensive longitudinal stream of water is
formed, the flow rate of which is calculated by Eq 13.

A detailed schematic of the quench chamber is pre-
sented in Fig. 11, which shows the quench chamber itself
(2), with a mechanical drive (4) for rotation of semi-axles (1)
and a monitoring and control system (5–8). A gauge (5) ana-
lyzes the noise effects related to the boiling of the boundary
liquid layer. From these results, it is possible to determine if
nucleate boiling is occurring. This is very important, since
the calculation made by the criterion of absence of nucleate
boiling is always verified by this gauge. Another gauge (6)
monitors the presence of the martensitic ferromagnetic

Fig. 10—Schematic of an automatic device for the quenching of
long semi-axles in water [4].

Fig. 11—Detailed scheme of quench chamber with automatic con-
trol [21]: 1, semi-axle; 2, quench chamber; 3, pressurized water flow;
4, mechanical drive for semi-axles; 5, sensor for analyzing the proc-
ess of nucleate and film boiling; 6, sensor for analyzing the portion
of transformed structures by the changing ferromagnetic state; 7,
electronic device (amplifier and microprocessor); 8, amplifier.
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phase. The gauge can be graduated for the optimal depth of
the hardened layer where the maximal surface compressive
stresses are formed. The other two gauges (7 and 8) are
simultaneously signal amplifiers and microprocessors for the
control of the quenching process.

Assume that a semi-axle is made of alloyed steel to pro-
vide through-hardening of the semi-axle by intensive water
flow (see Fig. 11). At the time of reaching the optimal depth
of the hardened layer and the maximum surface compres-
sive stresses, microprocessor 8 stops water delivery to the
quench chamber, the folding cover of the chamber is
opened, and the semi-axle is unloaded into the air and goes
for further tempering [5,20].

The technology of punching of semi-axles in the auto-
matic industrial line is shown in Fig. 12 [5,20].

Consider semi-axles 40 mm in diameter and made of
40G (AISI 1540) steel. The manufacturing process for the
axles illustrated in Fig. 12 consists of
1. milling of an axle to a length of 1.152 m
2. preliminary center-adjustment with simultaneous removal

of facets at both sides of the axle
3. induction heating of the axle
4. punching a flange
5. preliminary set of the heated metal
6. punching a flange for one transition
7. water cooling of the part’s section adjoining the fillet of

the flange
8. induction heating of the end of the specimen for mak-

ing a slot thickening
9. making a slot thickening with simultaneous shaping of a

final centering aperture on the slot end of the semi-axle
10. induction heating of the rim of the flange and slot thick-

ening for normalization with the subsequent cooling in
air

11. water cooling of the flange and slot thickening
12. center-adjustment of the semi-axles at the section of the

flange
13. drilling of an aperture for output of the center at the

slot end of the semi-axle
14. partial mechanical treatment of the flange [5,20,21]

After the further turning treatment (cutting of slots),
quenching of the semi-axles by water stream under superfluous
pressure is performed in the automatic installation presented
in Fig. 13. The operations of the automatic installation are per-
formed in the following sequence. The carriage with semi-axles
on prisms (7) and rollers-lunettes (8) and the rod (14) in the

bottom position moves from a loading position to unloading
one. At the end of a course, the rod moves to the top position,
and thus semi-axles are delivered to inductors while the shut-
ters of the quench chamber are closed, covering the core of the
semi-axle by rollers-lunettes. Then, the crossbeam (26) and also
the friction clutches (24) and drafts-strippers (29) connected
with it move. Semi-axles are fixed at the center (22 and 23),
come off a prism, and are clamped between the friction
clutches (24) and spring-expanded center (22). The induction
coil is delivered to the core of the semi-axle, and the rotation of
semi-axles is activated. Detailed information on technology and
equipment can be found in [4,19].

Semi-axles are heated at two positions. At the first posi-
tion, the core of the semi-axle and fillet of the flange are

Fig. 12—The technology of punching of semi-axles in the auto-
matic industrial line [5,20].

Fig. 13—The automatic installation for quenching semi-axles of
GAZ automobiles by water streams under superfluous pressure:
1, carriage; 2, pneumocylinder of vertical movement of the rod by
means of the lever system; 3, base; 4, storage; 5, knives for cap-
ture of the next semi-axle; 6, longitudinal-loopback inductor;
7, prism; 8, rollers-lunettes; 9, bottom shutter of the quench
chamber; 10, plate; 11, rollers-lunettes; 12, motionless shutter of
the quench chamber; 13, induction coil for quality control of heat
treatment; 14, rod; 15, pneumocylinder for horizontal movement
of the carriage; 16 and 17, lever and the pneumocylinder, respec-
tively, for transfer of semi-axles from prisms of the transport
device to the bath; 18, bath for final cooling of semi-axles; 19,
unloading shoot; 20, block; 21, glass; 22 and 23, spring-expanded
centers; 24, cap friction clutch; 25, drive containing the electric
motor, a reducer, and transmission; 26, crossbeam; 27, block; 28,
motionless thrust blocks; 29, drafts-strippers; 30, pneumocylinder;
31, connecting frame.
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heated to 600–700�C, and at the second position, they are
heated to the quenching start temperature. Next, the semi-
axles are quenched in a fast-moving stream of water under a
small pressure, and then the quality of quenching of the
semi-axles is controlled. Rollers-lunettes restrict the distor-
tion of the semi-axles [5,20]. At the end of the quenching
process and full drainage of water from the quench cham-
ber, which is performed by compressed air brought into the
quench chamber, a rod (14) goes down, while the semi-axles
remain in the centers of all four positions of the automatic
installation. The carriage (1) moves to a loading position,
and the next semi-axle from the store is transferred by
means of a knife (5) to prisms of the transportation mecha-
nism, and the rod moves back to the top position. By this
time, the heating of the semi-axles at both positions con-
cludes, rotation ceases, and the crossbeam (26) and coil (18)
return to the starting position. Strippers (29) remove the
semi-axles from the centers of the block (27). Thus, a part is
heated to the austenitization temperature and stacked on
rollers-lunettes of the bottom shutter (9) of the quench
chamber, and other semi-axles are placed on prisms of the
transport mechanism.

The semi-axles are transferred from prisms of the trans-
port mechanism to the bath (18) by means of levers (17),
while a pneumatic cylinder (15) moves. Other levers take the
semi-axles from the bath to a shoot (19), while the pneu-
matic cylinder comes back to the initial bottom position. The
automatic installation is supplied with two generators OPCH-
250-2,4. Cooling is performed with the use of a pump having
a productivity of 162 m3/hr with the hydrovalve open at the
time of quenching. The depth of the zone of pure martensite
hardened in the semi-axles reaches 2–7 mm.

Intensification of the heat transfer process within the
martensite range, beginning from certain values of the cool-
ing rate, results in appreciable material strengthening
[13,18]. The intensified heat transfer processes within the
martensite range may be performed in various ways: appli-
cation of intensive shower cooling, water jets, applying

vibration or ultrasonic oscillations to the quenchant, and so
forth. Methods used most widely in practice are water flow
and spray cooling (see Chapter 4). The advantage of the lat-
ter is that, in industrial conditions, it is easier to organize sta-
ble and uniform cooling of parts to be quenched and also to
implement combined ways of cooling. In addition, the char-
acteristics of heat transfer in ring tubes are now well investi-
gated. Numerous experimental data have been generalized,
and equations of similarity for calculation of heat transfer
coefficients in channels have been obtained. Also, the crisis
of heat transfer during boiling in channels has been suffi-
ciently studied (see Chapter 4) [22–25]. Thus, calculations of
optimal steel quenching conditions for quenching by water
spray may be performed.

Table 6 presents results of calculations of the convec-
tion heat transfer coefficient depending on the average flow
rate at various temperatures and sizes of the ring channel
with regard to semi-axles of 40-mm diameter. These data
show that increasing the flow rate relative to the surface
increases the convection heat transfer coefficient. Increasing
flow rates also increase the first critical heat flux density (see
Table 7). These results are valid for ring channels with the
width of the clearance exceeding 1.2 mm. It is apparent
from these tables that with increasing flow rate, the first crit-
ical heat flux density and convection heat transfer coeffi-
cient increase.

By solving the inverse problem of nonstationary heat
conductivity (see Chapter 13), it is possible to determine the
initial heat flux densities that are observed during steel
quenching of, for example, semi-axles. For the most intensive
and uniform cooling, it is necessary to avoid the formation
of steam films. This may be done by increasing the water
flow rate to such values that the first critical heat flux den-
sity exceeds the maximum heat flux density observed at the
initial time of steel quenching.

Experimental data show that during quenching of cylin-
drical bodies with a diameter of 30–40 mm, the initial heat
flux density can reach 8–10 MW/m2. To eliminate the

TABLE 6—Convection heat transfer coefficient in a ring tube
Dd ¼ d2 – d1 (W/(m2 Æ �C))

W (m/s)

20�C 40�C

0.02 0.01 0.06 0.02 0.04 0.06

0.5 2,863 2,837 2,893 3,470 3,438 3,505

1 4,385 4,940 5,036 6,041 5,986 6,103

2 8,680 8,601 8,769 10,519 10,422 10,626

3 12,006 11,897 12,129 14,549 14,416 14,697

4 15,113 14,975 15,267 18,314 18,147 18,500

5 18,067 17,902 18,251 21,893 21,693 22,116

6 20,904 20,713 21,117 25,331 25,100 25,586

7 23,648 23,432 23,889 28,656 28,394 28,948

8 26,314 26,074 26,582 31,886 31,595 32,211

9 28,914 28,650 29,208 35,037 34,717 35,394

10 31,456 31,169 31,777 38,118 37,770 38,507
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possibility of the formation of a steam film, the water flow
rate at Tm ¼ 20�C must be within the limits of 5–7 m/s (see
Table 7). Under these conditions, the surface temperature of
a body quickly decreases to 120–130�C and then, during
nucleate boiling, changes insignificantly.

For the implementation of the IQ-3 method for boring
pipes and locking connections, a mechanized installation has
been designed and constructed that includes induction heat-
ing. The basic scheme of the installation is shown in Fig. 14.

The sequence of the work on it is as follows. The boring
pipe is put on roller conveyer (1) and then passes through
the leading cartridge (2) and moves to the inductor (3). At
this time, the rotating tightening cartridge (7) grasps the pipe,
and by means of the mobile carriage (14), translational-
rotational movement of the boring pipe is performed. At the
beginning of translational-rotational movement, the induction
installation is turned on, and the superficial layers of the pipe
are heated to the austenitization temperature. The tempera-
ture of heating is regulated by the preset inductor capacity
and speed of the translational movement of the boring pipe.
Thus, the optimal depth of the heated layer and maximum sur-
face compressive stresses are formed on the pipe using an
intensive shower through a sprayer to fulfill Eq 13. When the
carriage moves to the end of the conveyer, a special mecha-
nism pushes the pipe from the tightening cartridge and sliding
plugs (5) drop the pipe from the roller conveyer. The carriage
returns to the starting position, and the cycle begins again.

In this example, the optimal depth of the hardened
layer and supercritical cooling rate at the surface of the bor-
ing pipes is achieved by water delivery to the sprayer under
pressure, and therefore the water flow rate and heat transfer
coefficient are increased considerably. The application of
this technology increases the service life of the boring pipes
and locking connections.

10.5 IQ-4 INTENSIVE QUENCHING TECHNOLOGY
The IQ-4 intensive quenching technology process is related
to heat treatment of parts with a complex configuration, in
particular, shafts with different sections along the length
[26]. Usually such parts are cooled by water-air jets that are
regulated in such a way that smaller values of heat transfer
coefficients are created on thin sections, and correspond-
ingly larger coefficients on thicker sections. Typically, for
IQ-4 processes, large sections of a shaft are cooled by water
sprays at a flow rate of 2.5–14 m3/m2hr, and thin sections at
a flow rate of 14–25 m3/m2hr [26]. The IQ-4 intensive cool-
ing process is interrupted when the core temperature
reaches 450–500�C [26]. This method results in a reduction
of the cold brittleness temperature and facilitates the forma-
tion of high surface compressive residual stresses [26].

Thus, quenching of alloy steel parts with a complex config-
uration is performed in such a way that thick and thin sections
are cooled under identical conditions to provide equal Biot
numbers Bi � 20, which results in the formation of uniform
surface compressive residual stresses. Therefore, for the thinner
section of the part, the flow rate of a water-air mixture is greater
because Bi ¼ aR/k, which means that the condition Bi � 20 is
fulfilled at higher values of heat transfer coefficient a.

The selection of parameters for the water flow rate for
water-air cooling and values of pressure for jet cooling are
based on the experimental data presented in [26].

When applying the IQ-4 process at the surface of thin sec-
tions, instead of tensile stresses (as in the case of the conven-
tional cooling process), compressive residual stresses are
formed as shown in Table 8. Improvement of mechanical
properties, a decrease in cold brittleness temperature, and the
formation of compressive surface residual stresses results in
an increase of service life of hardened steel parts [4].

Example 10.11
A shaft made of 35KhM (AISI 4135) steel as shown in Fig. 15
is heated to 870�C and then cooled in a water-air cooling
installation. At thick sections with diameters 636 and 540 mm,
the part is cooled by the water-air mix at the flow rate of

TABLE 7—The first critical heat flux density
versus water temperature and water flow
rate with respect to the surface.

W (m/s) 20�C 30�C 40�C 50�C 60�C

5 7.94 7.18 6.43 5.67 4.91

6 9.32 8.44 7.57 6.70 5.83

7 10.57 9.59 8.62 7.64 6.66

8 11.70 10.63 9.56 8.49 7.42

9 12.76 11.60 10.44 9.29 8.13

10 13.74 12.51 11.27 10.03 8.79

15 17.97 16.39 14.81 13.23 11.65

20 21.40 19.56 17.71 15.85 14.00

Fig. 14—Basic schematic of the installment for quenching boring
pipes and locking connections: 1, roller conveyer; 2, leading car-
tridge; 3, indicator; 4, pneumocylinder; 5, sliding plugs; 6, sliding
pickups; 7, tightening cartridge; 8, electric motor; 9, pneumocylin-
der; 10, deflective rollers; 11, steel rope; 12, electric motor; 13,
drum; 14, pneumocylinder; 15, guides; KB1–KB5, final switches.

TABLE 8—Values of residual axial r22 and
hoop r33 stresses, in MPa, at the surface of
shafts depending on cooling conditions

Shaft
diameter
(mm)

Earlier method
(oil quenching)

Present method
(differential water
spray quenching)

r22 r33 r22 r33

200 þ310 þ350 –50 –80

500 þ400 þ440 –160 –300

1,000 þ100 þ170 –400 –600
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9.5 m3/m2hr, while thin sections with diameters 280 and
300 mm are cooled at a flow rate of 20.6 m3/m2hr. The proc-
ess of intensive cooling at thin sections is interrupted in
13.6 min, and at thick sections in 45.7 min. The part is
further cooled completely in air and then normally tem-
pered. As a result of the application of the IQ-4 process, the
hardening capacity is increased and the core strength is
increased by 20 %, while at the same time the impact
strength is increased by 1.5 to 2 times and the water-air mix-
ture can be recycled.

The selection of quenching conditions is based on the fol-
lowing. At thick sections, with the flow rate of 9.5 m3/m2hr,
the following condition occurs [26]:

Bi ¼ 1450 W
m2K 	 0:315m

22:5 W
m	K 	 K ¼ 20:3:

At thin sections, with a flow rate of 20.6 m3/m2hr, the
corresponding condition is [26]:

Bi ¼ 3000 W
m2K 	 0:15m

22:5 W
m	K 	 K ¼ 20:

Therefore, at both the thick and thin sections of the
part, sufficient compressive stresses (Bi > 18) are created to
minimize the possibility of quench crack formation.

The thin section of the part is cooled during a time that
is determined from:

s ¼ 2 	 0:24þ ln
8700C� 300C
5000C� 300C

� �
K

a Kn

¼ ð0:48þ 0:58Þ 	 225 	 100
5:783 	 5:63 ¼ 13:6min � 14min;

where K ¼ R2/5.783;
Kn � 0.9; and
�a ¼ 5.63 3 10�6 m2/s.

Cooling time for the thick sections is determined similarly:

K ¼ 1
5:783
R2

þ 9:86
Z2

¼ 1:31 	 10�2m2;

and

s ¼ 1:06
1:31 	 10�2

0:9 	 5:63 	 10�660
� 45:7min :

The advantage of the IQ-4 process compared to conven-
tional cooling processes is the high compressive residual
stresses at the surface. These stresses are formed uniformly
over the entire surface of hardened steel part, which mini-
mizes the probability of quench crack formation. When
using the conventional quenching process, there are tensile
stresses on the surface of thin sections that become com-
pressive stresses at the thick sections, resulting in high con-
centrations of stresses at the points of transition between
thick and thin sections that are related to the increased dan-
ger of quench crack formation.

The cooling rate at thin sections is increased by two to
four times, which results in:
• The viscous characteristics and mechanical properties of

the steel are improved.
• The threshold of cold brittleness is decreased.
• Labor productivity, due to more intensive cooling of

thin sections of a shaft, increases.
• Because of the improvement of mechanical properties

of material and creation of surface compressive stresses,
the service life of the parts is increased.

• There is an opportunity to replace high-alloy steels with
lower alloyed materials.

• The control and automation of quenching processes
becomes simpler.

• The stability of the manufacturing process is increased.
• Water consumption is decreased.

In summary, the IQ-4 quenching process is used for
parts with a complex configuration, and it includes heating
to the austenitization temperature, holding the part at this
temperature for the required time, and then cooling the dif-
ferent sections separately using sprayed water. Thick sec-
tions are cooled at flow rates of 2.5–14 m3/m2hr, and
thinner sections at a flow rate of 14–25 m3/m2hr. The spray
cooling process is interrupted when the core temperature
reaches 450–500�C, and then the parts are finally cooled in
air and tempered.

10.6 IQ-5 INTENSIVE QUENCHING TECHNOLOGY
The essence of IQ-5 intensive quenching technology consists
of the partial insulation of the surface of a complex part to
prevent contact with intensive jets of water while the uninsu-
lated surface is cooled intensively. The insulation is put on
the surface so that high compressive stresses are formed on
the working surface of parts. More particulars on this tech-
nology can be found in [27,28]. To aid in understanding of
IQ-5 quench processing, selected examples of the successful
implementation of this process will now be provided.

10.6.1 Intensive Hardening of Agricultural
Machine Cutting Parts
Durability and strength of agricultural machine cutting
parts—in particular, segments for mowers and combines—
have an appreciable effect on the labor productivity and
quality of harvesting. Cutting parts typically possess a com-
plicated shape, as shown in Fig. 16, for example, and in
some cases, the edge has a notch leading to stress concentra-
tion during heat treatment. For this reason, cutting parts of
agricultural machines are usually quenched in mineral oils.

Fig. 15—Sketch of a large part with different sections along the
length.
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Typically, segments made of 70G (AISI 1070) steel are
heated by induction to 870–890�C and cooled by oil spray
[27,28]. Such oil quenching processes pollute the environ-
ment and often result in fires. Therefore, it is desirable to
replace the petroleum oils with fire-resistant or nonflam-
mable quenchants, ideally just plain water.

It has been found that it is possible to use intensive
quenching for heat treatment of segments made of 70G
steel. When cooling segments by intensive spray of water
with simultaneous insulation of the core II of segment (see
Fig. 16), high compressive residual stresses are formed at the
lateral surfaces, which minimizes the possibility of quench
crack formation [16,27]. This can be illustrated by numerical
calculations.

10.6.2 Calculation Results
Fig. 17 presents the results of calculations of residual stresses
at the lateral side (curve I) and at the axis of the segment
(curve II) when the segment is cooled intensively by jets (Bi fi
1). The graph shows that all lateral surfaces of the segment
exhibit small tensile stresses, while at the axis of the segment
the residual stresses are mainly compressive.

When heating the base of the segment to 500�C at the
time of intensive cooling of the lateral surface, the distribu-
tion of residual stresses in the segment is significantly differ-
ent. Instead of tensile stresses at the lateral surface, there
are compressive stresses. From Fig. 18, it is evident that at
the lateral surfaces of the segment, there are compressive
stresses, while at the axis the stresses are tensile. Also at the
lateral surfaces, the distribution of residual stresses is com-
plex. There are points in which the residual stresses become
tensile. The distribution of residual stresses in the segment
may be optimized by selection of the optimal heating tem-
perature of the base of the segment.

Fig. 19 presents the calculation results of the safety fac-
tor under conditions of intensive cooling of the segment
either without (Fig. 19(a)) or with (Fig. 19(b)) heating the
base of the segment. These calculations show that in any
case, heating of the base results in an increase of the safety
factor, which minimizes the probability of quench crack for-
mation. All calculations were made using Hart software [29].

10.6.3 Practical Appreciation of the Results
The results above allowed a change of the heat treatment of
the 70G steel segments:
• to use a single automatic industrial line for punching

and heat treatment of segments, which will increase the
labor productivity;

Fig. 16—Photograph (top) and computation area (bottom) of a
segment: I, area heated by induction only; II, area heated due to
heat conductivity of the material [16].

Fig. 17—Residual stress distribution in conditions of intensive
uniform cooling [16,29]: I, at the lateral side of the segment; II at
the axis.

Fig. 18—Distribution of residual stresses in conditions of intensive
cooling when the flat core is insulated [16,29]: I, at the lateral
side of the segment; II at the axis.

Fig. 19—Distribution of safety factor KS during intensive uniform
cooling (a) without heating the bases of the segment and (b) with
heating of the segment.
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• to avoid the emission of polluting substances to the
environment;

• to replace expensive oils with water; and
• to improve the mechanical properties of the material

after quenching due to intensive cooling.

10.7 DISCUSSION
Chapter 7 discussed the optimal quenched layer that provides
optimal residual stress distribution: high compressive residual
stresses at the surface of steel parts and small tensile residual
stresses at their core. The optimal quenched layer can be
designed by appropriate interruption of intensive quenching or
by optimizing the chemical composition of the steel. In Chapter
9, the steel superstrengthening phenomenon was described
as allowing an improvement in yield strength and plastic prop-
erties simultaneously. The effect of superstrengthening is
observed after intensive quenching within the martensite range.
To prevent crack formation during intensive quenching, com-
pressive or neutral residual stresses at the surface of steel parts
must be designed. When tensile stresses are appearing at the
surface, they result in crack formation because untempered
martensite is brittle and sensitive to crack formation. Both resid-
ual stress formation and the superstrengthening phenomenon
should be considered together to effectively prevent crack for-
mation during intensive quenching.

For example, the IQ-1 process, at the first step of cool-
ing, uses oil as a quenchant. However, this doesn’t create
compressive residual stresses in steel parts made of alloy
steels; only carburized steel parts have compressive residual
stresses after quenching in oil. This means that the IQ-1
process can be successfully used only for carburized steel
parts. For such parts, in some cases, intensive cryogenic
treatment can be applied at the third step of cooling.

The IQ-2 process is widely used for batch quenching
[4,5,30,31,32]. At the first step of cooling, compressive stresses
appear at the surface of steel parts, which allows further inten-
sive quenching after self-tempering during the second stage of
cooling. As a result, compressive residual stresses and super-
strengthening increase the service life of steel parts.

The IQ-3 process is used for single-part quenching
[8,18,19]. Its first use was for truck semi-axle quenching in
water flow in the former Soviet Union [13]. Currently, modi-
fied IQ-3 technology is patented in Ukraine and in the
United States [12] and is becoming popular for the heat-
treating industry [19].

The differential water-air or water spray IQ-4 technology
was used for the first time in Ukraine for quenching large
rollers and rotors [26]. The use of expensive and flammable
petroleum quench oils as quenchants has been replaced by
water-air quenching.

IQ-5 intensive quenching technology was developed for
the agricultural cutting blades. It can allow the replacement
of oil-spray quenching with water-spray quenching. Flamma-
ble petroleum quench oil was replaced by plain water, and
an ecological problem was solved [16,27,28].

At present, IQ-2 and IQ-3 intensive technologies are in
use in the United States [12,19]. The IQ-4 and IQ-5 intensive
quenching technologies could be used for agricultural needs
if special equipment is designed and manufactured.

Sometimes application of intensive quenching processes
in the heat-treating industry is restricted by existing stand-
ards. For example, fasteners made of alloy steels, according
to an existing standard, can be quenched in oil, but not in

water. However, it has now been shown that fasteners can
be successfully quenched in water to provide improvement
of mechanical properties (see Chapter 12) [33].

To be widely used in the heat-treating industry, up-to-
date heat treating processes [34,35] and thermal engineering
[36] should be put together to provide heat treaters with
modern tools for designing conventional and intensive
quenching processes. Some chapters in this book will help
heat treaters to make the first step in approaching the idea.

10.8 SUMMARY
1. This chapter presented the intensive steel quenching

methods designated IQ-1, IQ-2, IQ-3, IQ-4, and IQ-5,
which permit the creation of high surface compressive
residual stresses of steel parts and improvement of
mechanical properties. Both of these factors result in a
significant increase in the service life of steel parts.

2. IQ-1 is a three-step cooling process. At the first step,
steel parts may be cooled in hot oils where the critical
heat flux density has its maximum value. At the second
step, self-tempering is provided, and at the third, cryo-
genic accelerated cooling may be used to improve the
properties of the material.

3. The IQ-2 cooling process also has three steps. At the first
step, steel parts are cooled in agitated cold water or
water-salt solutions of optimal concentration where the
critical heat flux density has its maximum value. The
first step of cooling continues until the core tempera-
ture of the steel parts reaches 300–600�C to provide
compressive residual stresses at the surface; the ideal
core temperature depends on the configuration of the
part. At the second step, self-tempering is provided. At
the third, intensive cooling and washing are conducted
simultaneously, and after complete cooling, steel parts
go to the final tempering process (as shown in Fig. 9).

4. IQ-3 is a one-step cooling process, also called direct con-
vection [12]. The steel parts are cooled so fast in agitated
cold water or water-salt solutions of optimal concentra-
tion that film and nucleate boiling are eliminated. The
intensive cooling continues until the core temperature of
the parts reaches 300–600�C, depending on the configura-
tion of the part, to provide compressive residual stresses
at the surface. After interrupting of intensive cooling,
steel parts go to the final tempering process.

5. The IQ-4 process is differentiated cooling, which
depends on the cross-section of steel parts and is used
to create smooth martensitic shell at the part’s surface.
The intensive cooling continues until the core tempera-
ture in each section reaches 450�C to provide compres-
sive residual stresses at the surface. After interruption of
intensive cooling in the larger section, the steel part
goes to the tempering process.

6. IQ-5 is also a differentiated cooling process. Some areas of
steel part are insulated from the intensive cooling to create
compressive residual stresses instead of tensile stresses.
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[24] Žukauskas, A., High-Performance Single-Phase Heat Exchangers,
Hemisphere, New York, 1989.

[25] Martin, H., Heat and Mass Transfer Between Impinging Gas Jets
and Solid Surfaces, Advances in Heat Transfer, Hartnett, J. P.,
and Irvine, T. F., Eds., Vol. 13, Academic Press, New York, 1977,
pp. 1–60.

[26] Kobasko, N. I., Quenching Method for Steel Parts of Complex
Configuration, Inventor’s Certificate No. SU1733484A1, C21,
D1/78.

[27] Kobasko, N. I., Intensive Method for Thermal Hardening of Cut-
ting Parts for Agricultural Machines, Promyshlennaya Teplo-
tekhnica, Vol. 19, No. 1, 1997, pp. 30–33.

[28] Tensi, H. M., Kobasko, N. I., and Morhuniuk, W. S., Specific Fea-
tures of Using Intensive Methods of Quenching for the
Strengthening Part of Complex Configuration, Proceedings of
International Heat Treating Conference: Equipment and Proc-
ess, April 1994, Schaumburg, IL, ASM International, Materials
Park, OH, 1994, pp. 239–241.

[29] Kobasko, N. I., Morhuniuk, W. S., and Dobrivecher, V. V., Soft-
ware “Tandem-Hart Analysis” (commercially available from
Intensive Technologies Ltd. Kyiv, Ukraine, managers@itl.kiev.ua,
www.itl.kiev.ua).

[30] Takeshi, N., Method of Steel Quenching, Application 61-48514
(Japan), 16.08.1984, No. 59-170039.

[31] Aronov, M. A., Kobasko, N. I., and Powell, J. A., Basic Principles
and Metallurgy of Intensive Quenching Methods, IFHTSE 2002
Congress, Columbus, OH, October 7–10, 2002, pp. 96–103.

[32] Kobasko, N. I., Aronov, M. A., Powell, J. A., Ferguson, B. L., and Fre-
borg, A. M., Correlation Between Optimal Quenched Layer, Stress
Distribution and Chemical Composition of Low-Hardenability
Steels, Proceedings of the 6th IASME/WSEAS International Con-
ference on Heat Transfer, Thermal Engineering and Environment
(HTE ’08), Rhodes, Greece, August 20–22, 2008, pp. 543–549.

[33] Daming, M., Intensive Quenching Method for Preventing
Quench Cracking, IFHTSE 1990 Congress, Moscow, December
1990, pp. 62–71.

[34] Totten, G. E., and Howes, M. A. H., Steel Heat Treatment Hand-
book, Marcel Dekker, New York, 1997.

[35] Totten, G. E., Bates, C. E., and Clinton, M. A., Handbook of
Quenchants and Quenching Technology, ASM International,
Materials Park, OH, 1993.

[36] Lienhard IV, J. H., and Lienhard V, J. H., A Heat Transfer Text-
book, 3rd Ed., Phlogiston Press, Cambridge, Massachusetts,
2005.

CHAPTER 10 n INTENSIVE STEEL QUENCHING METHODS 169



11
Design of Industrial Quenching Systems
N. I. Kobasko1 and G. E. Totten1

11.1 INTRODUCTION
Previous chapters described methods for designing industrial
quenching processes for steel, including intensive quenching
processes. This chapter provides detailed descriptions, with
specific examples, of the use of generalized equations and
the new steel quenching methods. It will also be shown that
the generalized equation is applicable to any quenching
process. This approach is the first step in the creation of
modern automated quenching processes. The second step is
computer simulation of these processes, including rigorous
experimental validation. Using this methodology, it is possi-
ble to estimate the conveyor speed.

11.2 RELATIONSHIP BETWEEN THE
GROSSMANN H VALUE AND GENERALIZED
BIOT NUMBER BIV
In practice, it is necessary to quantify quenching conditions.
The expression used by heat treaters for this purpose is the
Grossmann quench severity factor, or H value. H values, as
shown in the graph in Fig. 1, are determined from measure-
ments of a series of quenched cylinders like those shown in
Fig. 2, quenched in oil or water.

In the chart shown in Fig. 1, the Du/D values on the y-axis
represent the ratio of the diameter of the center portion that
remains unhardened (Du) to the full diameter (D) for several
of the bars of the cylinder series. Measured values of Du/D
can be plotted against the D values on transparent paper with
the same coordinates as shown in Fig. 1 [1]. This curve can
then be matched to one of the curves of the chart. The H-
value will then be the quotient of the H3D value of any point
on this curve and the corresponding actual diameter. Some
results of such an approach are provided in Table 1 [1,2].

For numerical analysis, the Biot number is typically
used, which is a dimensionless number given by:

Bi ¼ a
k
R;

where:
a is the heat transfer coefficient;
k is the heat conductivity of the material; and
R is the radius of a cylinder or ball or half the thickness of a plate.

In the theory of regular heat conditions [2], the charac-
teristic size (L) is a value that includes three parameters S,
V, and K, related as follows:

L ¼ S
V
K

where:
K is the Kondratjev form factor;
V is the volume of the body (m3); and
S is the surface area (m2).

In this case, the generalized Biot number BiV is defined
as [3]:

BiV ¼ a
k
L ¼ a

k
K

S
V
:

For bodies that are plate-shaped, cylindrical, or spheri-
cal, the corresponding BiV values are:
• plate-shaped: BiV ¼ 0.405Bi
• cylindrical: BiV ¼ 0.346Bi
• spherical: BiV ¼ 0.304Bi

This approach permits a correlation between the Kondrat-
jev number Kn, the criterion of temperature field nonsmooth-
ness w, and the generalized Biot number BiV, given by:

Kn ¼ WBiV : ð1Þ
This relationship is true for bodies of any arbitrary

shape, and when the range of the generalized Biot number
BiV varies from 0 to 1, the Kondratjev number Kn varies
from 0 to 1, and the criterion of temperature field non-
smoothness w varies from 1 to 0. The physical sense of the
criterion of temperature field nonsmoothness w follows
from the equation given below:

W ¼ Tsf � Tm

TV � Tm
;

where:
Tsf is the average temperature on the surface of the body;
Tm is the temperature of the quenchant; and
TV is the volume-average temperature (see Chapter 6).

Comparison of the data provided in Table 2 shows the
similarity between Grossmann H values with generalized Biot
numbers BiV. When quenching cylindrical specimens 38.1 mm
in diameter in a high-speed system that provides a convective
heat transfer coefficient of 12,000–20,000 W/m2K, a general-
ized Biot number BiV within the range of 3.6 to 6.0 is obtained.

Tables 1 and 2 suggest that since hardenability of steel

parts is directly proportional to W ¼ Tsf � Tm

TV � Tm
and there is

universal correlation Kn ¼ WBiV , then Grossmann H values
and generalized Biot numbers BiV are the same values [4].

11.3 CALCULATION OF KONDRATJEV
NUMBERS Kn FOR VARIOUS QUENCHANTS
Kondratjev numbers (Kn) may be calculated from cooling
rates at the core of cylindrical test specimens at tempera-
tures of 1,300�F (704�C), 650�F (343�C), and 400�F (204�C)
since there exists a correlation between the cooling rate v

1 IQ Technologies, Inc., Akron, Ohio, and Portland State University, Portland, Oregon
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and Kondratjev number Kn [5]:

v ¼ a Kn
K

ðT � TmÞ; ð2Þ

where:
v is the cooling rate (�F/s or �C/s);
�a is the average thermal diffusivity (m2/s); and
K is the Kondratjev form factor (m2).

For an infinite cylinder, the Kondratjev form factor is:

K ¼ R2

5:783
:

TABLE 1—Effect of agitation on quench
severity as indicated by Grossmann quench
severity factors (H values) [1,2]

Agitation

Grossmann H–value

Oil Water Brine

None 0.25–0.3 0.9–1.0 2.0

Mild 0.30–0.35 1.0–1.1 2.0–2.2

Moderate 0.35–0.4 1.2–1.3 —

Good 0.4–0.5 1.4–1.5 —

Strong 0.5–0.8 1.6–2.0 —

Violent 0.8–1.1 4.0 5.0

Fig. 1—Chart for estimating Grossmann H values from a cylinder series [1].

Fig. 2—Hardenability depending on cylinder size.

TABLE 2—Comparison of cooling capacities
of different cooling media on the basis of
tests with cylindrical probes of 1.5-in.
(38.1-mm) diameter

Cooling medium

BiV

No
agitation

Agitation
of 100 fpm
(0.508 m/s)

Houghton K, Tm ¼ 110�F 0.25 0.38

Amolite 22, Tm ¼ 110�F 0.11 0.34

Beacon 70, Tm ¼ 190�F 0.125 0.36

35 % UCON Quenchant A,
Tm ¼ 110�F

— 0.34

20 % UCON Quenchant E Tm ¼ 90�F — 0.50

5 % UCON Quenchant E Tm ¼ 90�F — 0.60

Water 0.41–1 1.0–1.1
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Therefore, Eq 2 can be rewritten as:

Kn ¼ v 	 K
a ðT � TmÞ ð3Þ

or

Kn ¼ v 	 R2

5:783 	 a ðT � TmÞ : ð4Þ

These expressions will now be used to calculate Kn for
various quenchants, including those that exhibit a so-called
inverse solubility—those polymer quenchants based on poly-
alkyleneglycol (PAG) copolymers such as UCON Quenchant
A and UCON Quenchant E shown in Table 2.

The average value �a at the center of a Type 304 stainless
steel cylindrical test specimen for a temperature of 1,300�F is
equal to 5.19 3 10�6 m2/s. Cooling rates of these cylindrical
specimens with diameters of 0.5 in. (12.7 mm), 1 in. (25.4 mm),
and 1.5 in. (38.1 mm) were determined. Using Eq 4 for these
three diameters, the following values of Kn are obtained:
• 0.5 in. (12.7 mm): Kn ¼ 1.235 3 10�3v
• 1 in. (25.4 mm): Kn ¼ 4.94 3 10�3v
• 1.5 in. (38.1 mm): Kn ¼ 11.13 3 10�3v

11.3.1 Cooling Capacity of Aqueous
Polymer Quenchants
Cooling capacities of aqueous polymer quenchants [4–9] are
shown in Tables 3, 4, and 5. Table 3 provides values of Kn for
10 % aqueous solutions of UCON Quenchant A and UCON
Quenchant E at 90�F (about 32�C) with an agitation rate of
80 fpm (about 0.4 m/s). These data show that Kn is essentially
independent of the sizes of test specimens, which agrees well
with the theory presented in Chapter 2. Kn characterizes the
cooling capacity of a quenchant, which is dependent on solu-
tion temperature and concentration, not part size.

Tables 4 and 5 also confirm this fact: With increasing
temperature and concentration, the cooling capacity of a
quenchant decreases. The maximum value of Kn that can be
achieved in practice is 1. Aqueous solutions of salts of opti-
mal concentration are used for intensive and uniform cool-
ing, and Kn for aqueous solutions of salts and alkalis in
water is 0.6. It follows that aqueous polymer solutions exhib-
iting inverse solubility at their optimal concentration cool as
uniformly and intensively as aqueous solutions of salts,

which is due to the formation of a polymer film at the hot
metal surface that reduces the heat flux density sufficiently
to prevent the development of film boiling, that is, in this
case, q < qcr1.

The method of using heat-insulated films on the surface
of metal to facilitate the intensification of the quench cool-
ing process is described in [10]. Conventional cooling in
water leads to the formation of vapor films around the hot
metal surface, causing a significant decrease in Kn [9]. Fig. 3
presents the hardness distribution for the cross-section of a
part quenched in oil or polymer quenchant or intensively
quenched by a spray process [2,7]. Polymer quenchants and
intensive spray quenching yield the highest cross-sectional
hardness, thus providing good hardenability. When quench-
ing in oil, the hardenability of a part sharply decreases, as
shown in Fig. 3 [6].

11.3.2 Cooling Capacity of Oils and
Comparison with the Cooling Capacity
of Aqueous Polymer Solutions
In the above discussion, values of Kn were calculated for
quench cooling processes in aqueous polymer solutions,
water, and aqueous salt solutions. It was also emphasized
that it is possible to intensify heat transfer by vibromixing or
the use of the discrete-impulse energy input (see Chapter 9).TABLE 3—Kondratjev numbers Kn for various

size probes in 10 % aqueous solutions of
UCON A and UCON E at a temperature of
90�F (�32�C)

Probe diameter
UCON
Quenchant A

UCON
Quenchant E Kn

0.5 in. (12.7 mm) 0.424 0.412 0.415

0.417 0.408

1 in. (25.4 mm) 0.546 0.488 0.512

0.526 0.488

1.5 in. (38.1 mm) 0.578 0.523 0.543

0.556 0.514

Note: The speed of the stream is 80 fpm (�0.4 m/s) and the temperature
of the core of the probes is 1,300�F (704�C).

TABLE 4—Kondratjev numbers Kn for various
size probes in 10 % aqueous solutions of
UCON A and UCON E at a temperature
130�F (�43�C)

Probe diameter
UCON
Quenchant A

UCON
Quenchant E Kn

0.5 in. (12.7 mm) 0.365 0.322 0.346

0.369 0.329

1 in. (25.4 mm) 0.505 0.477 0.478

0.472 0.456

1.5 in. (38.1 mm) 0.512 — 0.52

0.528

Note: The speed of the stream is 80 fpm (�0.4 m/s) and the temperature
of the core of the probes is 1,300�F (704�C).

TABLE 5—Kondratjev numbers Kn for a
cylindrical specimen of diameter 1 in.
(25.4 mm) versus concentration

Concentration of solution (%) UCON A UCON E

5 — —

10 0.546 0.488

0.526 0.488

30 0.239 0.372

0.247 0.376

Note: The temperature of the solution is 90�F (�32�C) and the speed of
the stream is 80 fpm (�0.4 m/s).
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Usually all parts made of alloyed steels, as a rule, are
cooled in quench oils. Low-carbon and medium-carbon steels
are usually cooled in water. A comparison of cooling times
when quenching cylindrical specimens in oils, aqueous poly-
mer solutions, and water is shown in Table 6.

However, it is possible to cool alloyed and high-alloy
steels by intensive water streams or intensive jets to prevent
cracking. Crack formation during water quenching is due to
the occurrence of martensite in the core of parts, which
“expands” and results in increased tensile surface stresses.
Intensive quenching creates compressive surface stresses,
even in case of the formation of 100 % martensite through-
out the entire cross-section of the part. This issue was dis-
cussed in detail in Chapter 7. As it was noted, during
intensive quenching, superstrengthening (additional strength-
ening) is observed and quench distortion is minimized.

In many cases, when cooling alloyed steels in oil, the part
is through-hardened. However, quench cracking is usually not

observed, and distortion is decreased relative to quenching in
water. The universality of oil quenching may be explained by
the high saturation temperature of oil. During the boiling proc-
ess, the average heat transfer coefficient a within the pearlite
range reaches 1,000–3,000 W/m2K, and during the convection
cooling, it is typically reduced to 200–300 W/m2K. Since the
boiling temperature of many oils is approximately 300–350�C,
high values of heat transfer coefficients are observed above the
martensite start temperature MS. At the end of the boiling
process, the core is cooled to 400–500�C and with additional
cooling convective cooling occurs when a ¼ 300–350 W/m2K.
Thus, quench oils produce relatively fast cooling at high tem-
peratures, and within the martensite range the cooling process
is significantly reduced. Therefore, when quenching steel parts
in oil, quench cracks are not usually observed.

When quenching in water and aqueous polymer solu-
tions, at the initial moment of cooling, film boiling may be
observed. This transforms into a nucleate boiling process,
where the intensity of heat transfer is very high until the sur-
face temperature reaches 100�C. Thus, rapid cooling par-
tially occurs within the martensitic transformation range.
Nevertheless, because the intensity of cooling within the
martensite range is still insufficient for the formation of
high compressive surface stresses, quench cracking and sig-
nificant distortion may occur.

In the case of intensive cooling, the maximum tempera-
ture gradients occur in the cross-sections of the parts. Thus, a
martensitic shell is formed surrounding the entire surface of
a part. This martensitic shell creates high surface compres-
sive stresses, and distortion of quenched parts is reduced.
Therefore, it is important to determine the cooling capacity
of oils for comparison with the cooling capacity of aqueous
polymer solutions and for intensive cooling processes. This
may be done by using average Kondratjev numbers Kn to
characterize the cooling capacity of all quenchants.

One method of addressing this problem is to use AISI 4140
steel cylindrical probes with diameters of 0.5 in. (12.7 mm), 1 in.
(25.4 mm), 1.5 in. (38.1 mm), or 2 in. (50.8 mm). A spring-loaded
thermocouple is inserted to the geometric center. All of the
probes possessed a length-to-diameter ratio of 4. The probes
were heated to the austenitizing temperature of 1,550�F (843�C)
and quenched into the desired quench medium with specific
cooling conditions (bath temperature and agitation rate). The
cooling rate in the core was recorded at temperatures of
1,300�F (704�C), 650�F (343�C), and 400�F (204�C). It was
shown above that using these cooling rates, the Kondratjev
number Kn is readily calculated, which may then be used to cal-
culate the cooling time of parts to be quenched. This process
will now be used to calculate the cooling time of cylindrical
probes austenitized at a temperature of 1,550�F (843�C) until
the temperature of the core is 400�F (204�C).

Using the generalized dependence described in Chapter
5 (Eq 69), cooling times of cylinders with different diameters
from temperature of 1550�F to 400�F were calculated as
follows:

s ¼ 0:48þ ln
15508F � 1108F
4008F � 1108F

� �
K

a Kn

or

s ffi 2K
a Kn

:

Fig. 3—Hardness distributions for spray, polymer, and oil immer-
sion quenching.

TABLE 6—Cooling time of an AISI 4140 steel
cylindrical probe of 1.5-in. (38.1 mm)
diameter cooled from 1,550�F (843�C) to
400�F (204�C) by various quenchants

Quenchant and temperature

Cooling time (s)

No
agitation

Agitation
of 100 fpm
(0.508 m/s)

Houghton K, 110�F (43�C) 107 75

Amolite 22, 110�F (43�C) 219 84

Beacon 70, 190�F (88�C) 202 80

35 % UCON Quenchant A,
110�F (43�C)

— 84

20 % UCON Quenchant E, 90�F (32�C) — 63

5 % UCON Quenchant E, 90�F (32�C) — 50

Water, 70�F (21�C) 55 —
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This equation shows that cooling time is directly pro-
portional to the Kondratjev form factor K and inversely
proportional to average thermal diffusivity �a and Kondrat-
jev number Kn.

Thermal diffusivity a characterizes the thermophysical
properties of material, and the Kondratjev number Kn char-
acterizes the cooling capacity of quenchants. For the specific
quenching conditions described, the proportionality factor is
approximately 2. The value of Kn depends on the physical
and chemical properties of the quenchant. Therefore, this
number (Kn criterion) is a convenient parameter to describe
the cooling capacity of quenchants.

Using the same computational method, the cooling
capacity of quench oils will now be illustrated. Table 7
shows that Houghton K quench oil cools relatively faster
when the temperature of the core of the heated cylindrical
test specimen is equal to 1,300�F (704�C) and slower when
the temperature of the core is equal to 650�F (343�C) or
400�F (204�C). This is especially apparent for still (unagi-
tated) oil, as shown in Table 7. When the agitation rate of
the oil is increased to 100 fpm (0.508 m/s), the cooling
capacity is equalized somewhat with respect to both varia-
tion of temperature and probe size, as shown in Table 8. As
the size increases, a greater volume of the oil surrounding a
part is heated to higher temperature. Small parts (or probes)
result in a smaller quantity of heat being transferred to the
quenchant medium, and therefore the temperature increase
of the oil surrounding the steel is reduced.

With increasing oil temperature, the oil’s cooling prop-
erties will at first increase and then decrease [8–10]. There
is an optimal temperature of oil at which its cooling prop-
erties are at a maximum [8]. Therefore, Kn will increase
with the section size due to an improvement in the cooling
properties of oil surrounding the part. Kn decreases with a
decrease in temperature because the viscosity of oil sharply
increases and cooling is decreased, especially during con-
vective cooling. Agitation of the oil improves this situation
somewhat. Similar behavior was observed for Amolite 22
(see Tables 9–12) and Beacon 70 (see Tables 13–16) quench
oils. It should be noted that as the temperature of Beacon

70 oil increases to 190�F, its cooling capacity also increases
(see Tables 13–16).

Calculated Kn numbers for various grades of quench oils
may be used for not only evaluation of their cooling capacity
but also calculations of cooling time for parts to be quenched.
Furthermore, these data can be used for designing industrial
quenching lines and quenching equipment of any kind.

Tables 17–19 present Kn for 20–35 % aqueous solutions
of UCON Quenchant A and UCON Quenchant E, two PAG
polymer quenchants. These tables show that high concentra-
tions of aqueous PAG solutions provide approximately the
same cooling conditions as oil. With decreasing concentra-
tion to 5–10%, Kn is completely stabilized and is essentially
independent of the section size of the cylinders (see
Table 20). Table 21 provides a comparative summary of Kn
values for all of the quenchants evaluated.

TABLE 7—Kondratjev numbers Kn for
Houghton K oil at a temperature of 110�F
(43.3�C), with no agitation, for various sizes
of cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.230 0.073 0.026 0.106

0.206 0.073 0.026

1 in. (25.4 mm) 0.142 0.120 0.046 0.102

0.139 0.121 0.046

1.5 in. (38.1 mm) 0.392 0.136 0.071 0.213

0.407 0.139 0.071

2 in. (50.8 mm) 0.420 0.158 0.084 0.218

0.414 0.150 0.084

TABLE 8—Kondratjev numbers Kn for
Houghton K oil at a temperature of
110�F (43.3�C), with agitation of 100 fpm
(0.508 m/s), for various sizes of cylindrical
probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.257 0.198 0.170 0.20

0.244 0.174 0.148

1 in. (25.4 mm) 0.325 0.287 0.229 0.28

0.304 0.301 0.227

1.5 in. (38.1 mm) 0.410 0.275 0.231 0.31

0.414 0.278 0.226

2 in. (50.8 mm) 0.424 0.277 0.235 0.31

0.422 0.273 0.226

TABLE 9—Kondratjev numbers Kn for
Amolite 22 oil at a temperature of 110�F
(43.3�C), with no agitation, for various sizes
of cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.065 0.035 0.026 0.041

0.056 0.036 0.026

1 in. (25.4 mm) 0.088 0.063 0.046 0.065

0.084 0.063 0.048

1.5 in. (38.1 mm) 0.134 0.092 0.071 0.104

0.165 0.089 0.071

2 in. (50.8 mm) 0.306 0.106 0.04 —

0.288 0.106 0.04
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During cooling in aqueous polymer solutions, more uni-
form cooling over the entire surface is achieved. This should
be contrasted to quenching in water, where localized vapor
films are observed, resulting in cracking and distortion.
Interestingly, the cooling capacity of a 5–10 % PAG quen-
chant solution is greater than that of water. Such aqueous
solutions of PAG can be used for implementation of the IQ-2
process (see Chapter 10).

Cooling times for AISI 4140 steel cylinders of 1.5 in.
(38.1 mm) in diameter quenched in various media are
shown in Table 6. The cooling time is calculated for the tem-
perature range of 1,550�F to 400�F, that is, the duration of
cooling from the austenitizing temperature until the temper-
ature at the center of the cylinder reaches 400�F. These data
show that the cooling times in water and 5 % UCON differ
very little. However, polymer solutions cool more uniformly

at high temperatures and reduce the cooling rate more in
the convective cooling region.

11.4 CONTINUOUS CONVEYOR LINES AND
DESIGN OF THE QUENCHING PROCESSES
In this section, the application of the previously described
calculation methodology for various conveyor lines will be
described. In particular, the calculation of the conveyor
speed with respect to the shape and sizes of steel parts and
the cooling capacity of the quenchant will be described.

The most commonly encountered type of conveyor line
is illustrated in Fig. 4 [11]. Other examples of continuous
lines for quenching steel parts are shown in Figs. 5 and 7.
All of these examples utilize special chutes to intensify and
stabilize the cooling process (see Fig. 5). The illustration at
the top of Fig. 4 shows details of a chute quench [11].

TABLE 10—Kondratjev numbers Kn for
Amolite 22 oil at a temperature of 110�F
(43.3�C), with agitation of 100 fpm
(0.508 m/s), for various sizes of cylindrical
probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.136 0.169 0.163 0.15

0.128 0.165 0.143

1 in. (25.4 mm) 0.184 0.225 0.197 0.205

0.185 0.233 0.206

1.5 in. (38.1 mm) 0.275 0.280 0.254 0.27

0.311 0.273 0.240

2 in. (50.8 mm) 0.342 0.273 0.251 0.28

0.319 0.251 0.226

TABLE 11—Kondratjev numbers Kn for
Amolite 22 oil at a temperature of 190�F
(88�C), with no agitation, for various sizes of
cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.068 0.039 0.026 0.044

0.071 0.037 0.025

1 in. (25.4 mm) 0.101 0.066 0.046 0.070

0.100 0.066 0.043

1.5 in. (38.1 mm) 0.140 0.096 0.072 0.104

0.161 0.093 0.065

2 in. (50.8 mm) 0.392 0.114 0.093 —

0.306 0.114 0.093

TABLE 12—Kondratjev numbers Kn for
Amolite 22 oil at a temperature of 190�F
(88�C), with agitation of 100 fpm (0.508 m/s),
for various sizes of cylindrical probes made
of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.167 0.185 0.151 0.17

0.152 0.192 0.153

1 in. (25.4 mm) 0.216 0.245 0.211 0.23

0.210 0.268 0.211

1.5 in. (38.1 mm) 0.370 0.310 0.273 0.31

0.373 0.290 0.267

2 in. (50.8 mm) 0.392 0.305 0.278 0.32

0.378 0.305 0.266

TABLE 13—Kondratjev numbers Kn for
Beacon 70 oil at a temperature of 110�F
(43.3�C), with no agitation, for various sizes
of cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.049 0.057 0.026 0.047

0.065 0.060 0.027

1 in. (25.4 mm) 0.085 0.090 0.048 0.074

0.084 0.090 0.048

1.5 in. (38.1 mm) 0.154 0.108 0.071 0.118

0.196 0.108 0.071

2 in. (50.8 mm) 0.364 0.172 0.084 0.195

0.297 0.167 0.084
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At the top of Fig. 4, there is a common scheme of a
quench tank with a quenchant and devices for agitation.
Additional agitation of the quenchant during movement of
parts on the conveyor is necessary to provide uniform cool-
ing of the parts and increase the heat transfer coefficient
during convective cooling and also to regulate the duration
of the nonstationary nucleate boiling stage.

In the examples below, the following quenching media
will be considered:
1. Aqueous polymer solutions
2. Aqueous solutions of corrosion-preventing salts
3. Pure cold water
For these examples, the length L of the conveyor immersed
in the quenchant is 1.5 m. The goal is to determine the con-
veyor speed that will provide a temperature of 650�F
(343�C) at the core of the part when it is removed from the

quenchant. For these calculations, the generalized equation
69 from Chapter 5 is used, rewritten as:

w ¼ L
s
¼ a L Kn

Xþ ln
T0 � Tm

T � Tm

� �
K
; ð5Þ

where:
�a is the average thermal diffusivity of the material for the

range of temperatures T0 to Tm;
Kn is the Kondratjev number (dimensionless);
W ¼ 0.48 for cylindrical bodies;
T0 is the austenitizing temperature or temperature at the

time of immersion of the part into the quenchant; and
Tm is the temperature of the medium, if convection prevails,

or the temperature of boiling if nucleate boiling prevails.

TABLE 16—Kondratjev numbers Kn for
Beacon 70 oil at a temperature of 190�F
(88�C), with agitation of 100 fpm (0.508 m/s),
for various sizes of cylindrical probes made
of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.146 0.177 0.117 0.145

0.135 0.170 0.125

1 in. (25.4 mm) 0.221 0.244 0.162 0.205

0.202 0.235 0.167

1.5 in. (38.1 mm) 0.361 0.268 0.203 0.284

0.382 0.283 0.207

2 in. (50.8 mm) 0.409 0.268 0.201 0.288

0.384 0.264 0.201

TABLE 17—Kondratjev numbers Kn for a
35 % aqueous UCON A solution at a
temperature of 110�F (43.3�C), with agitation
of 50 fpm (0.254 m/s), for various sizes of
cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.046 0.197 0.135 0.128

0.054 0.190 0.145

1 in. (25.4 mm) 0.075 0.330 0.218 0.203

0.074 0.311 0.212

1.5 in. (38.1 mm) 0.099 0.365 0.377 0.271

0.120 0.365 0.301

2 in. (50.8 mm) 0.157 0.546 0.444 0.404

0.220 0.581 0.478

TABLE 14—Kondratjev numbers Kn for
Beacon 70 oil at a temperature of 110�F
(43.3�C), with agitation of 100 fpm
(0.508 m/s), for various sizes of cylindrical
probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.144 0.199 0.167 0.166

0.129 0.195 0.161

1 in. (25.4 mm) 0.188 0.255 0.221 0.224

0.191 0.261 0.227

1.5 in. (38.1 mm) 0.342 0.310 0.268 0.308

0.367 0.305 0.259

2 in. (50.8 mm) 0.391 0.290 0.251 0.310

0.382 0.295 0.251

TABLE 15—Kondratjev numbers Kn for
Beacon 70 oil at a temperature of 190�F
(88�C), with no agitation, for various sizes of
cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.069 0.047 0.018 0.045

0.069 0.047 0.018

1 in. (25.4 mm) 0.089 0.080 0.034 0.068

0.085 0.085 0.036

1.5 in. (38.1 mm) 0.147 0.099 0.052 0.113

0.226 0.102 0.052

2 in. (50.8 mm) 0.338 0.128 0.067 0.175

0.338 0.114 0.067
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The average thermal diffusivity �a of the supercooled
austenite within the temperature range of 1,550�F (843�C)
down to 200�F (93�C) is equal to 5.36 3 10�6 m2/s.

From these data, the conveyor speed required to provide a
core temperature of 650�F (343�C) for a cylindrical part made
of AISI 4140 steel with a diameter of 25 mm and height of 50
mm is calculated. When initially immersed, the part has uniform
temperature of 1,550�F (840�C) throughout the cross-section.

The first step is to determine the Kondratjev number
Kn. For the determination of Kn, a database of experimental
data is required. Careful quenching experiments have been
conducted using AISI 4140 steel cylindrical specimens 0.5 in.
(12.7 mm), 1 in. (25.4 mm), 1.5 in. (38.1 mm), and 2 in.
(50.8 mm) in diameter. These test specimens were quenched
into various polymer quenchants and quench oils. Kondratjev

numbers Kn for various quenchants—quench oils, water,
aqueous polymer quenchant solutions, water-salt solutions,
and other media—were determined. Some results of such cal-
culations are provided in this chapter.

11.4.1 Calculation of the Speed of a Conveyor
in a Quench Tank
Having discussed in detail all parameters contained in the
equation used for calculation of conveyor speed using Kon-
dratjev numbers Kn, consider, for example, a cylindrical
steel part of 1 in. (25.4 mm) in diameter and 2 in. (50.8 mm)
long, made of AISI 4140 steel. The steel part is to be cooled
from 1,550�F (840�C) in a 10 % aqueous PAG-polymer solu-
tion at a temperature of 90�F (32.2�C). The agitation rate is
80 fpm (0.4 m/s). It is necessary to establish the speed of the
conveyor to deliver the steel part from the quenchant with a
core temperature of 650�F (343�C). In this case, there will be

TABLE 20—Kondratjev numbers Kn for a 5 %
aqueous UCON E solution at a temperature
of 110�F (43.3�C), with agitation of 50 fpm
(0.254 m/s), for various sizes of cylindrical
probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.214 0.422 0.304 0.34

0.356 0.420 0.306

1 in. (25.4 mm) 0.272 0.461 0.368 0.40

0.279 0.616 0.397

1.5 in. (38.1 mm) 0.503 0.513 0.424 0.46

0.377 0.511 0.424

2 in. (50.8 mm) 0.516 0.510 0.494 0.51

0.525 0.506 0.494

TABLE 18—Kondratjev numbers Kn for a
20 % aqueous UCON A solution at a
temperature of 110�F (43.3�C), with agitation
of 100 fpm (0.508 m/s), for various sizes of
cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.301 0.347 0.265 0.30

0.326 0.361 0.201

1 in. (25.4 mm) 0.452 0.463 0.351 0.42

0.443 0.449 0.378

1.5 in. (38.1 mm) 0.497 0.474 0.419 0.46

0.490 0.471 0.415

2 in. (50.8 mm) 0.509 0.480 0.470 0.48

0.509 0.462 0.441

TABLE 21—Comparison of cooling capacities
of different cooling media on the basis
of tests with cylindrical probes of 1.5-inch
(38.1-mm) diameter

Cooling medium

Kn

No
agitation

Agitation of
100 fpm
(0.508 m/s)

Houghton K, Tm ¼ 110�F 0.213 0.306

Amolite 22, Tm ¼ 110�F 0.104 0.27

Beacon 70, Tm ¼ 190�F 0.118 0.308

35 % UCON A, Tm ¼ 110�F 0.113 0.284

20 % UCON E — 0.27

5 % UCON E — 0.36

Water — 0.46

TABLE 19—Kondratjev numbers Kn for a
20 % aqueous UCON E solution at a
temperature of 110�F (43.3�C), with agitation
of 100 fpm (0.508 m/s), for various sizes of
cylindrical probes made of AISI 4140 steel

Probe diameter

Kn at

Kn
1,300�F
(704�C)

650�F
(343�C)

400�F
(204�C)

0.5 in. (12.7 mm) 0.288 0.242 0.216 0.23

0.233 0.228 0.167

1 in. (25.4 mm) 0.174 0.317 0.346 0.31

0.152 0.370 0.523

1.5 in. (38.1 mm) 0.467 0.332 0.259 0.36

0.473 0.335 0.273

2 in. (50.8 mm) 0.472 0.348 0.310 0.44

0.335 0.519 0.670
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self-tempering of the part and no possibility of quench crack
formation.

Substituting the given values into Eq 5, we get:

W ¼ 5:36 	 10�6m2=s 	 1:5m 	 0:512
0:48þ ln

15508F � 2128F
6508F � 2128F

� �
	 25:2 	 10�6m2

� �

¼ 0:1
m
s

or 360m=h;

where K ¼ 1
5:783
R2

þ 9:87
Z2

¼ 25:2 	 10�6m2.

11.4.2 Calculation of the Speed of Rotation
of Usual and Screw Drums
Besides continuous conveyor lines, rotating apparatus such as
screw drums are often used for longitudinal motion of parts
to be quenched (see Fig. 6). In some cases, quench tanks are
used with devices rotating inside, such as shafts on which sup-
ports for parts are fixed. When a part to be quenched is put
on the support, the latter moves in a semicircle in the quench
tank and then ejects the part into a basket or onto a con-
veyor. Such devices can be automated and mechanized.

In this case, the speed of rotation of the screw systems
and drums depends on the shapes and sizes of the parts, the

Fig. 4—Typical quenching systems for continuous heat-treating furnaces.
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thermophysical properties of the material, and the cooling
capacity of the quenchant. Such operations are often
encountered in practice because when the core achieves
the martensite start temperature MS, conventional or inten-
sive cooling must be interrupted immediately to prevent
quench crack formation and provide self-tempering of
the part.

From the generalized dependences presented in Chap-
ters 2 and 5 for calculation of the cooling time in a

quenchant, simple equations for designing drum-type and
screw systems have been derived, such as for the determina-
tion of the rotational speed of the screw drum (e.g., the
device in Fig. 7). If the length of the screw drum along the
circle is L and the quantity of the coils forming the screw
conveyor is N, then during one rotation of the drum, the lon-
gitudinal motion of a part to be quenched is L/N, and to
cover the entire length, it is necessary to make N rotations
of the drum.

If the cooling process lasts, for example, for 1 min, it is
necessary for the screw conveyor to make N rotations per
minute until the part is pushed out from the quenchant. If
the process of cooling lasts instead for 3 min or 5 min, the
quantity of rotations per minute must decrease by three or
five times, respectively. Because the frequency of the screw
rotation is directly proportional to the quantity of coils and
inversely proportional to the cooling time, then the equation
for the frequency n is:

n ¼ N
s
¼ Na Kn

Xþ ln
T0 � Tm

T � Tm

� �
K
: ð6Þ

For another illustration, consider Fig. 7, which illus-
trates a furnace and quench system consisting of a screw
drum and rotating shaft with eight coils forming the screw
mechanism. The length of the screw in the quench system is
1.2 m. The quenchant used is a 10 % aqueous solution of
sodium carbonate (Na2CO3) at a temperature of 20�C. Kn
for this solution is 0.6. In the system shown in Fig. 7,
2-in.-diameter (50.8-mm) AISI 52100 steel balls are quenched.
The austenitizing temperature is 860�C. It is necessary to cal-
culate the frequency of the screw rotation so that, upon deliv-
ery of the part from the quenchant, the temperature at the
core of a ball will be 350�C.

The first step is to determine Kondratjev form coeffi-
cient K for a ball of diameter 50.8 mm:

K ¼ R2

9:87
¼ ð0:0254mÞ2

9:87
¼ 65:37 	 10�6m2:

The average thermal diffusivity of material is �a ¼ 5.36 3

10�6 m2/s, and W ¼ 0.24 3 3 ¼ 0.72 [11]. Using these values
in Eq 5 yields:

n ¼ 8 	 5:36 	 10�6m2=s 	 0:6
0:72þ ln

8608C� 208C
3508C� 208C

� �
	 65:37 	 10�6m2

� 0:25 rps or 15rpm:

Fig. 5—Examples of possible chute-quench designs.

Fig. 6—Illgner continuous chute quench design (From K. Illgner,
Harterei-Tech. Mitt. 41(2), 113–120, 1987).

Fig. 7—Schematic of a rotary drum screw conveyor continuous
furnace.
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Thus, the generalized dependence obtained in Chapter 5 can
be successfully used for designing quench systems.

These calculations are also necessary for automation of
quench cooling processes. The design of quench systems
becomes complicated because it is necessary to create inten-
sive agitation of a quenchant at the time of immersion of a
hot part into a quench tank. It is also necessary to prevent
the penetration of vapor into the furnace. To solve these two
problems, special devices have been developed, which are
shown in Fig. 5. These devices permit intensive agitation of a
quenchant upon immersion of parts into it as well as preven-
tion of vapor ingression into the furnace. Additional details
are provided in [12,13] (see Figs. 8 and 9).

Aqueous polymer solutions or salts of optimal concentra-
tion can be used for implementation of the IQ-2 process. For
the IQ-3 process, water is typically used, because very inten-
sive streams or jets are necessarily applied, which prevents
the possibility of the formation of vapor films and even sup-
presses the process of nucleate boiling.

A specific example of the use of this process will now
be provided. For this purpose, consider quenching bolts
made of alloyed steels with the complicated configurations
shown in Table 22. Quenching of bolts is conducted using
volumetric heating in a V-shaped pipe in which intensive
streams of water are used, as shown in Fig. 9 [14]. The aver-
age diameter of the bolts is 8 mm.

To solve this problem, we must calculate the Biot num-
ber Bi for the convective quenching process for bolts of
diameters 8 and 10 mm. The equation used is Eq 13 from
Chapter 10, for the absence of nucleate boiling:

Bi � 2 #0 � #Ið Þ
#uh þ #I

; ð7Þ

where:
#0 ¼ 920�C – 100�C ¼ 820�C;
#uh ¼ 100�C – 20�C ¼ 80�C;
#I ¼ 16.5 for a bolt of diameter of 8 mm; and
#I ¼ 15.4 for a bolt of diameter of 10 mm (see Chapter 2).

In these cases, the calculation shows that Bi � 16 and
Kn � 0.88. It is difficult to achieve such conditions of cool-
ing in practice. However, Tkachuk and colleagues [14]
cooled bolts by a stream of water at 20 m/s and established
that quench cracks were not formed even in the case of
superheating the bolts during austenitizing (see Table 22).

If the core temperature desired for the bolts during
intensive cooling is 200�C, the cooling time when intensive
streams of water are used is calculated as:

s ¼ 0:48þ ln
9208C� 208C
2008C� 208C

� �
2:8 	 10�6

5:65 	 10�6 	 0:88 � 1:2 sec;

where K ¼ 2.8 3 10�6 m2.
Since Kn was much less, the cooling process for the

bolts occurs within 2 s. Daming [16] noted that bolts in a
pipe with a turbulent water stream made the cooling process
quite efficient. More information can be found in [12–19].

11.5 BATCH QUENCHING
A common view of a quench tank with a propeller for batch
quenching is presented in Fig. 10. In this setup, rotating impel-
lers drive water through directing pipes (draft tubes) to the
part to be quenched.

The speed of a stream of a quenchant in such systems can
achieve 2–3 m/s. Designing similar systems is described in
detail in [2] and [15]. Rotating impellers in a draft tube is
shown in Fig. 11, and illustrative impeller designs are illustrated
in Fig. 12. There are certain requirements for the design of a
system with impellers, which can be summarized as follows:
• Draft-tube systems normally use marine propellers for

small mixers and airfoil-type impellers for larger units
(see Fig. 13).

Fig. 8—Chutes with a spray quench system (a) and an impeller
agitation system (b).

Fig. 9—Mechanically rotated chute quench systems (no pumps or impellers).
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• In a draft-tube system, an airfoil-type stirrer will be
designed at a lower tip chord angle than that used on a
side-entering mixer in order to avoid stalling under con-
ditions of high head resistance.

• The lower weight of the airfoil-type stirrer lowers its
cost at diameters greater than 610 mm (24 in.).
It is evident that the total system head resistance should

be minimized to maximize the flow developed by the impel-
ler. Although it is not practical to change most of the charac-
teristics of the quench tank system, the draft tube can be
designed to minimize head losses. For example, lack of an
entrance flare with inadequate liquid coverage over the draft
tube can decrease the flow rate by 20 %.

The following characteristics maximize the performance
of a draft tube:
• Down-pumping operation takes advantage of the tank

bottom as a flow-directing device.
• A 30� entrance flare on the draft tube minimizes

entrance head losses and ensures a uniform velocity
profile at the inlet.

• Liquid coverage over the draft tube of at least one-half
the diameter avoids excessive disruption of the impeller
inlet velocity profile.

• Internal flow-straightening vanes prevent fluid rotation
or swirl.

• The impeller should be inserted into the draft tube at
distance equal to at least one-half the diameter. Inlet
velocity profile considerations dictate this dimension.

• A “steady bearing” or limit ring protects the impeller
from occasional high deflection. Use of a steady bearing
results in a mixer that is lower in cost, but that requires
periodic maintenance. For this reason, a limit ring gen-
erally is specified as the only protective item. In such
case, the mixer manufacturer should be requested to

Fig. 10—Illustration of a typical batch immersion time quenching
system. Agitation is provided by two or more continuously vari-
able impeller stirrers [20].

TABLE 22—Prevention of quench crack formation by intensive quenching in the V-quenching
tank (see Fig. 9)

Sample
Austenitizing
temperature
(�C)

% of cracked sample during quenching

Steel Shape and Size
In moderately agitating
caustic solution

In the V-quenching
tank

Ck35 (0.35% C) 860
920

62
100

0
0

42 CrMo (0.42% C, 1% Cr,
0.2% Mo)

920 100 0

40 Cr (0.4% C, 1% Cr) 920 100 0

Fig. 11—Typical draft-tube impeller system characteristics.
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ensure that the total mechanical design of the mixer is
safe for operation without a steady bearing. The manu-
facturer will supply dimensions for the limit ring.

• The impeller normally requires a radial clearance of 25
to 50 mm (1 to 2 in.) between the blade tips and the
draft tube. If the size of the draft tube must be mini-
mized, an external notch can be used to reduce the
draft-tube diameter by 50 to 74 mm (2 to 3 in.).

11.6 NEW WAYS OF INTENSIFYING PROCESSES
OF HEAT TRANSFER DURING QUENCHING
In the previous sections, it has been shown that the optimal
concentration of aqueous solutions of polymers and salts can
be used for the implementation of intensive quenching meth-
ods. This section describes new ways of the intensification of
processes of heat transfer during quenching, including the use
of rotating magnetic fields and the use of a principle of dis-
crete-impulse energy input. Below they are considered in detail.

11.6.1 The Discrete-Impulse Energy Input Process
The principal approach to the use of discrete-impulse energy
input was developed by Dolinskiy and his colleagues [21–23]
and lies in the following: Energy is injected into the system and
transferred to every bubble of the biphase system. Oscillating
bubbles, receiving the injected external energy, essentially cre-
ate a turbulent flow and thus intensify the cooling processes.

For deeper understanding, consider Fig. 14. The system
consists of a quench tank (1) filled with a quenchant; Laval
nozzles (2 and 3); a built-in special device (4) that allows
rotation of the nozzle upward and downward; and a cylindri-
cal tube (5) connected with the nozzle and forming a type of
“penny whistle.” The closing and opening of a valve (8) is
controlled automatically by means of software (10). Com-
pressed air stored in a tank (9) is connected to the valve. The

Fig. 14—Special tank for discrete-impulse energy input used for
intensive quenching of steel parts [21,22]: 1, quench tank; 2 and
3, Laval nozzles; 4, rotation device; 5, cylindrical tube; 6, taped
tube; 7, steel part; 8, valve; 9, compressed air storage tank; 10,
computer controller.Fig. 13—Batch-quenching system with side-entering impellers.

Fig. 12—Types of impellers: (a) high-efficiency airfoil-type impel-
ler; (b) marine propeller; (c) side-entering mixer impeller.
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valve is periodically turned on and off, forming at the outlet
many oscillating bubbles, which provide an intensively turbu-
lent quenchant flow at the surface of a part to be quenched
[23]. The part is shown at the center of the tank in Fig. 14,
fixed on a hook.

As an example, assume the part is a 220 by 230 by 360-
mm bar made of AISI 4140 steel. The convection heat trans-
fer coefficient has been experimentally determined to be
8,000 W/m2K. The objective of this example is to determine
the cooling time of a part to be quenched from the austeni-
tizing temperature of 1,550�F (843�C) to a core temperature
of 700�F (371�C) at the center of the part.

First of all, determine Biot number BiV by the following
equation:

BiV ¼ a
k
K

S
V
:

The inputs are determined as follows:

K ¼ 1

9:87
1

ð0:22Þ2 þ
1

ð0:23Þ2 þ
1

ð0:36Þ2
" # ¼ 2:14 	 10�3m2; and

S
V

¼ 2
1
a
þ 1
b
þ 1

c

� �
¼ 23:34:

Therefore,

BiV ¼ 8000W
�
m2K

23W=m 	 K 	 2:14 	 10�6m2 	 23:34 � 17:97:

This is equivalent to condition that Bi fi 1. Therefore,
the convective flow is immediate, in this case Kn ¼ 0.96.

Now calculate the cooling time of the part from temper-
ature of 1,550�F (843�C) to 700�F (371�C) in conditions,
when aconv ¼ 8,000 W/m2K or Kn ¼ 0.96. Using the general-
ized dependence, Eq 69, yields:

s ¼ 0:48þ ln
15508F � 688F
7008F � 688F

� �
2:14 	 10�3m2

5:5 	 10�6 	 0:96
¼ 539 sec or 9minutes:

11.6.2 Use of Rotating Magnetic Fields
Fig. 15 presents a scheme for the use of a rotating magnetic
field. The rotating magnetic field is formed by using the sta-
tor of a normal electric engine in which, instead of a rotor,
parts to be quenched move along a circle of a cylindrical
tank inserted into the stator. Parts to be quenched may be
ball bearings or balls of spherical mills.

The IQ-2 process can be easily realized by this installa-
tion. At the first stage, balls are quenched in an aqueous
solution of salts of optimal concentration, for example, 6–8 %
sodium carbonate (Na2CO3). Balls revolve in the magnetic
field until the end of nucleate boiling and are periodically
pushed out to the conveyor, which delivers the balls from
the quenchant to be self-tempered in air. At the second stage,
the parts are washed and at the same time intensively cooled
within the martensite range until they are completely cooled
down. At the third stage, the parts are dried and tempered
by means of induction heating. Heating to the austenitizing
temperature can be performed by induction as well.

This is the primary scheme, although it may be imple-
mented in different ways. The advantages of the described
technology include the following:
• Magnetic fields improve the mechanical properties of

material.
• Alternating magnetic fields result in the destruction of

vapor films.
• The process becomes controlled and easily automated.
More particulars on this technology are described in [24].

Examples of designing the industrial processes with
regard to this type of installation will now be provided.

Example 11.1
Balls made of AISI 52100 steel, with a diameter of 1 in.
(25.4 mm), are cooled in a 6 % sodium carbonate solution from
860�C. The temperature of the quenching solution is 20�C. Balls
move in the magnetic field at the speed of 0.5 m/s. The objective
is to determine the duration of nonstationary nucleate boiling
(self-regulated thermal process) so that, upon the completion of
nucleate boiling, the balls are delivered to air cooling.

The Kondratjev number Kn for these conditions of cool-
ing equals 0.6. The convection heat transfer coefficient for

Fig. 15—Line for ball quenching controlled by an electromagnetic field [24].
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a speed of 0.5 m/s is equal to about 2,900 W/m2K (see
Table 6 in Chapter 10). The Kondratjev form coefficient K ¼
R2/5.783 ¼ 16.34 3 10�6 m2. The average thermal conduc-
tivity and thermal diffusivity of material during cooling from
860�C to 100�C are, respectively, 23 W/mK and 5.5 3 10�6

m2/s (see Tables 2 and 3 in Chapter 10).
For the calculation of the duration of nonstationary nucle-

ate boiling, the generalized dependences of Chapter 2—Eqs 37
and 38—will be used. First of all, determine the superficial tem-
perature at the beginning and at the end of nucleate boiling, that
is, by computing values of #I and #II. From Eq 37, we obtain:

#I ¼ 1
7:36

2 	 23 760� #Ið Þ
0:0127

� �0:3
;

which is valid if #I ¼ 11.6�C. Similarly, from Eq 38, we get:

#II ¼ 1
7:36

2900 #II þ 808Cð Þ½ 
0: 3:

This equality is valid if #II ¼ 5.6�C.
Using these results, the cooling time is calculated:

s ¼ 3 	 0:24þ 3:21 	 ln 11:6
5:6

� �
16:34 	 10�6m2

5:5 	 10�6m2=s 	 0:6 � 15:2 sec:

Therefore, the balls in the magnetic field must be rotated
for 15 seconds, and then the magnetic field must be discon-
nected, allowing the balls to fall on the conveyor, which deliv-
ers them to air. In air, the balls are self-tempered, and then
they come to the second site, where they are washed and
completely cooled to room temperature. At the third site, the
balls are dried and tempered by induction heating.

Calculations in all examples of this book are presented to
illustrate for the reader the simplicity of the calculations, despite
the complicated theory of Chapters 2 and 5, where the general-
ized calculation dependences were obtained that are used here.

11.7 SUMMARY
1. This chapter has presented specific examples of the use

of generalized equations for designing manufacturing
processes and industrial lines for quench cooling. The
technique was developed for calculating conveyor speeds
and rotational speeds of screw conveyors with the pur-
pose of controlled cooling of parts to be quenched.

2. Examples explaining how to use the technique have
been given.

3. It was shown that the cooling capacity of quenchants is
characterized by the main parameter of quenching:
Kondratjev number Kn.

4. Tables of numbers Kn for various quenchants, which
form a database of initial data for specific calculations
related to quench cooling, were presented. Results of
calculations may be used by heat-treating engineers and
designers dealing with industrial lines.
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12
Review of Practical Applications of Intensive
Quenching Methods
M. A. Aronov,1 N. I. Kobasko,1 and J. A. Powell1

12.1 INTRODUCTION
In this chapter, different applications of intensive quenching
(IQ) techniques on actual steel products, as well as on steel
samples from the part manufacturers, are discussed. Two
intensive water quenching methods were applied: the IQ-3
technique, also known as “direct convection cooling,” and
the IQ-2 technique, a three-step quenching process that ini-
tially cools parts under the nucleate boiling mode and then
the convection heat transfer mode. Experiments were con-
ducted for a variety of steel products, including automotive
parts (coil springs, kingpins, torsion bars, bearing products,
ball studs, etc.), fasteners of different types, and tool prod-
ucts (punches, dies, die components, etc.).

For intensive quenching of steel parts, different IQ sys-
tems were used. These systems are installed at the Center for
Intensive Quenching in Akron, Ohio, and production IQ
equipment is also installed at three commercial heat-treating
shops.2 Sections below summarize the test data obtained dur-
ing the last several years and presented in numerous papers
at different heat-treating conferences and forums [1–12]. Prior
to discussing these results, however, let us review the relation-
ship between the quench cooling rate and hardened part
mechanical properties, and then we will examine the quench-
ing equipment used for the IQ demonstration studies.

12.2 QUENCH COOLING RATE AND PART
MECHANICAL PROPERTIES
Metallurgists know that the higher the cooling rate during
the quench process, the better the mechanical properties of
the steel parts (hardness, hardened depth, tensile and impact
strength, etc.) will be. On the other hand, with conventional
quenching methods (in water, polymer, oil, or gas), the
higher the cooling rate, the more difficult it is to maintain
uniform cooling around the part surface, and, therefore, the
higher the probability of part distortion or even cracking
will be. Therefore, heat treaters have always struggled for a
balance between a high quenching rate for its better part
properties and a more moderate quenching rate to reduce
the probability of part distortion or cracking. With intensive
water quenching techniques, the heat treater can have both—
better part properties and low distortion.

Fig. 1 shows the correlation between part properties
and the cooling rate of the part for both conventional
quenching and intensive quenching. The curve “breaks”
between the conventional and intensive quenching zones.
This break illustrates that, in conventional quenching, the
part starts experiencing severe distortion (or the ultimate in

distortion: cracking) above a certain cooling rate. At that
point, it is useless to quench faster in an attempt to obtain
any further “improvements” in the steel’s mechanical proper-
ties on a distorted or broken part.

As also shown in Fig. 1, in the IQ zone, a part’s mechani-
cal properties are not only greater compared to the conven-
tional quench zone, but they continuously increase up to a
certain “ultimate” level for the given steel type. Once in the
intensive quench zone, a faster quench rate on the part sur-
face does not improve the part’s properties. This is because
at the initiation of the intensive quench, the part’s surface
temperature almost instantaneously becomes the same as
the quenchant temperature. Said another way, after a cer-
tain intensity of quench heat extraction, the part cannot give
up its heat any faster than the rate of heat conduction
through the part. This is why one cannot quench “too fast”
during the intensive portion of the quench. Once the part
surface layer has reached the temperature of the quenchant,
conduction within the part sets a natural limit on the rate of
cooling in the subsurface layers and the core of the part.
Since conduction is also a very rapid and very uniform form
of heat removal, intensive quenching is able to reach the ulti-
mate goal of any quench—the most uniformly rapid removal
of heat that yields the least part distortion.

Now, let’s consider separately the IQ-2 and IQ-3 quench
rate zones shown in Fig. 1. The IQ-2 quenching method is
characterized by the nucleate boiling mode of heat transfer
on the part surface during the intensive period of the
quench. With IQ-2, the film boiling stage is completely
absent due to the presence of negative ions in the water-salt
solutions used as quenchants and the high (intensive) quen-
chant agitation rate. In addition, using different water-salt
solutions and different rates of agitation, one can control the
cooling rate of the part. For example, a water–calcium chlo-
ride solution provides a greater intensity of the heat extrac-
tion compared to a water–sodium nitrite solution. Special
proprietary additives to water-salt solutions can also control
the cooling rate of the part. All IQ-2 quenching demonstra-
tions were conducted using a low concentration of sodium
nitrite in tap water with no other additives. Therefore, the
part properties improvements were not necessarily the maxi-
mum achievable for this quenching technique [1–4].

Note that the IQ-2 process is usually conducted in three
steps. First, the parts are introduced into the intensively agi-
tated quench. After a certain period of time calculated by
the IQ software, the intensive quench is interrupted and the
parts continue cooling in the air. At this time, the heat

1 IQ Technologies, Inc., Akron, Ohio
2 Akron Steel Treating Co. of Akron, Ohio; Euclid Heat Treating Co. of Cleveland, Ohio; and HighTemp Furnaces, Ltd., of Bangalore, India.
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coming from the part core tempers the martensitic surface
layer (formed during the first step of quenching) and gives
the strong surface shell some ductility (tempered martens-
ite). Then, the parts are returned to the intensive quench to
complete the phase transformation of the steel in the core.

While the IQ-2 quenching process provides parts with
much better properties compared to conventional quenching
in water, oil, or air, the ultimate values of steel mechanical
properties can be obtained only with a fully developed IQ-3
quenching rate of direct convection cooling. With direct con-
vection cooling, there is no film boiling, and very little, if
any, nucleate boiling around the part. The IQ-3 method is
said to be “fully developed” IQ-3 quenching when the water
flow around the part provides the optimum heat transfer
conditions—direct convection cooling—and achieves the high-
est values for the part’s mechanical properties (for the given
steel type). Conversely, when as-quenched part properties are
below their ultimate values for a given steel type (see Fig. 1),
we refer to the IQ-3 method as not being fully developed.

12.3 INTENSIVE QUENCHING AND PART
DISTORTION
12.3.1 General Considerations
While there are hundreds of contributing factors for part
distortion in the heat treating process, every heat treater
knows that part geometry and nonuniform quench cooling
are two of the major reasons for part distortion (or crack-
ing) during quenching. Any part distortion that is the same
(from quench to quench and from part to part), primarily
caused by the part shape, we will categorize as predictable or
repeatable distortion. On the other hand, nonuniform
quench cooling will generally cause unpredictable distortion.
The root cause of this unpredictable distortion is the nonuni-
form and uncontrollable (and hence unpredictable) cooling
from film boiling that usually surrounds the part in the criti-
cal early stages of any (traditional) liquid quenching from
the austenitizing temperature.

12.3.1.1 DISTORTION DUE TO PART GEOMETRY
If the part has a complex geometry with widely variable
thickness, it will distort during quenching even if the heat
extraction rate is uniform over the entire part surface area.
This is happening, first, because of a nonuniform thermal
shrinkage of steel prior to the beginning of the phase trans-
formations and, second, because of a nonuniform expansion
of the material due to nonuniform martensite formation

throughout the part. The thin sections of the part cool faster
and contract more than the part’s thicker sections, inducing
thermal stresses and causing plastic deformations in the
thick sections. The same happens with the transformation of
austenite into martensite: the martensitic transformations
take place first in the thin sections of the part and later in
the thick sections, regardless of the method of quench cool-
ing on the surface or its uniformity. During phase change,
the thin section of the part will swell due to the greater spe-
cific volume of the martensite; this swelling during phase
change induces internal stresses in the thick sections (which
are still hot and plastic) and causes part distortion. However,
if the quench cooling rate on the outside of the part is uni-
form from quench to quench, the distortion due to the part’s
geometry should be relatively the same each time the part is
quenched—again, assuming the part is quenched in a uni-
form manner. Proper adjustment of the part’s “green” size
before heat-treating may compensate for this repeatable dis-
tortion for the finished part.

12.3.1.2 DISTORTION DUE TO
NONUNIFORM COOLING
In practice, it is virtually impossible to provide uniform cool-
ing over the entire part surface area, especially when
quenching parts in batches. However, depending on the
mode of heat transfer realized during quenching, the distor-
tion caused by nonuniform cooling can be repeatable, too.
Let’s consider three possible scenarios for the heat transfer
modes during quenching:
1. Direct convection cooling
2. Nucleate boiling followed by convection heat transfer
3. Film boiling followed by nucleate boiling and then con-

vection heat transfer
Direct convection cooling takes place when quenching

parts intensively in a high-velocity, single-part IQ system, or
when quenching relatively large parts (with a thickness of
more than about 6 in./150 mm) in an IQ batch water tank.
In this case, the boiling process is fully eliminated. The con-
vective mode of heat transfer starts from the very beginning
of the quench process.

The heat extraction rate by convection depends on the
water flow velocity at the surface of the part and on the water
temperature. Note that the water temperature in IQ water
tanks is very uniform throughout the tank due to the high
(“intensive”) quenchant agitation rate. This is in contrast to
conventional oil quenching, where the temperature gradient
in the quench tank may be significant, especially at the begin-
ning of the quench: relatively slow-moving, thick-viscosity oil
does not mix in the quench tank as vigorously as the water
mixes in the intensive quench tank.

Assume that the quenchant flow velocity distribution
across a quench chamber or a quench tank in the IQ unit is
always uniform and does not change from quench to
quench for a given part or a load. (Since the quenchant is
water, the intensive quench system uniformity can be
achieved by maintaining the pump or prop flow rate/amp
draw rate; the water temperature; proper baffling of the
water flow; proper racking, spacing, and orientation of the
parts; etc.) The quenchant velocity may vary from one sec-
tion of the part to another, but the heat extraction rate distri-
bution will be the same every time for each part in a given
load. A nonuniform heat extraction rate throughout the part
surface will inevitably result in part distortion. However, this

Fig. 1—Steel part properties vs. cooling rate.
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distortion will be repeatable from load to load as long as the
water flow patterns in the tank remain the same.

Note that in the above considerations, we assumed a uni-
form distribution of water flow velocity throughout the load.
In reality, there will always be variations in heat transfer coef-
ficients from part to part throughout a particular load in
batch quenching. The water temperature also changes, rising
along its way through the load. Due to these variations, the
part distortion varies throughout the load, too. But with a
proper tank design and correct part racking, these distortion
variations can be minimized to an acceptable level. In general,
convection heat transfer in water is a quite stable process,
depending on factors that can be relatively easily controlled
(e.g., the water flow velocity and water temperature).

The second scenario is nucleate boiling followed by con-
vection heat transfer. When quenching parts in an IQ tank,
the water flow velocity may not be high enough to eliminate
the boiling process at the very beginning of the quench.
However, a high water agitation rate and the addition of
mineral salts to the water can be often used to fully elimi-
nate the nonuniform film-boiling mode of heat transfer and
to insure that the nucleate boiling process starts from the
very onset of the quench.

Similar to direct convection, nucleate boiling is a very
stable mode of heat transfer and therefore a uniform proc-
ess. The duration of nucleate boiling on the part’s surface
depends on several factors: the part cross-sectional thickness,
the initial part surface temperature, local water flow veloc-
ities (convective heat transfer coefficients), and water tem-
perature. However, in contrast to the direct convection
cooling that takes place throughout the entire part surface
area and over the entire quench period, nucleate boiling
may appear only on certain sections of the part. This is
because the duration of nucleate boiling will be different
depending on the thickness of various part sections.

The heat extraction rate and its distribution throughout
the part surface area during the nucleate boiling mode of
heat transfer (and during the following convective heat
transfer) will affect the rate of martensite formation in the
parts. However, if the water temperature and water flow
dynamics do not change from load to load, the parameters
of the nucleate boiling and convective heat transfer proc-
esses will be the same in every quench. Therefore, as with
direct convection cooling, nucleate boiling can result in pre-
dictable, repeatable part distortion.

The third scenario is film boiling followed by nucleate
boiling and then convection heat transfer. If at the very
beginning of the quench, the initial heat flux from the part
surface is very high, the rate of steam bubble formation on
the part surface becomes so great that the bubbles merge,
creating a vapor blanket, and a film boiling process begins.
The heat flux required for the initiation of the film boiling
process is called the first critical heat flux density or qcr1.
Note that at the beginning of quenching, the initial heat flux
is greater from the thin sections of the part than from the
thicker sections. Therefore, the film boiling process takes
place first on the surface of thin sections of the part and as
a consequence causes more distortion in these thin sections
(e.g., long, thin gear teeth). This phenomenon may appear
counterintuitive, but it can be explained as follows.

At the very beginning of the quench, the part surface
temperature starts dropping drastically due to the heat trans-
fer from the hot part to the liquid quenchant flowing along

the part surface. The temperature of the quenchant layers
adjoining the part rises almost instantly to the boiling point
of the quenchant. It is intuitively clear that during this very
short period of time, the surface temperature of the thin sec-
tion of the part decreases more than that of the part’s thick
section. However, during this initial time in the quench, the
core temperature of both the thick and thin part sections
does not substantially change and remains about equal to
the temperature when the part entered the quenchant (the
austenitizing temperature). Thus, at the beginning of the
quench, the temperature gradient is greater in thin sections
of the part compared to that in thick sections (the tempera-
ture gradient is equal to a ratio of the temperature differ-
ence to the part thickness).

According to Fourier’s law, the heat flux from the part
surface is directly proportional to the temperature gradient
throughout the part cross-section. Because the temperature
gradient is greater in thin sections of the part at the very
beginning of the quench, the initial heat flux from the sur-
face of the part’s thin sections is greater than the heat flux
from the surface of the part’s thick sections. That is why the
film boiling process begins first on the surface of the part’s
thin sections. Of course, very soon thereafter film boiling
(and then nucleate boiling) will also begin on the surface of
the thicker sections. As a practical matter, it appears that the
vapor blanket engulfs the entire part from the very begin-
ning of the quench.

Note also, that, in contrast to nucleate boiling, the film
boiling mode of heat transfer is rather sporadic and unsta-
ble. Film boiling usually begins on different spots of the part
surface, sporadically creating local vapor blankets. Depend-
ing on the quenchant properties (boiling temperature, sur-
face tension, viscosity, etc.) and quench flow rate, these
vapor blankets can merge or they can move erratically over
the part’s surface until the surface cools and the heat flux
from the part is not capable of supporting film boiling any
more. At this point, the nucleate boiling mode will begin,
and once the heat flux from the part surface cannot support
nucleate boiling any more, convection cooling will take over
as the dominant mode of heat transfer.

The vapor blanket created by the film boiling process
insulates the part surface from direct contact with the liquid
quenchant, resulting in a relatively low heat transfer coeffi-
cient under the vapor blanket during this stage of quench-
ing. The part areas affected by film boiling may experience a
slack quench or a delay of the martensite transformations.
Both the slack quench and the delayed martensite formation
in differing areas of the part may cause an increase in over-
all part distortion. Since the film boiling process is not pre-
dictable, the distortion resulting from film boiling is not
predictable, either. Thus, the presence of film boiling creates
nonrepeatable part distortion. Conversely, the elimination of
film boiling with intensive quenching will reduce part
distortion.

12.3.2 Distortion Study on a Keyway Shaft
It is an experimental fact that the IQ process provides less
part distortion than conventional oil quenching. In other
words, the distortion of a part that was uniformly quenched
in oil would be greater than the distortion of the same part
quenched intensively in water. The reason for this is a uni-
form formation of the martensitic layer throughout the
entire part surface area and development of high current
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surface compressive stresses during the IQ process. Both the
uniform martensitic layer and high surface compressive
stresses reduce the part distortion compared to conventional
oil quenching, where the formation of the martensite is not
as uniform and the surface compressive stresses are smaller.

To investigate the effect of intensive quenching on part
distortion, an experimental study with a set of shafts with a key-
way going through the entire shaft length (see Fig. 2) was con-
ducted [7]. The shafts were made of AISI 1045 steel bars of
25.4 mm (1 in.) in diameter and of 254 mm (10 in.) in length.
A nominal chemical composition of AISI 1045 steel is 0.43–
0.50 % carbon and 0.6–0.9 % manganese. The shafts were
ground and polished to within ±0.025 mm (0.001 in.). The key-
way size was 6.4 3 6.4 mm (1/4 in. 3 1/4 in.). This configura-
tion of part was chosen because of its inclination to distort
during quenching. The reason for the part distortion is that
martensite forms first along the sharp keyway faces, since
these thin sections of the part cool faster to the martensite start
temperature. These sections of the part then expand due to the
greater specific volume of the martensite (compared to austen-
ite), causing bending in the still-plastic austenite in the core and
in the solid wall of the shaft opposite the keyway side.

The shafts were austenitized in a neutral salt bath fur-
nace, then quenched piece by piece, under two different con-
ditions: four shafts were quenched in an open oil tank with
“normal” agitation at 27�C (80�F), and four other shafts were
quenched in a fast-flowing water stream at 24�C (75�F) using
the IQ-3 quench method. A set of eight shafts was also
quenched in an integral quench furnace in moderately
higher agitated oil. The shafts were placed in various loca-
tions within a production load. The oil temperature was
66�C (150�F). As-quenched shaft hardness was measured
after oil quenching or intensive quenching.

The intensively quenched shafts proved to have both
greater surface hardness and core hardness (see Table 1).
For example, intensive quenching improved the core

hardness in the 1-in.-diameter (25.4 mm) 1045 bar by about
60 % compared to oil quenching.

To evaluate as-quenched shaft distortion, the parts were
placed on the certified flat granite surface block. The height
of the shaft bow was measured by using feeler gauges (see
Fig. 3); the accuracy of the gauges was ±0.025 mm (±0.001 in.).
Table 2 presents the distortion data obtained. As seen from
the table, intensive quenching caused much less shaft distor-
tion than did conventional oil quenching.

A finite-element heat-treating-process computer model
was used for the detailed comparison of the formation of
martensite and distortion in the keyway shafts during con-
ventional and intensive quenching.3 The model calculates the
part temperature and the structural and stress-strain condi-
tions during thermal processing based on the steel phase
transformation kinetics, mechanical properties of the mate-
rial, and heat transfer conditions. Two keyway shafts (one oil
quenched and one intensively quenched) were subjected to
detailed microstructure and distortion analysis. The results
of this analysis were used to compare experimental data
with computer simulations.

Figs. 4 and 5 present the temperature and structural changes
over time for oil-quenched and intensively quenched keyway
shafts, respectively. Figs. 6 and 7 show the dynamics of the
stress conditions in the keyway shafts.

As seen from Fig. 4, the temperature lag from the part’s
core to its surface prior to the martensite transformation is
only 30�C in the oil-quenched keyway shaft. This small tem-
perature gradient results in practically simultaneous phase
transformation in the surface layer and the core and in mini-
mal austenitic core shrinkage prior to martensite transfor-
mation in the core. During intensive quenching, on the other
hand, the keyway shaft temperature lag from core to surface
is about 500�C prior to the start of martensite transforma-
tion. This temperature gradient causes significant austenitic
shrinkage of the part’s core prior to the start of the martens-
ite transformation in the core, which compensates the subse-
quent expansion under the surface while transforming into
martensite.

As seen from Figs. 6 and 7, within the martensite trans-
formation range (325�C down to 110�C), the current com-
pressive surface stresses (during the IQ process) are much

Fig. 2—Keyway shaft.

TABLE 1—Keyway surface and core hardness

Type of quenching Surface Core

Single part oil quenching 53.2 RC 32.1 RC

Batch oil quenching 51.4 RC 31.0 RC

Intensive quenching 57.4 RC 50.0 RC

Fig. 3—Keyway shaft distortions.

TABLE 2—Keyway distortion measurements

Type of quenching Distortion

Single part oil quenching 0.20–0.36 mm (0.008–0.014 in.)

Batch oil quenching 0.25–0.51 mm (0.010–0.020 in.)

Intensive quenching 0.08–0.12 mm (0.003–0.005 in.)

3 The study was conducted by Deformation Control Technology, Inc., of Cleveland, Ohio, using its DANTE (Distortion Analysis for Thermal
Engineers) software.
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greater than those during the conventional oil quench. Also,
the surface residual stresses in the oil-quenched keyway shaft
are neutral at the end of quenching, while those in the IQ key-
way shaft are compressive (about �100 MPa). As mentioned

above, high current surface compressive stress is one of the
reasons why there is less distortion after intensive quenching.

Table 3 presents experimental data and the results of
computer simulations of part structural conditions, hard-
ness, and distortion. As seen from the table, the computer
model predicted the keyway shaft microstructure, hardness,
and distortion very accurately.

Fig. 8 presents the microstructure in the core of the oil-
quenched and intensively quenched keyway shafts. As can be
seen, there is a coarse martensite/bainite structure in the
core of the oil-quenched keyway shaft and a fine martensite
structure in the core of the IQ keyway shaft, which is in
agreement with the results of computer simulations.

12.4 INTENSIVE QUENCHING EQUIPMENT USED
FOR IQ DEMONSTRATION STUDIES
Two types of IQ equipment were used for IQ trials with actual
steel parts: single-part, high-velocity quenching systems; and
batch-type quenching units. Single-part quenching systems are
characterized by a very high water-flow velocity along the part
surface. Usually, no boiling occurs during quenching in this
type of IQ equipment—direct convection cooling takes place
from the very beginning of the quench. By contrast, in batch-
type IQ equipment, quenching starts with a period of boiling
on the part surface, followed by convection heat transfer.

12.4.1 Single-Part Quenching IQ Systems
For IQ process demonstrations, two experimental high-velocity
IQ systems were used and are described below.

The first experimental high-velocity IQ system (see Fig. 9)
includes a 1.9-m3 (500-gallon) quench tank with a U-shaped
tube placed inside the tank. There is a propeller on the one
end of the U-tube, rotated by a variable-speed motor. The
propeller moves the water from the tank through the U-tube
and back into the tank with a velocity of up to 2.5 m/s.
There is a loading/unloading mechanism on the other leg of
the U-tube that has a diameter of Ø27 cm. The hot part
being quenched is placed on the loading/unloading mecha-
nism platform or on the hook and is lowered into the
U-tube. A low-concentration sodium nitrite solution in the
water was used as the quenchant in this system. Depending
on the part size and the propeller speed, this system could

Fig. 4—Keyway shaft temperatures andmicrostructure (oil-quenched):
1, surface temperature; 2, core temperature; 3, austenite vs. time at
the surface; 4, martensite vs. time at the surface; 5, austenite vs.
temperature at the core; 6, martensite vs. time at the core.

Fig. 5—Keyway shaft temperatures and microstructure (intensively
quenched): 1, surface temperature; 2, core temperature; 3, austen-
ite vs. time at the surface; 4, martensite vs. time at the surface;
5, austenite vs. time at the core; 6, martensite vs. time at the core.

Fig. 6—Keyway shaft stress conditions (oil-quenched): 1, surface
temperature; 2, core temperature; 3, hoop stress vs. time at the
surface; 4, hoop stress vs. time at the core.

Fig. 7—Keyway shaft stress conditions (intensively quenched): 1,
surface temperature; 2, core temperature; 3, hoop stress vs. time
at the surface; 4, hoop stress vs. time at the core.
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implement either the IQ-2 or IQ-3 quenching method. Steel
parts were austenitized in a neutral salt bath furnace (51 cm
in diameter and 61 cm deep) capable of heating parts up to
927�C (1,700�F).

The second experimental high-velocity IQ system was
specifically designed for the implementation of the IQ-3

quenching process. It differs from the first 500-gallon IQ sys-
tem by the ability to provide very high water-flow velocity
along the part being quenched (up to 20 m/s). The system is
able to provide optimum, fully developed IQ-3 quenching
conditions for a variety of steel products. The system is capa-
ble of intensively quenching steel parts up to 15 cm in diam-
eter and up to 40 cm in length.

Fig. 10 presents a schematic of the second system, while
Fig. 11 is a photograph of it. The IQ-3 system consists of the
following major components: a water tank (1) of about 3-m3

TABLE 3—Keyway shaft experimental and calculation data on distortion, hardness,
and microstructure

Parameter

Oil-quenched Intensively quenched

Predicted Measured Predicted Measured

Distortion (mm):

End diameter 25.32 25.38 25.37 25.40

Middle diameter 25.28 25.37 25.33 25.36

End groove width 6.37 6.39 6.29 6.22

Middle groove width 6.36 6.34 6.33 6.34

End groove depth 5.95 5.97 5.95 5.94

Middle groove depth 5.92 5.92 5.95 6.10

Bow/flatness 0.87 0.89 0.098 0.64

Hardness (HRC) 55–57 53–54 59–60 61–63

Microstructure 81–89 % martensite
with mix of pearlite and
bainite

Coarse martensite and
bainite mixture

89–90 % martensite Fine martensite with
small amount of
retained austenite

Fig. 8—Keyway shaft core metallography (oil and IQ).

Fig. 9—Experimental 500-gallon IQ system.

Fig. 10—High-velocity experimental IQ system sketch: 1, water tank;
2, pump; 3, stationary upper section of the vertical quench cham-
ber; 4, movable lower section (loading table) of the quench cham-
ber; 5, air cylinders; 6, part to be quenched; 7 and 8, water lines;
9, three-way valve; 10, actuator; 11, control valves; 12, flow meters.
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(800-gallon) capacity; a pump (2) with a capacity of about
0.0378 m3/s (600 gpm); a vertical quench chamber that con-
sists of two sections, a stationary upper section (3) and a
movable lower section (loading table); four air cylinders
(5) that move the loading section (4) up and down with the
part to be quenched (6); three water lines, two (7 and 8) that
provide the water flow through the quench chamber and one
“bypass” water line (not shown on the sketch) that is used in
“idle” conditions (immediately before or after the intensive
quenching is done); a three-way valve (9), with actuator (10),
that provides water flow from the pump either through the
quench chamber or through the bypass line; and two control
valves (11) and two flow meters (12) installed on the water
lines leading to the quench chamber and used for control-
ling the water flow.

The parts to be quenched in the IQ-3 system are austeni-
tized in a salt bath furnace located next to the quench system.
(In practice, any through-heating source may be used for aus-
tenitizing the parts: induction, fluid bed, or atmosphere.)

The IQ-3 quench sequence is as follows. With the pump
operating and the three-way valve in the bypass position, an
austenitized part is placed in the lower section of the quench
chamber. The air cylinders move the lower section up to the
stationary upper section and lock (seal) the quench chamber
in place. The three-way valve switches from the bypass to the
quench position, and high-velocity water starts flowing
through the quench chamber and over the part. When inten-
sive quenching is completed, the three-way valve switches
back to the bypass position, and the water stops flowing
through the quench chamber and instead flows through the
bypass line. The air cylinders open the quench chamber by
moving the lower section down. The part is then removed
from the quench chamber lower section.

Note that when the system is in quenching mode, the
water flow may be split in two flows after passing the three-
way valve. Shutoff valves and a flow meter control each
water flow path. The reason for this is that, when quenching
bearing rings, it is necessary to control water flows along

both the rings’ inner-diameter and outer-diameter surfaces.
When quenching cylindrical parts (for example, shafts or
pins), only one water flow is needed, and therefore one of
the above shutoff valves is closed.

One of the key elements of quenching parts in the high-
velocity IQ system is providing a uniform water flow along
the entire part surface area. No stagnation zones are
allowed, since the nonuniformity of cooling could result in
local film boiling, which, in turn, can cause excessive part
distortion or even cracking. Fluid-dynamics computer simu-
lations can be used to determine the optimum fixture design
that provides uniform water flow and heat extraction rate
for parts to be quenched in the high-velocity IQ system.

A CFD (computational fluid dynamics) analysis was
used for optimizing the quenching process of a helicopter
test gear.4 To intensively quench the gear, the water comes
into the quench chamber through a round slot around the
outer-diameter gear teeth, and impinges directly on the root
area of the gear. After cooling the root of the gear teeth, the
water flow splits in two—the continued downward water flow
and a reflected upward flow—and then leaves the quench
chamber through the gear bore. The fixture provides uni-
form cooling of the test gear with the required “intensive”
heat extraction rate.

12.4.2 Batch-Type IQ Equipment
Two types of IQ units were also used for batch IQ trials: one
system equipped with a stand-alone IQ water tank and the
other with an IQ structure integrated within the furnace
chamber. Fig. 12 presents a schematic of the full-scale pro-
duction batch-type IQ system.5 The system includes a radiant
tube, an atmosphere furnace having a work zone of 91 by
91 by 122 cm (36 by 36 by 48 in.), and a stand-alone IQ
quench tank of 22.7 m3 (6,000 gallons). To ensure that quen-
chant vapor does not contaminate the furnace atmosphere,
a 2.5-m (98-in.) aisle separates the furnace and the quench
tank. A cart is used to move the load from the furnace to the
quench tank. A fast rear handler mechanism transfers the
load from the furnace to the IQ tank in about 10–15 s, mini-
mizing the heat losses by the load during transfer. (Transfer
time considerations are no different than in any proper oil

Fig. 11—High-velocity IQ system.

Fig. 12—Diagram of production 6,000-gallon IQ system: 1, quench-
ing system equipped with propellers; 2, load charge car; 3, radiant
tube atmosphere batch furnace.

4 Fluid-dynamics computer simulations were conducted by the Air Flow Science Corp. of Livonia, Michigan.
5 The system is installed at Akron Steel Treating Co. of Akron, Ohio.
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or air quench practices—the parts must be austenitic when
they enter the quench.) The mild steel IQ tank is equipped
with four propellers that are rotated by four motors. The
tank uses a water–sodium nitrite solution of low concentra-
tion (8–10 %) as the quenchant. The quenchant flow velocity
in the tank is about 1.5 m/s (5 ft/s) as it passes over the
parts. An air-cooling system maintains the quenchant tem-
perature within the required limit. The production IQ system
is designed for quenching loads of up to 1,135 kg (2,500 lb).

Fig. 13 presents a photograph of another batch-type IQ
unit equipped with a stand-alone IQ water tank. This is a
fully automated IQ system installed at the Center for Inten-
sive Quenching in Akron, Ohio. The system includes a pit-
type atmosphere furnace, a stand-alone 7.2-m2 (1,900-gallon)
IQ water tank, and a transfer mechanism to move the load
from the furnace into the IQ tank.6

Fig. 14 shows a production model of a 91 by 91 by 182-
cm (36 by 36 by 72-in.) integral quench atmosphere furnace
equipped with an IQ water quench tank of 41.6 m3 (11,000
gallons).7 The furnace is equipped with an intermediate
chamber connecting the heating chamber with the IQ tank

to ensure that quenchant vapor does not contaminate the
furnace atmosphere. The furnace atmosphere enters the inter-
mediate chamber through two openings in the furnace
door and leaves through the vent. The IQ tank is equipped with
four propellers rotated by four motors and with a loading/
unloading mechanism that provides a very fast introduction of
the load into the quench tank and removal of the load from
the tank. The loading/unloading time is within about two or
three seconds regardless of the load weight, which ensures a
small difference in cooling times between the lower and upper
layers of the load.

12.5 INTENSIVE QUENCHING
DEMONSTRATION STUDIES
This section summarizes the results of IQ trials obtained for
steel samples and actual parts for the following applications:
1. Automotive parts
2. Forgings
3. Tool products
4. Fasteners
Note that in many cases, due to part size considerations, the
water-flow velocity in the 500-gallon experimental IQ system
and in the production IQ system was not high enough to
provide the “ultimate” cooling rate for the particular parts
being quenched. Nevertheless, in each case, intensive quench-
ing did provide considerable improvement in the parts’
mechanical properties and less distortion compared to oil
quenching. Since the above IQ systems were not fully opti-
mized for each different test part, the performance improve-
ments are not necessarily the best attainable with a system
designed to achieve fully developed IQ-3.

12.5.1 Automotive Parts
12.5.1.1 COIL SPRINGS
An extensive IQ demonstration study for automotive coil
springs was conducted [7].8 Fig. 15 presents a picture of a
typical coil spring. The first intensively quenched coil springs
were made of AISI 9259 steel Ø17 mm wire and had an
outside diameter of 150 mm and a length of 380 mm. The
chemical composition of the AISI 9259 steel was 0.593 %

Fig. 13—Fully automated IQ system equipped with a 7.2-m3 IQ
water tank, electric atmosphere furnace, and transfer mechanism
capable of quenching loads of up to 500 kg.

Fig. 14—Atmosphere furnace equipped with 41-m3 IQ water tank. Fig. 15—Automotive coil spring [7].

6 An identical IQ system is installed at HighTemp Furnaces, Ltd., of Bangalore, India.
7 The furnace is installed at Euclid Heat Treating Co. of Cleveland, Ohio.
8 The study was conducted together with ArvinMeritor Automotive, Inc., of Detroit.
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carbon, 0.87 % manganese, 0.77 % silicon, 0.479 % chro-
mium, 0.006 % molybdenum, 0.01 % nickel, and 0.011 %
copper. A set of six of these coil springs was quenched in the
original 500-gallon IQ unit. This IQ system could not provide
the required cooling rate for these springs. Having a water
flow velocity of 2.5 m/s, it was possible to realize only a par-
tially developed IQ-3 process. However, the results of fatigue
testing of six intensively quenched and six oil-quenched coil
springs made from the same steel heat showed that the
fatigue life of IQ springs was about 10 % longer.

The second set of coil springs was quenched in the high-
velocity 800-gallon IQ system. These springs were also made
of AISI 9259 steel. The springs had the following dimen-
sions: coil outside diameter, 152 mm; spring length, about
547 mm; and spring wire diameter, 21 mm. Eight springs
were intensively quenched in the experimental quenching
system. The springs were tempered to a required hardness.
From the same lot of steel, the customer oil-quenched eight
springs in accordance to its regular heat-treating practice.
Two springs of each group were destructively tested for

residual stress measurements and other metallurgical analy-
sis. Six intensively quenched springs and six oil-quenched
springs were tempered and then shot-peened by the cus-
tomer. The customer then conducted its standardized fatigue
test on the two sets of springs. The results of the study are
presented below.

The as-quenched microstructure for the intensively
quenched spring was superior to that of the oil-quenched
spring, as shown in Table 4. The amount of bainite in the
intensively quenched sample ranged from none at the sur-
face to 2–5 % in the core, while the amount of bainite in the
oil-quenched sample was in the range of 5–10 % at the sur-
face to 15–20% in the core. The intensively quenched spring
hardness was approximately 1–3 HRC higher than the oil-
quenched hardness. However, the as-tempered hardness was
practically the same for both sets of springs.

Figs. 16 through 18 compare the surface residual stresses
in the intensively quenched and oil-quenched springs in,
respectively, the as-quenched condition, the as-tempered con-
dition, and after shot-peening. Residual surface stresses were
measured by the X-ray diffraction method. Compressive resid-
ual stresses on the surface of a spring improve the spring’s
performance, since most of the “work” of the spring is done at
the surface, as is most of the fatigue.

As shown in Fig. 16, the oil-quenched coil spring gener-
ally exhibited tensile residual stresses, whereas the intensively
quenched spring exhibited compressive residual stresses, increas-
ing from –18 MPa on the very surface to –613 MPa at a
depth of 0.13 mm. (The lower values of the residual stresses in
the thin surface layer of the intensively quenched springs
are due to slight decarburization of the spring-wire mate-
rial during heating in the neutral salt bath furnace prior
to quenching.) After tempering, the compressive residual
stresses decrease on the intensively quenched coil springs;
however, the stresses are still compressive (up to –276 MPa)
and not tensile, as shown in Fig. 17. The shot peening provides

TABLE 4—Coil spring metallurgical
analysis results

Parameter Oil quench Intensive quench

Bainite at the
surface

5–10 % 0 %

Bainite at the core 15–20 % 2–5 %

Microstructure Tempered
martensite and
bainite

Tempered
martensite with
traces of bainite in
the core

Grain size ASTM8 ASTM9
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Fig. 16—Coil spring surface residual stresses for as-quenched conditions.
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compressive stresses on the oil-quenched springs (see Fig. 18),
but they are less than the compressive stresses on the inten-
sively quenched springs after shot peening generally by about
138–276 MPa in the measured surface layer of 0.28 mm
in depth.

The coil springs were subjected to a standard cyclic
fatigue test per the end-user specifications. The fatigue test
results revealed that, on average, the intensively quenched
springs completed approximately 33 % more cycles than the

oil-quenched springs. The Weibull statistical analysis showed
that the B10 and B50 life was higher for the intensively
quenched springs by about 27 %.

To illustrate a mechanism of the stress formation in the
coil spring during both intensive quenching and conven-
tional oil quenching, computer simulations of temperature
and of structural and stress-strain conditions for the spring
were conducted.9 The necessary heat transfer boundary con-
ditions that occurred on the coil spring surface in the IQ
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Fig. 17—Coil spring surface residual stresses for as-tempered conditions [7].
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Fig. 18—Coil spring surface residual stresses for as-shot-peened conditions.

9 Deformation Control Technology, Inc., of Cleveland conducted these calculations using its Dante computer program.
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system were specified for the calculations. Results of the
computer simulations are presented in Figs. 19–22.

Figs. 19 and 20 show the change of the coil spring sur-
face and core temperatures during intensive quenching and
oil quenching. As shown, the surface temperature of the IQ
spring cools to the water temperature, which is assumed to
be 20�C, within the first 3 s of quenching, creating a temper-
ature gradient throughout the part of 800�C. By contrast,
the oil quench takes about 50 s to cool the spring’s surface
temperature down to the oil temperature (200�C). The

maximum temperature gradient within the oil-quenched
springs is about 300�C and occurs 8 s after beginning of
quenching.

Figs. 21 and 22 present the dynamics of the formation
of the martensite and stress conditions in the spring’s sur-
face layer and core. In the IQ spring, the martensitic struc-
ture forms first in the surface layer; the martensite starts
forming in the spring core in only about 7 s. In the oil-
quenched spring, the martensite forms in the surface layer
and the core practically simultaneously due to the much
smaller temperature gradient in the oil-quenched spring
compared to the IQ spring.

The fast formation of the martensitic layer in the IQ
spring creates high current surface compressive stresses (up
to –1,100 MPa; see Fig. 21). These compressive stresses dur-
ing the quench diminish slightly when the part core swells
(due to the transformation into martensite, which has a

Fig. 19—Intensively quenched coil spring temperatures vs. time.

Fig. 20—Oil-quenched coil spring temperature vs. time.

Fig. 21—Intensively quenched coil spring structural and stress conditions: 1, minimum principal stress vs. time at the surface; 2, minimum
principal stress vs. time at the core; 3, minimum principal stress vs. time at the midradius; 4, martensite vs. time at the surface; 5, mar-
tensite vs. time at the midradius; 6, martensite vs. time at the core.

Fig. 22—Oil-quenched coil spring structural and stress conditions:
1, minimum principal stress vs. time at the surface; 2, minimum
principal stress vs. time at the core; 3, minimum principal stress vs.
time at the midradius; 4, martensite vs. time at the surface; 5, mar-
tensite vs. time at the midradius; 6, martensite vs. time at the core.
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greater specific volume than the hot austenite). Thus, the
800�C thermal gradient under maximum surface compres-
sion compensates (from the core shrinkage) for the later
core expansion. There are also surface compressive stresses
in the oil-quenched spring; however, the value of these com-
pressive stresses is much less, and they became neutral by
the end of quenching due to the swelling of the core. In this
case, the core shrinkage is not significant due to a small tem-
perature gradient (only 300�C), and it does not compensate
for the subsequent core swelling.

12.5.1.2 LEAF SPRING SAMPLES
An automotive leaf spring manufacturer made twelve sam-
ples, 76 mm (3 in.) wide and 16 mm (0.625 in.) thick, with
44-mm (1.75-in.) eyes at each end at a length of 838 mm
(33 in.) (to the line of eyes). These samples represented a
main leaf of a spring set. Fig. 23 presents a picture of the
test strip. The samples were produced with 5160H material,
all from the same steel heat. The steel’s chemical composition
was 0.55–0.65 % carbon, 0.65–1.10 % manganese, 0.150–0.35 %
silicon, and 0.60–1.00 % chromium. Six of these samples
were heat-treated at a flat condition by the customer with a
traditional oil-quenched process. Six other samples were inten-
sively quenched and tempered to the correct hardness. Neither
set of samples was shot-peened.

The leaf springs were quenched in the production 6,000-
gallon IQ water tank. The water-flow velocity in the quench
tank was not enough to create IQ-3 quenching conditions for
these parts, so a three-step IQ-2 process was applied. The
load of six leaf springs was austenitized at 870�C in the
atmosphere furnace, and then the parts were immersed in
the water tank for a certain period of time. During this first
step of quenching, only the parts’ surface layer transformed
into martensite. The leaf springs were removed from the
quench into the air to allow the temperature to equalize
throughout the part’s cross-section. The martensitic surface
layer was self-tempered during this period of time by the
heat coming from the part’s core. Then, the leaf springs
were put back into the water tank to complete quenching,
after which they were tempered to the required hardness.

The spring manufacturer put both sets of leaf springs
through cyclic fatigue testing. Each spring was set into
spring hangers with one fixed end and one shackle end, as a
spring would be mounted into a vehicle. The center section
was clamped with 102-mm (4-in.) spacer blocks and the

actuator mount assembly. Each leaf was then cycled under a
load that was a typical stress range for leaf springs. The aver-
age number of cycles performed by the intensively quenched
parts was 85 % greater than that performed by the oil-
quenched samples. Statistical analysis of the test results
showed that the predicted B10 life of the intensively
quenched leafs was about 45 % greater than the equivalent
spring that was conventionally oil quenched.

12.5.1.3 TORSION BAR SAMPLES
Torsion bar samples were made of AISI 5160 steel and had a
diameter of 36 mm and a length of 180 mm.10 The chemical
composition of the steel was similar to the above 5160H steel.
Six identical samples were made from the same steel heat
and were quenched in oil. The torsion bar samples were
quenched intensively in the original 500-gallon experimental
system using the IQ-3 method. The results of the study are
presented in [5,6]. Note that the cooling rate in this system
was less than required for the fully developed IQ-3 process,
and therefore the results presented below are not optimum.

Tables 5, 6, and 7 present hardness, microstructure, and
residual stress data, respectively, for the intensively quenched
and oil-quenched samples. As seen from Table 5, the samples
were quenched through in both cases. However, as-quenched
hardness of the IQ samples was about two units greater than
for the oil-quenched samples. There was also a difference in
the microstructure distribution, as seen from Table 6; the IQ
samples had fully martensitic structure near the part’s sur-
face, only 2 % bainite at the midradius, and 2.5 % bainite in
the core. The oil-quenched samples, meanwhile, had 3 % bain-
ite in the surface layers, 12 % at the midradius, and 29 % at
the core.

As Table 7 shows, the residual surface stresses in the tor-
sion bar samples were compressive after intensive quenching
and were tensile after quenching in oil. For the IQ samples,
residual surface stresses were still compressive after temper-
ing. Note that if we could have provided higher cooling rates
(from a fully developed IQ-3 process), the residual surface
compressive stresses would have been at much greater level.

Current compressive stresses on the part surface with
seams during quenching prevent part cracking and minimize
distortion. Several of the intensively quenched torsion bar
samples had small seams on their surface. In field condi-
tions, such seams always develop into cracks during quench-
ing in oil due to current tensile stresses on the part surface
during quenching. However, Fig. 24 shows a transverse sec-
tion of the seam approximately through its center and both
ends for one of the intensively quenched and tempered

Fig. 23—Leaf spring sample.

TABLE 5—Torsion bar sample as-quenched
hardness data

Distance from surface

Hardness (HRC)

Oil quench Intensive quench

At surface 61.9 63.6

1/2 radius 59.4 63.2

Core 60.0 63.4

10 ArvinMeritor Automotive, Inc., of Detroit provided torsion bar samples and conducted the metallurgical analysis and X-ray residual stress
measurements.
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samples, demonstrating that there was no evidence of
quench cracks at these seams after intensive quenching.

12.5.1.4 BALL STUDS
A major goal of the IQ trials conducted for automotive ball
studs was to prove that the current steel, AISI 4140 alloy,
could be replaced with less expensive, plain-carbon 1040 or
1045 steel. The 4140 steel chemical composition is 0.38–0.43 %
carbon, 0.75–1.0 % manganese, 0.20–0.35 % silicon, 0.80–1.10 %
chromium, and 0.15–0.25 % molybdenum. Fig. 25 presents a pic-
ture of a typical ball stud.

The customer provided two batches of ball studs made
of the above steels for intensive quenching in the production
6,000-gallon IQ water tank. The ball stud dimensions were as
follows: length, 87 mm; body diameter, 31 mm; ball diameter,
39 mm. The ball studs were austenitized in the atmosphere

furnace and were quenched using a three-step IQ-2 method.
Ten parts from each batch were checked for surface hard-
ness. A random ball stud from each group was also sec-
tioned for microstructural examination.

Slightly tempered martensite was found in the ball stud
surface layer at as-quenched conditions. The reason for this is
the following. During the first step of the IQ-2 quenching proc-
ess, martensite forms in the part’s surface layer. Then, after the
parts are removed from the quench, the heat coming from the
part core tempers the martensite in the surface layer, making it
stronger and more ductile and thus preventing part cracking.
The phase transformation is completed in the part’s core during
the third step of quenching in the IQ tank.

The ball stud as-quenched surface hardness was 58–60
HRC, while the interior hardness measured at half the radius
was 51–52 HRC. The customer conducted cyclic fatigue test-
ing of the above intensively quenched ball studs. The fatigue
life of the ball studs made of plain-carbon steel that was
intensively quenched met the customer specifications for
4140 ball studs quenched in oil.

12.5.1.5 UNIVERSAL JOINT CROSSES
Fig. 26 presents a picture of a universal joint cross that was
tested.11 The figure also shows typical universal joint crosses.

TABLE 6—Torsion bar sample microstructure
improvement

Distance
from surface

Bainite content (%)

Oil quench Intensive quench

At surface

3% 0%

1/2 radius

12% 2%

Core

29% 2.5%

TABLE 7—Torsion bar sample as-quenched
residual stresses

Distance from
surface (mm)

Residual stress (ksi)

Oil quench Intensive quench

0 54.7 �82.2

0.05 17.4 �89.9

0.25 31.3 �134.2

Fig. 24—Torsion bar samples with seams: transverse sections through
one end (a), the center (b), and another end (c) of the seam [5, 6].

Fig. 25—Ball stud.

11 IQ demonstrations for universal joint crosses were conducted in cooperation with HighTemp Furnaces, Ltd., of Bangalore, India.
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The crosses were made of carburized alloy steel similar to
AISI 8620 steel having the following nominal chemistry:
0.18–0.23 % carbon, 0.70–0.90 % manganese, 0.20–0.35 % sil-
icon, 0.40–0.70 % nickel, 0.40–0.60 % chromium, and 0.15–
0.25 % molybdenum.

An IQ study was conducted in two steps [10,11]. First, a
limited number of previously carburized universal joint
crosses were quenched in the production 6,000-gallon IQ
water tank. Second, a full-scale production load containing
500 parts was carburized and quenched in the integral
quench furnace equipped with the 11,000-gallon IQ water
tank (see Fig. 27).

The following parameters were evaluated after intensive
quenching: surface and core hardness, case depth, microstruc-
ture, intergranular oxidation, products of nonmartensitic
transformation, and part distortion. The results of the metal-
lurgical analysis for the intensively quenched parts were:
• No unacceptable distortion or cracks were observed.
• The case depth was uniform throughout the intensively

quenched surface of the cross.
• Intensive water quenching achieved the specified mean

case depth of 1.5 mm with only 60 % of the “standard”
(oil-quench) carburizing time.

• The core hardness was greater than the required minimum.
• No intergranular oxidation was observed in the inten-

sively quenched crosses.

Fig. 28 presents the hardness distribution in the univer-
sal joint crosses for different carburization cycle times. The
effective case depth is defined as a depth of the part surface
layer with a minimum hardness of 50 HRC (513 HV1). As
seen from Fig. 28, the case depth is 1.5 mm for standard oil-
quenched crosses. Fully carburized crosses that were inten-
sively quenched have a case depth of 1.7 mm—13 % greater
than the required standard case depth. The crosses that were
carburized for 60 % of the standard carburization time (for
5 hours 10 minutes instead of 8 hours 30 minutes) and inten-
sively quenched had the same case depth as the standard-
cycle carburized and oil-quenched parts. Note also that the
intensively quenched crosses have a greater core hardness
compared to the standard parts by 50–115 HV1 units.

Figs. 29 and 30 present the hardness profiles in the
crosses that were carburized for only 50 % and 60 %, respec-
tively, of the standard carburization cycle time. As seen from
the figures, the 50 % carburized and 60 % carburized, inten-
sively quenched crosses have a deeper case depth at 50 HRC
compared to standard carburized and oil-quenched crosses,
by 10% and 32%, respectively.

Fig. 31 presents the uniformity of hardness distribution
in the 60 % carburized universal joint crosses. As seen from
the figure, the IQ process provides very uniform hardness
distribution throughout the part surface. Samples 1, 2, and 3
were taken from different surface areas of the cross jour-
nals. The uniformity of hardness throughout the part surface
from intensive quenching is mainly due to the absence of
the sporadic film boiling on the part surface in the inten-
sively agitated quench; no film boiling equals no soft spots.

Figs. 32 and 33 present photographs of the part micro-
structure for, respectively, the standard-cycle, carburized,
quenched-in-oil cross and the 60 % carburized, intensively
quenched cross. For both parts, the case microstructure con-
sists of fine tempered martensite with approximately 5 %
retained austenite, no products of nonmartensitic transfor-
mation, and no carbide network. However, as seen from the
above figures, the martensitic structure of the case was finer
in the intensively quenched part compared to the standard
oil-quenched part. The intensively quenched cross core con-
sists of low-carbon martensite, while the core of the oil-
quenched cross has both low-carbon martensite and bainite.

12.5.2 Forgings
12.5.2.1 RAILROAD PARTS
A railroad part manufacturer provided two types of forged
components for IQ trials. Both had quite complicated
shapes. The first component was made of AISI 4137 steel
(nominal chemical composition: 0.35–0.40 % carbon, 0.70–
0.90 % manganese, 0.20–0.35 % silicon, 0.80–1.10 % chro-
mium, and 0.15–0.25 % molybdenum). The part was normally
carburized to a case depth of 1.5–2.0 mm (0.060–0.080 in.)
and quenched in oil. Its cross-section was about 64 by 114 mm
(2.5 by 4.5 in.).

The second part was made of AISI 4130 steel (similar
chemistry to 4137 steel except with a carbon content of
0.28–0.33 %). It, too, was normally carburized to the same
case depth and oil-quenched. The part cross-sectional area
was about 137 by 130 mm (5.4 by 5.1 in.).

As a preliminary test, one of each of the above standard
parts that had been carburized only (not quenched in oil)
was quenched intensively and tempered (to the required sur-
face hardness). The part manufacturer conducted metallurgical

Fig. 26—The universal joint cross.

Fig. 27—A full-scale production load containing 500 parts that
were carburized and quenched in the integral quench furnace
equipped with the 11,000-gallon IQ water tank.
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Fig. 28—The hardness distribution in universal joint crosses for different carburization cycle times.

Fig. 29—Hardness profile in 50 % carburized universal joint crosses.
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Fig. 30—Hardness profile in 60 % carburized universal joint crosses.

Fig. 31—Uniformity of hardness distribution in 60 % carburized and intensively quenched universal joint crosses.
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analysis and compared the micro hardness distribution and
structure throughout the cross-section of these two parts as
well as of two similar parts quenched in oil. The results of
the study are presented in [8].

A section was removed from each of the above parts at
the main contact location for microscopic examination. The
samples were metallographically prepared in accordance
with ASTM E3-01 and examined in the etched condition at
magnifications up to 1,000 times. The results of the examina-
tions are shown in Table 8 and Figs. 34–43.

It was established that the IQ process provided finer
martensite for both types of forgings. The metallographic
samples were subjected to microhardness testing to deter-
mine the hardness profile from the surface to core locations.
The testing was performed using a NIST traceable micro-
hardness tester equipped with Knoop diamond indenter and
500-g load in accordance with ASTM E384-99. The resultingFig. 32—Case structure of 60 % carburized IQ cross.

TABLE 8—Metallographic Examination Results for Railroad Parts

Sample Case depth Microstructure

4130 steel part, oil quenched 1.7 mm (0.068 in.) Case: tempered martensite (Fig. 34)
Core: acicular ferrite/carbide, bainite (Fig. 35)

4130 steel part, intensively quenched 2 mm (0.078 in.) Case: tempered martensite (Fig. 36)
Core: bainite, acicular ferrite/carbide (Fig. 37)
Surface exhibited total decarburization with oxidation to
0.05 mm (0.002 in.) depth and partial decarburization to
0.18 mm (0.007 in.) depth (Fig. 38)*

4137 steel part, oil quenched 2 mm (0.078 in.) Case: tempered martensite (Fig. 39)
Core: tempered martensite, bainite and small amount of acicu-
lar ferrite (Fig. 40)

4137 steel part, intensively quenched 1.8 mm (0.072 in.) Case: finer tempered martensite (Fig. 41)
Core: finer tempered martensite (Fig. 42)
Surface exhibited total decarburization with oxidation to 0.025
mm (0.001 in.) depth and partial decarburization to 0.1 mm
(0.004 in.) depth (Fig. 43)*

Note: *Decarburization of the part surface layer was observed in both intensively quenched parts since they were reheated in the atmosphere furnace
with a carbon potential of only 0.4.

Fig. 33—Case structure of 100 % carburized oil-quenched cross. Fig. 34—Case macrostructure of oil-quenched 4130 steel forging.
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HK values were converted to approximate HRC values. As
seen from Table 8, both parts showed microstructural differ-
ences within the case and core locations when comparing
the standard oil and intensive quenching. For the part made

Fig. 35—Core macrostructure of oil-quenched 4130 steel forging.

Fig. 36—Case macrostructure of intensively quenched 4130 steel
forging.

Fig. 37—Core macrostructure of intensively quenched 4130 steel
forging.

Fig. 38—Macro hardness distribution in 4130 steel forging.

Fig. 39—Case macrostructure of oil-quenched 4137 steel forging.

Fig. 40—Core macrostructure of oil-quenched 4137 steel forging.
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of 4130 steel, both case microstructures exhibited uniform
tempered martensite. However, the intensively quenched
part exhibited martensite to a greater depth below the sur-
face, which resulted in a greater depth of hardness (i.e., 47
HRC vs. 31 HRC at 4-mm depth).

The oil-quenched 4130 steel part hardness profile exhib-
ited a significant decrease in hardness starting approxi-
mately 1.5 mm (0.06 in.) below the surface. Furthermore,
the core microstructure exhibited comparatively less bainite,
which resulted in a core hardness 9 HRC points lower. The
intensively quenched part made of 4130 steel exhibited less
drop in hardness profile in the part surface layer. This fact
suggested that the part could be carburized less, for a shal-
lower effective case, and still provide the required hardness
in the surface layer.

For the part made of 4137 steel (similar to the part
made of 4130 steel), both the oil-quenched and intensively
quenched case microstructures exhibited uniform tempered
martensite. However, the intensively quenched part exhibited
a comparatively finer martensite. The intensively quenched
part’s core microstructure also exhibited primarily tempered
martensite, which resulted in relatively uniform hardness val-
ues from the case to core locations. By contrast, the oil-
quenched core microstructure exhibited tempered martens-
ite and bainite, which resulted in lower core hardness by
5 HRC points. The hardness distribution data obtained for
the part made of 4137 steel suggested that this component
would not require any carburization when quenched inten-
sively. Elimination of the carburizing cycle with IQ would
provide quite an energy savings.

A number of noncarburized parts made of 4137 steel
and partially carburized parts made of 4130 steel were
quenched for further metallurgical and fatigue/wear evalua-
tion. (Parts made of 4130 steel were processed using a
reduced carburization cycle time, to about 50 % of a stand-
ard effective case depth). These parts were subjected to both
break and fatigue/wear tests.

Fifteen parts made of 4137 steel were break-tested with-
out failure to a load that exceeds the minimum specified
break load by about 15 %. Five partially carburized parts
made of 4130 steel passed the break test with break loads
exceeding the minimum specifications by 55–135 %. Fatigue/
wear testing showed that the fatigue and wear resistance of
all intensively quenched parts met or exceeded the current
specifications for oil-quenched parts.

12.5.2.2 FORKLIFT FORKS
A forklift fork manufacturer provided five forged forklift forks
for IQ trials. The incentive to try intensive quenching was the
desire to reduce the fork weight and lower fork cost, as well
as to eliminate polymer quenching from the heat-treating
plant. The forks were made of 15B35H steel having the follow-
ing chemical composition: 0.32 % carbon, 1.31 % manganese,
0.26 % silicon, and 0.0034 % boron. The fork dimensions
were: blade length, 102 cm (40 in.); back length, 55 cm (21.5
in.); cross-sectional area, 130 by 38 mm (5 by 1.5 in.). All five
forks were quenched at the same time in the full-scale 6,000-
gallon IQ system using a one-step IQ-3 quenching technique.
The results of the study are presented in [7].

A metallurgical analysis of the forks showed that they
were through-hardened with a very fine martensitic structure.
The customer made a number of samples from the intensively
quenched forks to measure the steel’s mechanical properties.
Table 9 shows the mechanical properties’ improvements. As
shown, both the tensile strength and the yield strength in-
creased by about 40 %, while the impact strength was improved
by 200–300 %. The forks were put through a standard cyclic
fatigue resistance test, which demonstrated that the intensively

Fig. 41—Case macrostructure of intensively quenched 4137 steel
forging.

Fig. 42—Core macrostructure of intensively quenched 4137 steel
forging.
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Fig. 43—Macro hardness distribution in 4137 steel forging.
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quenched fork fatigue life increased by more than 25 % over
polymer-quenched forks. Note that in production conditions,
forks are clamped when hot and quenched one by one in
polymer, while during the IQ trial, five forks were processed
in one heat. Single-part intensive quenching, under optimized
conditions, will result in even greater improvement in the
steel mechanical properties and fork fatigue life.

12.5.3 Tool Products
Tool products are an excellent application for the IQ proc-
esses. A number of IQ trials conducted for punches, dies,
and die components made of shock-resisting, high-speed, and
hot-work tool steels demonstrated a significant improvement
in material strength and toughness, resulting in the enhance-
ment of the tool product service life.

12.5.3.1 SHOCK-RESISTING PUNCHES
The main material properties that determine the perform-
ance of a punch are toughness, strength, and wear resistance.
Strength and toughness are critical in preventing cracking
and chipping of the punch under the severe impact of this
fabrication process. The wear resistance is required to pre-
serve the cutting edges of the punch, thereby maintaining
constant processing parameters and ensuring the dimen-
sional accuracy of the holes punched. All critical properties
for punch life are affected by the cooling rate during quench-
ing. A faster cooling rate should permit higher hardness lev-
els without compromising the toughness of the punch.

An experimental program was initiated to evaluate the
effect of the IQ process on the properties and performance
of S5 steel for punches [3]. Presently, a manufacturer’s tool
steel punches were being oil-quenched and tempered. While
the performance of these punches was satisfactory, the manu-
facturer was interested in further improving the useful life of
the punches by utilizing a faster cooling rate during the
quenching process. In addition to the microstructural benefits
to the punch from the fast cooling rate, the IQ process should
also generate high current and residual compressive stresses
at the working surfaces of the punch that minimize the risk
of quench cracking and extend the useful life of the punch.

Two commercial heat treaters, a punch manufacturer,
and Case Western Reserve University of Cleveland, Ohio
(CWRU), joined the program. Cylinders of 38-mm (1.5-in.)
diameter and 56 mm (2.2 in.) long and punches machined

from the same steel batch (nominal chemistry: 0.55 % car-
bon, 0.8 % manganese, 2.0 % silicon) were quenched in oil
and by the IQ process. The oil quenching was conducted on
batches of punches heated in a vacuum furnace with a rapid
transfer mechanism to an integral oil quench tank.

The IQ process was performed in water on individual cyl-
inders and punches in the 500-gallon experimental IQ system
using the IQ-3 quenching method. In this process, the part is
submersed in a fast flow of water, yielding very fast cooling
rates of about 90�C/s at the surface of the cylinder. Quench-
ing is then interrupted when surface compressive stresses
reach their maximum value. Charpy V-notch samples were cut
from the as-quenched and tempered cylinders and evaluated.
Hardness measurements were taken from these samples. The
distortion of the cylinders was mapped with a Coordinate
Measuring Machine. The depth profile of the residual stresses
in the surface region of the cylinders was measured by X-Ray
diffraction methods. The X-ray diffraction residual stress
measurements were made from the surface to a nominal
depth of 0.5 mm in approximate increments of 0.05 mm.

Table 10 presents the hardness measurements of cylindri-
cal punch samples that were intensively water quenched or
quenched in oil. The as-quenched hardness of cylinders
quenched in oil from 900�C (1,650�F) was 62–63 HRC, while
the hardness of intensively quenched cylinders (quenched from
the same temperature) was 63–64 HRC. After three hours tem-
pering at 300�F, the hardness of all the cylinders was 60–61

TABLE 9—Improvements of forklift fork
mechanical properties

Property
Oil
quench

Intensive
quench Improvement (%)*

Yield strength
(MPa)

830–1,050 1,400 33.3

Tensile strength
(MPa)

950–1,125 1,500 33.3

Impact strength
at –20�C (J)

30–60 100–130 66.7–116.7

Elongation (%) 12–18 15 —

Redaction in
area (%)

50–65 63 —

Note: *Relative to current practice maximum value.

TABLE 10—Hardness of cylindrical
punch samples

Cylinder # V-notch sample # Hardness (HRC)

Oil quenching

1 1 60.5; 60.1; 60.1

2 60.1; 60.2; 60.2

3 60.0; 60.4; 60.5

4 60.2; 60.8; 60.7

2 1 60.8; 60.6; 60.8

2 60.8; 60.7; 60.4

3 60.8; 60.9; 60.9

Average hardness 60.5

Standard deviation 0.31

Intensive quenching

3 1 60.6; 61.0; 60.5

2 61.0; 61.0; 61.2

3 61.1; 61.4; 61.2

4 1 61.1; 61.3; 61.3

2 60.4; 60.8; 60.7

3 60.0; 59.6; 59.9

4 59.4; 59.5; 59.9

Average hardness 60.6

Standard deviation 0.65
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HRC. Hardness measurements were also taken from 14 Charpy
V-notch samples cut longitudinally from the cylinders. While
the as-tempered average hardness of all the cylinders was prac-
tically identical, the oil-quenched specimens were more uni-
form in hardness from surface to core, with a standard
deviation of 0.3 HRC versus 0.6 for the intensively quenched
samples. This difference is attributed to the faster heat removal
in the IQ process, which generates a faster cooling rate at the
surface relative to the center of the cylinders. The hardness at
the surface (with the beneficial compressive stresses) therefore
tends to be slightly higher than in the center.

The toughness levels measured up to 100�C for the cylin-
ders quenched by the IQ process were higher than the tough-
ness of the oil-quenched cylinders for similar hardness values,
although both were relatively low because of the high carbon
and hardness values of both sets of punches. The average
energy absorbed by the oil-quenched Charpy V-notch sample
at room temperature was 1.36 NÆm (1 ftÆlb) versus 4.08 NÆm
(3 ftÆlb) for the intensively quenched sample. At 100�C, the
average energy absorbed by the oil-quenched sample was
3.4 NÆm (2.5 ftÆlb) versus 6.12 NÆm (4.5 ftÆlb) for the inten-
sively quenched sample. The higher toughness at similar hard-
ness levels is an indication of superior performance. It means
that the intensively quenched punch should have more resist-
ance to chipping. Alternatively, intensively quenched punches
could be tempered to higher hardness, while still maintaining
acceptable toughness levels. This in turn should improve the
wear resistance of the intensively quenched punch relative to
an oil-quenched punch.

The difference in quenching rates between the oil and
the IQ process also affects the distortion patterns of the cylin-
ders. The distortion map (mapped at CWRU) of an oil-
quenched cylinder shows that the cylinder bulges around the
center perimeter, with a center diameter about 0.081 mm
(0.0032 in.) larger than the top and bottom diameters. The dis-
tortion map of an intensively quenched cylinder shows that
the cylinder has an hourglass shape, with the center diameter
being about 0.081 mm (0.0032 in.) smaller than the ends.

These differences can be explained by considering the
dimensional changes during the phase transformation. The
rapid cooling rate during the IQ process quickly forms a
hard and stiff “shell” of martensite over the entire surface of
the cylinder. The expansion associated with the martensitic
transformation causes high compressive stresses at the sur-
face, which are partially accommodated by this change in
shape. The top and bottom of the cylinder expand, pushing
the adjacent shell outward. At the same time, the longitudi-
nal expansion at the surface is pushing the top and bottom
shell perimeters outward.

In the oil-quenched cylinder, the strong martensitic layer
does not form as quickly as in the intensively quenched cylin-
der. When the core transforms and expands, it can still push
the surface layer of the cylinder out, causing it to bulge.

These differences are significant in two aspects. The first
concerns the dimensional control of the punches, which has
to be kept within tolerance. The second aspect relates to the
residual stresses. It was anticipated that the IQ process
would generate higher compressive stresses in the surface,
thus minimizing the risk of cracking during the quench and
enhance the performance of the punch in use. The distor-
tion pattern indicates that this is indeed the case.

The axial and circumferential residual stress distribu-
tions, measured as functions of depth, are shown graphically

in Figs. 44 and 45. Compressive stresses are shown as nega-
tive values, while tensile stresses are shown as positive, in
units of MPa. The X-ray residual stress measurements
detected axial and circumferential compressive stresses of
–900 MPa at the surface of the intensively quenched cylin-
ders. In the oil-quenched cylinders, tensile residual stresses
of about þ 200 MPa were measured. For cylindrical samples
from which complete shells were removed by electropolish-
ing for subsurface measurement, the radial stress was calcu-
lated assuming a rotationally symmetrical residual stress
distribution. Table 11 below summarizes the punch proper-
ties improvements due to the IQ process.

Fig. 44—S5 steel punch sample axial residual stresses.

Fig. 45—S5 steel punch sample circumferential residual stresses [3].

TABLE 11—Improvement of S5 steel punch
sample properties

Property
Oil
quench

Intensive
quench

Hardness (HRC) as quenched 62–63 63–64

after temper 60–61 60–61

Impact strength (NÆm) at 72�F 1.36 4.08

at 100�C 3.4 6.12

Residual stresses (MPa) 200 �900

Note: Values as measured by Case Western Reserve University.
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To evaluate punch service life improvement, twelve
17.5-mm (11/16-in.) square S5 steel punches (see Fig. 46)
were intensively quenched and put in “production” condi-
tions. The punches were heated to austenite temperature in
a neutral salt bath furnace and quenched in batches (six
punches per batch) in the IQ experimental system. Twelve
identical punches made from the same steel heat were oil-
quenched in accordance with the current technology and also
put in the field conditions. The oil-quenched punches were
heated prior to quenching in a vacuum furnace.

In the field-testing, the punches punched 17.5-mm
(11/16-in.) holes through 15.9-mm (5/8-in.) and 19.1-mm (3/4-in.)
thick 1085 steel material using a 19.1-mm (3/4-in.) square
female die in a single-station 250-ton mechanical press.
“Service life” (as defined by the punch user) is when chip-
ping or wear becomes “excessive” and the punched holes are
no longer acceptable. The press cycled every 15 seconds. Oil-
quenched punches lasted approximately 1 hour and made
on the average about 450 holes in the 1085 material. The
intensively quenched punches lasted around twice as long,
2 hours, and thus made some 900 holes on average. Thus, the
IQ process improved the service life of the S5 punches by
about 100 percent, doubling the number of holes per punch.

12.5.3.2 SERVICE LIFE EVALUATION OF HIGH-SPEED
PUNCHES AND DIES
Dr. Kobasko conducted a service life evaluation study for
high-speed round punches at a tool product manufacturing
plant in Bulgaria. The punches were made of R6M5 steel
(the material chemistry is very close to the chemical compo-
sition of AISI M2 steel: 1.0 % carbon, 1.5 % tungsten, 8.5 %
molybdenum, 0.4 % chromium, and 1.0% vanadium). The
punches had a diameter of 15.3 mm (0.6 in.) and a length of
126 mm (5 in.) (see Fig. 47). These punches were used at

high loads in an automatic punch press machine with a
capacity of 175 strokes per minute.

Seven punches were intensively quenched and seven
others (made from the same steel heat) were quenched in
accordance with the current technology. Both sets of punches
were heated up prior to quenching in a high-temperature salt
bath furnace. Table 12 presents the field test data. As the data
show, the IQ process improved the average service life by
about 2.5 times. This improved performance is attributed to
increased material toughness and residual surface compres-
sive stresses from the IQ process.

12.5.3.3 CASE STUDY FOR H-13 STEEL ALUMINUM
DIE CASTING DIES
Heat treaters know that the higher the cooling rate is during
quenching of “hot-work” die steels, the greater the die’s ther-
mal fatigue resistance will be when in service. To prove that
the IQ technique provides better thermal fatigue resistance
and toughness in die casting dies, CWRU and IQ Technologies
intensively quenched standardized 50 by 50 by 178-mm test
blocks (see Fig. 48) made of H-13 hot-work die steel [5]. H-13
steel is widely used for aluminum die casting tools in the

Fig. 46—Square S5 steel punch.

Fig. 47—Round M2 steel punch.

TABLE 12—High-speed punch service life
improvement

Test #

Number of strokes*

Improvement (%)
Existing
technology

Intensive
quenching

1 6,460 15,600 141

2 6,670 16,500 147

3 3,200 5,300 66

4 4,000 12,075 202

5 6,620 8,110 23

6 2,890 10,500 263

7 2,340 7,300 212

Note: *Until punched holes are no longer functionally acceptable in size
or shape.

Fig. 48—Square H-13 steel test block.
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United States. The steel’s nominal chemistry is 0.35 % carbon,
1.5 % molybdenum, 5.0 % chromium, and 1.0 % vanadium.

In die casting of aluminum parts, the dies (and gating
for channeling the molten aluminum into the die cavity)
must repeatedly withstand temperatures of over 1,000�F
with each “shot” of molten aluminum. After taking a shot of
molten aluminum, the H-13 tooling undergoes a rapid cool-
ing cycle due to the die’s internal water-cooling passages.
The water-cooled dies help the aluminum cast part to solid-
ify and become dimensionally stable so the whole process
can be repeated. (Since molten aluminum has the viscosity
of water, the casting dies must also contain high pressures
without distortion.) A duplicate set of test blocks was also
made from the same lot of H-13 steel, but quenched in oil.
(The usual hardening practice for H-13 steel is to air-quench
or to gas-pressure-quench the die in a vacuum furnace.)

The thermal fatigue properties for both the intensively
quenched and the oil-quenched H-13 steel test blocks were
evaluated by means of a thermal fatigue test methodology
developed by CWRU. This test determines the average maxi-
mum crack length and total crack area on the four corners
of the test block after a certain number of cycles of “in proc-
ess” heating (by immersion into a bath of molten aluminum
at 732�C) and cooling (by coolant flow within the test block’s
internal water cooling passage). Just like H-13 aluminum
casting dies in production situations, the test blocks had a
high thermal gradient, repeatedly, every few seconds,
throughout the test block cross-section; this high thermal
gradient was especially severe at the test blocks’ corners. (It
should be noted there were no cracks present in any of the
intensively or oil-hardened H-13 test blocks at the inception
of the cyclic testing.)

Figs. 49 and 50 show the effect of thermal cycles on the
average maximum crack length and on total crack area. As
shown, there is practically no difference in these two param-
eters for the test blocks after 5,000 or 10,000 thermal cycles.
However, there is a significant difference between these
parameters for 15,000 thermal cycles. The average maxi-
mum crack length for the intensively quenched test block is
about 27 % less than for the oil-quenched test block, and the
total crack area for the intensively quenched test block is
about 42 % less than for the oil-quenched test block. Since
this test correlates with the actual service life of H-13 dies

(albeit conventionally air-hardened), the test indicates even
greater service life for intensively quenched dies made of
H-13 steel.

Over the last several years, a number of different H-13
steel dies and die components were quenched intensively at
the Center for Intensive Quenching in Akron, Ohio, using
batch-type IQ equipment. All of the quenched dies showed
improved service life in the field conditions.

12.5.4 Fasteners
A statistical IQ study was conducted with two fastener manu-
facturers on the four types of fasteners presented in Fig. 51.
The first three types of these fasteners were truck wheel
bolts made of 4140 steel (nominal chemistry: 0.38–0.43 %
carbon, 0.75–1.0 % manganese, 0.20–0.35 % silicon, 0.80–
1.10 % chromium, 0.15–0.25 % molybdenum) and 1340 steel
(nominal chemistry: 0.39–0.43 % carbon, 1.6–1.9 % manga-
nese). The fasteners of the fourth group were made of 4037
steel (nominal chemistry: 0.35–0.40 % carbon, 0.70–0.90 %
manganese, 0.20–0.35 % silicon, 0.2–0.3 % molybdenum) and
were used in a heavy machinery assembly. The goal of this
statistical evaluation was to show that the bolts would not
have any cracks after intensive quenching in water and the
part mechanical properties would be the same or better
when compared to the same bolts that were quenched in oil
in accordance with the current practice.

Twenty bolts of each of the above groups were inten-
sively quenched, and the same number and type of bolts
were quenched in oil in production conditions. Fifteen bolts
from each of the samples were subjected to the tensile
strength test conducted at the customer’s laboratory facili-
ties. Two bolts from each group were cut to measure the
core hardness, and three bolts from the fourth group were
subjected to impact strength tests.

In all experiments, the same thermal cycles were applied
as those used in real production conditions. The parts were
heated to austenitizing temperature in a box-type atmosphere
furnace in batches of ten bolts per batch. Then they were
intensively water quenched one by one in the 500-gallon
experimental IQ system using the IQ-3 method. (Note that, due
to equipment limitations, the water flow velocity was not opti-
mum; therefore, the IQ-3 process was not fully developed.) No
cracks were observed in the intensively quenched bolts.

Table 13 shows the final results for both the intensively
quenched bolts and those that were quenched in oil. As seenFig. 49—Maximum crack size vs. number of thermal cycles.

Fig. 50—Total crack surface area vs. number of thermal cycles.
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from the table, the tensile strength for the bolts made of
alloy 4140 and 4037 steels did not change dramatically,
although there was an improvement of the tensile strength
by about 8 % for the bolts made of less alloy 1340 steel.
However, there was a significant improvement in impact
strength (toughness) for the alloy 4037 steel bolts (see
Fig. 52). The impact strength measurements were taken in
the temperature range from –100�C to 38�C. As indicated,
the impact strength of the bolts improved by about 9–37 %,
depending on the temperature range.

12.6 SUMMARY OF INTENSIVE QUENCHING
DEMONSTRATION STUDIES
A number of intensive quenching (IQ) demonstrations were
conducted for steel products other than the ones described

above (bearing rollers, automotive and heavy trucks gears
and pinions, industrial gears for different applications, dif-
ferent castings, components of different weapon systems,
etc.). The experimental data generated from more than two
hundred IQ demonstrations on actual production parts and
part samples clearly showed the following benefits of the IQ
techniques compared to the conventional oil-quenching
method [1–12]:
• Increased surface and core hardness and depth of the

hardened layer for parts made of carburized and non-
carburized grades of steel

• Reduction of the carburization cycle for the same effec-
tive case depth (compared to oil quenching), resulting
in the significant reduction of the heat treatment proc-
ess cost and an increase in the heat-treating equipment
production rate

Fig. 52—Impact strength vs. temperature.

TABLE 13—Mechanical properties of tested
fasteners

Fastener

Tensile strength
(MPa/m2)

Impact strength at
20�C (NÆm)

Oil
quenched

Intensively
quenched

Oil
quenched

Intensively
quenched

4140 steel
DBL end
stud

465.8 474.9 — —

4140 steel
WHL end
stud

1,012.9 977.0 — —

1340 steel
M22 bolt

582.3 627.2 — —

4037 steel
bolt

1,202.2 1,187.5 38.7 48.0

Fig. 51—Tested fasteners: (a) 4140 steel bolt of type 1; (b) 4140 steel bolt of type 2; (c) 1340 steel bolt of type 3; (d) cylinder head
bolt sketch.

208 INTENSIVE QUENCHING SYSTEMS: ENGINEERING AND DESIGN



• Improved part microstructure (finer grain and “super-
strengthened” martensite)

• Higher and deeper residual surface compressive stresses
• Improved material strength and toughness (superstrength-

ening of steel)
• Substitution of lower-alloy steels for a reduction in part

costs and no penalty in part strength or performance
• Possibility of making lighter parts with the same or bet-

ter performance characteristics and fatigue life as oil-
quenched parts due to the strengthening of the material
and high residual surface compressive stresses provided
by the IQ process

• Less part distortion and no part cracking
• Full elimination of quench oil and its associated costs

(cost of the oil, part washing, etc.), resulting in signifi-
cant reduction of the heat treatment process cost and
improved environmental effects

• Possibility of moving heat treatment operations into the
manufacturing cell, since the IQ method is an environ-
mentally friendly process
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13
Inverse Problems in Quench Process Design
N. I. Kobasko1 and V. V. Dobryvechir1

13.1 INTRODUCTION
A necessity of solving of inverse problems occurs in many
branches of industry [1,2]. In general, inverse problems can be
defined as problems where the cause is determined based on
known results. For example, if four streams join to form a river
and four factories are putting known amounts of a pollutant
into the streams, it is easy to determine the resultant level of the
pollutant in the river. This is a classic direct problem. However,
a more difficult problem is to determine how much pollutant
each factory introduces into each stream by knowing a total
amount of the pollutant measured downstream of the place
where the streams flow into the river. This is a classical inverse
problem [3]. Obviously, to solve this inverse problem, it is not
enough to know the total resultant pollutant. It is necessary to
measure the pollution in the river closer to each of the streams.

Quenching processes where four types of heat transfer
modes are taking place represent a similar problem (see
Chapters 2 and 3). At present, serious attention is being
devoted to solving inverse problems [1,3]. Two international
groups, the Inverse Problem International Association and
the Finnish Inverse Problems Society, have been established
specifically to examine this subject. There are also three aca-
demic journals covering inverse problems in general [3]:
• Journal of Inverse and Ill-posed Problems
• Inverse Problems in Science and Engineering
• Inverse Problems and Imaging

There are many methods of solving inverse problems
that have been applied to experimental data. However, there
are insufficient data relating to boundary conditions during
temperature field calculations. There are also insufficient
experimental data to develop a universal database for heat
treatment and quenching of steel. These problems will be
addressed in this chapter.

The boundary conditions (heat transfer coefficients) during
quenching of steel parts can be restored by solving inverse heat
conduction problems, knowing the temperature field in the part
measured experimentally during quenching. Inverse heat conduc-
tion problems, unlike traditional direct problems, permit the sepa-
ration of causes from their effects (which are known from
experimental data or measured temperatures). In heat conduc-
tion problems, these causes include thermal and physical proper-
ties of materials, inner volumetric and surface heat sources
(sinks), heat transfer coefficients, coordinates of inner and surface
points of a part where experimental data are acquired, time to
reach certain thermal conditions, speeds of movement of part
boundaries, and heat sources. Solutions of inverse heat conduc-
tion problems yield boundary conditions and other determining
conditions in industrial or laboratory experiments. For this rea-
son, thesemethods are often the only way to solve such problems.

At the present time, there is a considerable focus on the
design of optimal quenching conditions using aqueous solu-
tions of salts, polymers, air, and water cooling. The optimiza-
tion of quenching processes by computer simulations is
much more efficient with respect to accuracy, time, and cost
than experimental optimization. It is an ongoing problem to
determine cooling characteristics of quenchants and thermo-
physical properties of structural components. With these
data and appropriate CCT (continuous cooling transforma-
tion) diagrams, it is possible to solve thermal problems and
to determine temperature fields, and using phase kinetics, it
is possible to select the final material structures after
quenching and to design proper quenching conditions.

This chapter presents a brief explanation of how inverse
heat conduction problems [1,2,4] can be applied to quench-
ing processes. A general approach to solving inverse heat
conduction and mass transfer problems and classification of
existing methods is provided in [5–7].

13.2 METHODS FOR SOLVING INVERSE
HEAT CONDUCTION PROBLEMS
The following inverse heat conduction problems are of inter-
est when studying steel quenching processes:
• Determination of cooling characteristics of quenchants
• Determination of thermal properties of steel during cooling
• Placement of thermocouples in the probes
• Determination of the surface temperature and heat flux

densities for specific steel parts

13.2.1 Determination of Cooling Characteristics
of Quenchants
Cooling characteristics of quenchants are sufficiently repre-
sented by critical heat flux densities qcr1 and qcr2 or by heat trans-
fer coefficients a (or h), which describe the heat transfer during
quenching with good accuracy (see Chapter 3). For bodies of
complex shape, accurate computations of the heat transfer
between a solid body and a liquid can be performed by solving a
coherent heat conduction problem for the solid body and the liq-
uid. Currently, such computations are performed using CFD
(computational fluid dynamics) methods [8]. CFD modeling can
be applied to convective heat transfer processes, but unfortu-
nately cannot be applied effectively yet to boiling processes,
which are the main modes of heat transfer during quenching.

13.2.2 Determination of Thermal Properties
of Steel During Cooling
Two major thermal properties of steel affecting the heat con-
duction and temperature field in the part are thermal con-
ductivity k (or k) and specific heat capacity CV. Note that the

1 IQ Technologies, Inc., Akron, Ohio, and Intensive Technologies Ltd., Kyiv, Ukraine
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third material thermal characteristic—thermal diffusivity—can
be calculated using values for k and CV. The values of mate-
rial thermal conductivity and specific heat capacity can be
determined by solving an inverse heat conduction problem
[1,2]. However, there are no data on the above steel thermal
properties in the technical literature that were determined
by solving the inverse heat conduction problem. For austen-
itic steels, which have no phase transformations, thermal
properties are presented in Chapter 10.

For steels experiencing the phase transformations, ther-
mal conductivity, thermal diffusivity, and specific heat capacity
depend on material structure, which changes during the
quench process according to CCT or TTT (time-temperature-
transformation) diagrams.

13.2.3 Placement of Thermocouples in the Probes
For solving inverse heat conduction problems, it is necessary
to gather temperature data, which can be accomplished by
using special probes with two or more thermocouples located
near the probe surface. The most suitable probe for solving
an inverse heat conduction problem is the Liscic probe des-
cried in [9]. Vergana-Hernandez and Hernandez-Morales [10]
designed a novel probe to study wetting kinematics during
forced convective quenching. This probe was successfully
used to solve the inverse heat conduction problem [10].

Typically, cylindrical probes are used for the temperature
measurements needed for solving the inverse problem. If the
thermocouple is placed at a geometric center of the cylindri-
cal probe and its readings are used for solving the inverse heat
conduction problem, the error of calculations will be signifi-
cant. To restore the temperature at the surface of the probe
needed to calculate the heat transfer coefficients, the thermo-
couple should be placed as close as possible to the surface.
The farther the thermocouple is located from the surface of
the probe, the greater the error of the calculation of the sur-
face temperature and heat transfer coefficients will be.

For example, for a probe of 20-mm diameter, an error of
the placement of the near-surface thermocouple of 0.5 mm will
result in the error of 20 % when determining the heat transfer
coefficient on the probe surface [5]. To explain this more clearly,
let’s go back to the four streams and a polluted river. Assume
that in the first river the water is blue, in the second the water is
yellow, in the third the water is red, and in the fourth the water
is green. Near the point where streams merge together, four col-
ors can be seen. By solving the inverse problem of hydrodynam-
ics, one can evaluate how much each plant polluted separately.
Farther from this point will be only one color of water. It will be
impossible to evaluate how much each plant polluted. The
closer the pollution is measured to the place where the streams
form the river, the greater the accuracy of the determination of
the pollution by each of the factories will be. Measuring the pol-
lution in the river far from the streams allows the calculation of
only a cumulative pollution from all four factories.

Another method of locating thermocouples in the probe
is to place one thermocouple near the surface and another
thermocouple at the probe core. Temperature readings
obtained for the probe core are used to compare results of
calculations with the experimental data.

13.2.4 Determination of the Surface Temperature
and Heat Flux Densities for Specific Steel Parts
To study cooling processes for specific steel parts under spe-
cific conditions, it may be necessary to solve two-dimensional

or three-dimensional inverse problems for the determination
of the surface temperature and heat flux densities. In many
situations, this problem may be solved by computer simula-
tion of a coupled heat conduction problem for the solid body
and the liquid [1,2,8].

The classification of the methods of solving inverse heat
conduction problems is provided in [1,2,4]. More detailed
information on solving inverse problems is discussed below.

13.3 VARIOUS METHODS OF SOLVING
INVERSE HEAT CONDUCTION PROBLEMS
13.3.1 Computation of Heat Flux
Density on the Surface of a Probe
One of the important characteristics of a liquid is a critical
heat flux density, which can be derived from the curve of
heat flux density versus time. Usually the heat flux density at
the part surface is determined based on Fourier’s law:

q ¼ �k
@ T
@ r

ð1Þ

or

q ¼ k
Tk
iþ1 � Tk

i

D r
:

where
q is heat flux density;
k is thermal conductivity;
Ti

k is surface temperature at k moment of time;
Tiþ1

k is temperature at the distance Dr from the surface at k
moment of time; and

qc is correction to be evaluated.
The calculation of the heat flux density is more accurate

as Dr fi 0. With an increase of Dr, it is necessary to add a
correction term qc when determining q [11]:

q ¼ k
Tk
iþ1 � Tk

i

D r
þ qc: ð2Þ

If the correction term qc is disregarded, there will be an
error in the heat flux density calculation. At this point, let’s
look at a proof of Eq 2 and an equation for determining the
error when qc is disregarded.

Any continuous function f(x) can be described in a Tay-
lor series as:

f ðxÞ ¼ f ðaÞ þ ðx� aÞf 0ðaÞ þ ðx� aÞ2
2!

f 00ðaÞ

þ . . .þ ðx� aÞn
n!

f nðaÞ þ RnðxÞ; ð3Þ

where Rn(x) is the remainder term of the Taylor series. Simi-
larly, the temperature at time k, as a function of coordinates,
is determined from:

TkðrÞ � TkðRÞ þ ðr� RÞ @ TðRÞ
@ r

þ ðr� RÞ2
2!

@ 2TðRÞ
@ r2

þ . . . ; ð4Þ

where:
r is the distance from the origin, which is located at the cen-

ter of the part;
TkðrÞ is the temperature at the point with coordinate r at

time k;
TkðRÞ is the temperature at the surface of the probe at time

k; and
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@TðRÞ
@ r

is the temperature gradient at the surface of the probe.

In Eq 4, only the second partial derivative
@2T
@r2

is unknown,

which can be found from the differential equation of heat
conductivity (see Chapter 5, Eq 2). Eq 4 may be used for
obtaining the equation for determining the heat flux density.

Eq 4 can be transformed into:

TkðrÞ � TkðRÞ
Dr

¼ � @TðRÞ
@r

þ Dr
2!

@2T
@r2

þ . . . ; ð5Þ

where r – R ¼ –Dr. Multiplying the right and left parts of the
equation by the heat conduction k produces:

k
TkðrÞ � TkðRÞ

Dr
¼ �k

@T
@r

þ kDr
2

@2T
@r2

:

This is the origin of Eq 1:

q � �k
@T
@r

¼ k
TkðrÞ � TkðRÞ

Dr
� kDr

2
@2T
@r2

þ . . . : ð6Þ

In Eq 6, the correction factor qc is the rightmost term:

qc ffi �k
Dr
2
@2T
@r2

: ð7Þ

To find the second partial derivative, transform the differen-
tial equation of heat conductivity (see Chapter 5, Eq 2) for
the nondimensional case to the form:

CV
@T
@s

� n
r
k
@T
@r

� @k
@T

@T
@r

� �2

�k
@2T
@r2

¼ 0: ð8Þ

whence we obtain:

k
@2T
@r2

¼ CV
@T
@s

� n
r
k
@T
@r

� @k
@T

@T
@r

� �2

: ð9Þ

Usually, standard probes used for the evaluation of cool-
ing characteristics of quenchants are made of stainless steel,
silver, nickel, or other well-known metals. For these materi-
als, a linear correlation of the heat conduction versus tem-
perature may be considered within a small variation of the
average temperature, that is,

k ¼ aþ bT: ð10Þ
Differentiating Eq 10 with respect to T yields:

@k
@T

¼ b:

Substituting this expression into Eq 9,

k
@2T
@r2

¼ CV
@T
@s

� n
r
k
@T
@r

� b
@T
@r

� �2

:

Therefore:

qc � �CV
@T
@s

Dr
2

þ n
r
k
@T
@r

Dr
2

þ b
Dr
2

@T
@r

� �2

:

Replacing the partial derivatives by their finite-difference
values:

@T
@s

¼ Tkþ1
i � Tk

i

Ds
¼ �Tk

i � Tkþ1
i

Ds

and

@T
@r

¼ Tkþ1
i � Tk

i

Dr
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qc � Cv
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Thus, the complete equation for the determination of the
heat flux density during cooling of plate-shaped, cylindrical,
or spherical bodies can be presented as:

q ¼ k
Tk
i � Tk

iþ1

Dr
þ CV

Tk
i � Tkþ1

i

Ds

 !
Dr
2

� nk
2r
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� �
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2Dr
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i � Tk
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� �2
: ð12Þ

Now let’s find the relative error e if the value of qc is dis-
regarded, which is presented as:

e ¼ qc
q� qc

	 100% ð13Þ

or

e¼ Dr
k Tk

i �Tk
iþ1


 �
"
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Let’s analyze Eq 14 for the determination of the relative
error e by evaluation of possible values when probes are cooled
under various conditions of heat transfer. When quenching in
aqueous polymer solutions and oils, heat transfer coefficients are
not large, and therefore the temperature gradient in the part
cross-sections is not large, either. This indicates that the third
term of Eq 14 can be neglected, since Tk

i � Tk
iþ1


 �! 0. (For a
stainless steel such as Kh18N9T [AISI 304] grade, b¼ 0.0157, and
when Bifi 0, the value of Tk

i � Tk
iþ1 also vanishes.) Therefore, for

small values of Bi, the main role is played by the first term of
Eq 14. The second term of this equation yields the error due to
changes in the part shape. The minimum error of this kind is for

a plate, because
nDr
r

¼ 0, since n ¼ 0. The maximum error is for

spheres: because n¼ 2, the second term is
2Drk
r

. The shape of the

probe has no effect upon the above error only if
Dr
r
! 0.

When quenching (cooling) probes with a very intensive
heat transfer, for example, in aqueous solutions of salts and
alkalis or by an intensive shower or water jets, high values
of the heat transfer are reached, and temperature differen-
ces are very high. Therefore, when Bi fi 1, the third term
of Eq 14 reaches maximum values because ðTk

i � Tk
iþ1Þ can

reach large values. Therefore, significant errors appear dur-
ing intensive cooling, minimum errors during cooling in oils
and aqueous polymer solutions.

Using experimental data
Dr
R

¼ 1:5
25

� �
, presented in [11,12,

13], the error values presented below were calculated [17,18].
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Here R is the radius, and r is a coordinate. The water was
strongly agitated. For these computations, the thermal and
physical properties of austenitic steel Kh18N9T were taken
from Tables 2 and 3 of Chapter 10. Table 1 presents error val-
ues that appeared during cooling of a cylindrical probe in oil
and in water. The table shows that when Bi fi 1, the error is
maximum.

This analysis provides the evidence that, during compu-
tations of heat flux densities, it is necessary to use an equa-
tion that includes the heat transfer in the layer near the
surface. In Eq 12, the first term takes into account Fourier’s
law, the second term represents the changes of the heat con-
tent in the near-surface layer of Dr thickness, the third term
characterizes the shape of the body, and the fourth term
takes into account the changes in the material, thermal, and
physical properties.

To measure the heat flux density by this method, the
Liscic-Nanmac probe (see Fig. 1(a–c)) may be used. This is the
most accurate commercially available probe, obtaining the
most accurate experimental data.

Some experimental results are provided in Fig. 2. Fig. 2(a)
shows the probe surface temperature and the temperature 1.5
mm below the surface versus time. The heat flux density ver-
sus time is shown in Fig. 2(b), and the heat flux density versus
the surface temperature is shown in Fig. 2(c). Fig. 2(c) indi-
cates that when quenching the probe in the nonagitated oil,
film boiling is observed within the range of 600�C to 800�C,
and nucleate boiling between 300�C and 600�C. The maximum
heat flux density in this experiment is 2.3 MW/m2.

The following advantages of this probe assembly have
been reported [12,13]:
• The response time of the thermocouple is 10�5 s, mak-

ing it sensitive to small and rapid temperature changes.

TABLE 1—Values of relative error e in computations of heat
flux density if value of qc is disregarded, for a cylindrical probe
made of Kh18N9T (AISI 304) steel (R = 10 mm), in various
conditions of heat transfer [11]

Cooling
conditions s (s) 0.1 0.5 1 2 3 4 5

Bi fi 1 e (%) �28 �14 �11 �9 �7.3 �7.1 �6.9

Oil e (%) �3.3 �4.1 — �4.4 — — �4.2

Fig. 1—Liscic-Nanmac steel probes: (a) first version of probe [9]; (b) accurate thermocouple furnishings; (c) second version of probe [12,13].
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• The surface condition of the probe can be easily main-
tained, because only the surface temperature sensor
needs to be polished before each measurement.

• The Liscic-Nanmac probe is an excellent tool for investi-
gations of the self-regulated thermal processes reported
in Chapter 2.

13.3.2 Tikhonov Regularization Method
Until the middle of the last century, inverse problems were
considered to be mathematically incorrectly stated problems,
that is, problems that do not meet the principles of correct-
ness [1,2,4]. Nevertheless, inverse problems were posed and
solved.

Tikhonov [14,15] proved theoretically that inverse prob-
lems could be solved correctly. He also created a new meth-
odology for solving inverse problems (that could not be
solved by any other method) by the use of regularizing algo-
rithms. The first works were devoted to inverse problems
that are solvable analytically, that is, mainly to linear heat
conduction problems. For many problems, theorems of exis-
tence and uniqueness of the solution were proved, algo-
rithms to search for the regularization parameter a were
suggested, and the convergence of various regularizing algo-
rithms was demonstrated [15,16]. Because thermal processes
during quenching are very complicated, more work was
needed to develop further improvements in solving inverse
heat conduction problems [16–18].

For practical problems related to heating and cooling of
steel, it is of an interest to consider the use of the regulariz-
ing numerical algorithms for nonlinear heat conduction
problems. For these types of problems, the method of regu-
larization is reduced to the introduction of a regularizing
term into the error function that is to be minimized:

Fa½u
 ¼ Au� fk k2mþa uk k2C; ð15Þ
where:
u is a vector of required parameters;
F is an error function to be minimized;
f is a vector of experimental data;
A is a matrix of transition from required parameters to esti-

mated values at appropriate points of temperature
measurements;

	k km is a norm in space Rm; and
	k kC is a norm defined as uk k ¼ ðCu;uÞ1=2, where C is a posi-

tively determined matrix (for example, it is possible to
assume C ¼ E, where E is a unit matrix.

By the classification presented above, this method is related
to the class of extreme methods, a group of minimization
with regularization. The next section of this chapter presents
specific examples of using the regularization method in
practice.

13.3.3 Green Function Method for Solving
Nonlinear Inverse Problems
Guseynov [19] used the Green function method for solving
linear and nonlinear inverse problems. His approach is espe-
cially important for solving nonlinear inverse problems for
the hyperbolic heat conductivity equation where some
parameters of the mathematical model cannot be derived
from the experiment, but are rather determined from exact
calculations. Solving a direct classical problem that includes
the hyperbolic heat conductivity equation with the nonlinear
boundary condition (generated by the boiling process) is an
extremely complicated task even for mathematicians. How-
ever, solving an inverse problem that includes the hyperbolic
heat conductivity equation with the nonlinear boundary con-
dition seems to be even more difficult. Guseynov and his col-
leagues solved this difficult inverse problem using the Green
function method [20–22].

Such solutions are needed for designing new, environ-
mentally safe intensive quenching technologies for strengthen-
ing of steel parts. This cycle of analytical and experimental
investigations has been carried out under the supervision of
the World Scientific and Engineering Academy and Society
(WSEAS). The activities of WSEAS include organizing inter-
national forums for the discussion of such breakthrough
problems.1

13.3.4 Statistical Regularization Method
All thermal and physical parameters of the mathematical
model (temperature, material properties) as well as spacing
(coordinates, time) are stochastic (random) by nature. Thus,
their values are always given to some degree of accuracy.
The majority of methods of solving inverse problems are
based on mathematical models of heat and mass transfer
assuming the stochastic nature of temperature measure-
ments only.

Fig. 2—Experimental data obtained by quenching the Liscic-
Nanmac probe in still mineral oil at 20�C [12]: (a) Recorded tem-
perature vs. time for the surface and at a depth of 1.5 mm below
the surface; (b) calculated heat flux density vs. time; (c) calculated
heat flux density vs. surface temperature.

1 See the WSEAS website at www.wseas.org; in particular, see www.wseas.org/propose/project/wseas-projects.htm and www.wseas.us/conferences/
2010/taipei/hte/.
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Krivoshey [23] suggested a stochastic approach of stating
and solving inverse heat conduction problems that assumes a
stochastic nature of all parameters of the mathematical
model. Such approach suggests setting the stochasticity of one
(or two) parameters while “freezing” (imposing determinacy
on) all the others and varying statements of problems depend-
ing on the required function. Solving a problem would then
consist of two key procedures: first, an introduction into the
model (equation) of a stochastically approximated parameter,
and second, a subsequent statistical averaging of the obtained
stochastic equations with respect to these realizations. With
the fulfillment of these two procedures for all parameters, the
correctness of the statement of the problem is reached auto-
matically. In terms of the integral equations, this means that
the algorithm naturally transforms the incorrect integral
equation of the first kind with respect to the required function
into the correct equation of the second kind.

On the basis of this approach, the heat conduction equa-
tions for statistically averaged values of temperatures, instead
of any small regularization parameters, contain the statistical
characteristic (dispersion) of the random parameter. The
statements of inverse problems on the basis of these equations
possess a property of correctness. By the classification pre-
sented above, this method is related to the class of extreme
methods, a group of minimization with regularization.

This method was used to evaluate temperature and heat
flux oscillations in cylindrical steel probes cooled from 800–
900�C in aqueous solutions of polymers at 20–30�C [24].

13.3.5 General Approach of Solving Inverse
Heat Conduction and Mass Transfer Problems
Krukovskyi [5] used the Newton-Gauss method. He has sug-
gested the estimation of parameters of a nonlinear model
combined with the regularization method for solving all
inverse heat conduction and mass transfer problems in the
most general case. Here, the solving of a direct problem and
the parameterization of required values are performed in a
specific problem.

Krukovskyi [5] describes a universal computer program
called FRIEND (FRee Identification for ENgineers and Design-
ers) that, being linked to a module providing parameterization
and solving a direct problem, solves inverse heat and mass
transfer problems of any type. To eliminate the instability of
the solution, a number of regularizing procedures are sug-
gested, which yield a stable solution of an inverse problem.

By the classification presented above, this method is
related to the class of extreme methods, the group of identi-
fication and optimal evaluation [4,5].

13.4 COMPARISON OF THE SEQUENTIAL
FUNCTION SPECIFICATION TECHNIQUE WITH
THE REGULARIZATION METHOD
Authors [7,25–27] suggested to use the sequential function
specification technique for solving the inverse heat conduc-
tion problem. Let g be a function to be found. Using this algo-
rithm, choose a set of time points t0, t1, … tN and determine the
values of the function g sequentially. First, at point t0, deter-
mine g(t0) ¼ g0, then at t1, iteratively select the best g1 (g1 ¼
g(t1)), and so on. At each step, k iterations are used in solving a
direct heat transfer problem to minimize the function

FðuÞ � FðuÞexper
��� ���;

where:
F(u) ¼ (f(u0), f(u1), … f(uk)), the current solution of the direct

heat transfer problem at time points u0, u1, … uk; and
F exper ¼ (F0, F1, … Fk) is a vector of experimental data at

the same time points u0, u1, … uk, where k is the num-
ber of the current step, which constantly increases by 1.

Finally, build a function based on values g0, g1, … gN, which
determines the function g.

For comparison with the regularization method, use the
same approach in the selection of time points u0, u1, … uk,
and in building function g based on values g0, g1, … gN.
Assume also that the regularization parameter a ¼ 0. The
same minimization function as in the sequential function
specification technique is thus obtained, with the only differ-
ence being that in the sequential function specification tech-
nique, the values of g were evaluated sequentially step by
step, while in the regularization method, an algebraic matrix
to determine g was built and simultaneously found by solv-
ing a system of algebraic equations.

In this case, the sequential function specification tech-
nique has more advantages: it is simpler in implementation,
requires fewer mathematical operations, and therefore con-
sumes less time. At the same time, the inverse heat conduc-
tion problem is ill posed, with many solutions. If a different
set of time points t0, t1, … tN1 is selected, a different solution,
which can be either better or worse, is obtained.

In the regularization method, there is a potential to have
more control over this situation. One of the regularization
method’s most powerful options is the selection of the regu-
larization parameter a. When a ¼ 0, the same minimization
problem as in the sequential function specification tech-
nique is solved. When a > 0, a solution with fewer oscilla-
tions that is less dependent on temperature measurement
errors is obtained. The greater a is, the finer the solution will
be. However, the greater a is, the larger the integral differ-
ence will be with respect to the values of the experimental
data. The problem is to find a compromise where the differ-
ence with experimental data is still acceptable with an
acceptable solution. More information on this issue can be
found in [28] and [29].

Another option in the regularization method is to ana-
lyze intermediary solutions at each iteration and add new
time points, if necessary, to the originally chosen set of time
points t0, t1, … tN (which determine splines built on them).
One more option in the regularization method is to consider
time points t0, t1, … tN as variable parameters to be found to
minimize the function. Of course, this increases the number
of necessary calculations, but it also results in a better
solution.

Thus, with regard to the sequential function specifica-
tion technique, the regularization method has the advantage
of automatically getting a finer solution in common practi-
cal cases. Its disadvantages are that it is much more compli-
cated to implement in a computer program and that it
requires more mathematical operations, and therefore it
takes more time to obtain an inverse solution for the same
experimental data.

For the problem of determining the cooling characteris-
tics of quenchants (in thousands of experiments that have
been conducted), the average computation time for the
inverse problem by the regularization method was about one-
half minute per experiment. This was acceptable, since it took
much more time to prepare the experiments themselves.
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13.5 METHOD AND SOFTWARE
FOR DETERMINATION OF COOLING
CHARACTERISTICS OF QUENCHANTS
For the determination of cooling characteristics of quen-
chants, the computer program IQLab was developed [30].
The program is based on these and other achievements in
this field [5,7,14,16]. It provides cooling characteristics, data
acquisition, and processing and generalizes the experimental
data. To determine cooling characteristics of a quenchant,
the experiments are conducted using probes of a simple
shape (cylinder, plate, or ball) with thermocouples inserted
inside the probe and near the surface. The data are proc-
essed, and then the inverse problem is solved. The solution
of the inverse problem determines the temperature field and
heat flux density and calculates the heat transfer coefficients,
Biot number Bi, generalized Biot number BiV, and Kondrat-
jev number Kn for both boiling and convection processes.
Results are presented as functions versus time in normal
and logarithmic coordinates versus surface temperature and
other characteristics in charts and in text form. The tempera-
ture field may be viewed superimposed on a CCT diagram,
which simplifies the quenching process design.

A preliminary processing of experimental data increases
the quality of the solution and in many cases saves computa-
tional time. The preliminary processing includes:
1. Removal of erroneous thermocouple data (noise). This

operation can be performed automatically or manually
by visually editing the data using a built-in text editor. In
case of automatic correction, the erroneous thermocou-
ple data are replaced with average values.

2. Narrowing the time range. When performing experi-
ments, the time range is usually selected, and it is pref-
erable to restrict the calculations to the time range of
the cooling process to be investigated to save computa-
tion time. Narrowing the time range is done by the user
based on the visual analysis of the experimental data.

3. Smoothing of the data. Data smoothing eliminates ran-
dom measurement errors. Although smoothing is not
required for solving the inverse problem, since the regu-
larization parameter helps in obtaining a smoothed solu-
tion, in some situations, preliminary smoothing
improves the solution. To decide whether to smooth the
data or not, it is possible to solve the inverse problem
both ways and then compare the results.

4. Averaging the data. Averaging the data considerably
saves computation time. It is advisable to use data aver-
aging when the cooling process occurs slowly and the
data are recorded frequently. The program automati-
cally suggests the optimal rate for the majority of condi-
tions; however, users may change the rate of averaging
at their own discretion.

13.6 TESTS OF THE METHOD AND SOFTWARE
FOR DETERMINING QUENCHANT COOLING
CHARACTERISTICS
The error of the inverse problem solution depends on the
experimental data accuracy. For the evaluation of this error,
numerical tests have been performed, as described in the
examples below.

Example 13.1
An estimate of the method’s error is determined in the case
where accurate data are available (the calculation error of

accurate data is 0.01�C). For this purpose, let’s solve a direct
problem for a 30-mm-diameter steel cylinder made of
Ch18N9T (AISI 304) stainless steel. The cylinder is cooled
from 800�C, and the heat transfer coefficient is set to
smoothly increase from zero up to 10,000 W/m2K, as shown
in Table 2. The temperature of the quenching medium is
20�C. For solving the direct and inverse problems, IQLab
software was used.

After solving the direct problem, the temperature field
is obtained. For testing purposes, the surface temperature
and the temperature at 1 mm from the surface are used.
These curves are shown in Fig. 3.

The calculation data are saved in a text file, and the
inverse problem is solved to calculate the surface tempera-
tures (Tsurf) using the values of the temperature at a dis-
tance of 1 mm from the surface as input data. Fig. 4
presents the data used in the inverse problem in column
Texp (temperature 1 mm below the surface). The data in col-
umns Tsurf and Alpha conv (given heat transfer coefficient)
will be used only for comparison with the data obtained as a
result of solving the inverse problem.

The outcome of solving the inverse problem is values
for the heat transfer coefficient and surface temperature.
Solutions of the inverse problem and the corresponding
direct problem are presented in Fig. 5.

The test has shown (see Fig. 5) that the given values of
the surface temperature and heat transfer coefficient and
those obtained by solving the inverse problem practically
coincide (converge). Detailed analysis shows that the maxi-
mum temperature error is 9�C (1.2 %) at the moment of the
sharp surface temperature drop, and in the other parts of the
time range is less than 0.1�C (0.1 %). The maximum error of
the heat transfer coefficient is 8 % at the moment of the
sharp surface temperature drop; in the remaining time range,
the error is less than 0.1 %. Such errors are acceptable.

Example 13.2
Now let’s consider the effect of the error of the given experi-
mental data on the solution of an inverse problem. For this

TABLE 2—Input of boundary data for a direct
problem: time and heat transfer coefficient a
(given)

Time (s) a (W/m2K)

0.0 0

0.1 4,000

0.2 7,000

0.3 9,000

0.4 10,000

0.5 10,500

0.6 10,400

0.7 10,300

0.8 10,200

0.9 10,100

1.0 10,000
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Fig. 3—Results of computations of the direct problem: Tcent is temperature at the center; Tsurf is temperature at the surface; Texp is
temperature at the distance of 1 mm from the surface; “Alpha conv” is the given heat transfer coefficient a.

Fig. 4—Sample input to IQLab software, showing the results of solving the direct problem that will be used as the input data for solving
the inverse problem.
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purpose, random numbers having a normal distribution and
deviation of 4 are added to the temperature measured at
1 mm from the surface. That is, it is assumed that errors of
measurements have a normal distribution and a standard devi-
ation of 4�C. The computations are performed as in Example
13.1. The temperatures obtained with random errors and the
results of solving the inverse problem are presented in Fig. 6.

In Fig. 6, the maximum error of the heat transfer coeffi-
cient determination is 10 %, and at 75 % of all points, the
error is less than 4 %. The maximum temperature determi-
nation error is 8�C; at 80 % of all points, the error is less
than 2�C.

Example 13.3
The experimental data were shifted by a constant value
which was predicted without calculations. It results in the
shift of the temperature field by the same value, which has
no effect upon the calculation of heat flux densities. How-
ever, it can exhibit a significant effect on the calculation of
film or nucleate boiling heat transfer coefficients when the
temperature approaches the boiling temperature. This error
can be easily avoided by performing a calibration before
starting the experiment.

Example 13.4
Evaluate the error connected with incorrect positioning of
the thermocouple. For this example, assume that the thermo-
couple to be located at the distance of 1 mm from the sur-
face is actually located at the distance of 1.5 mm from the
surface. Also assume that the data are measured with the
same random error as in Example 13.2. For the simulation

of these conditions, let’s solve the direct problem and use
the values of the temperature curve for the point located at
1.5 mm from the surface, add the random errors as in
Example 13.2, and then solve the inverse problem specifying
the temperature measured at 1 mm from the surface. The
solution of the inverse problem is shown in Fig. 7.

The errors in Fig. 7 are not acceptable. The error of
the surface temperature determination reaches 100�C and the
error of the heat transfer coefficient determination for
the majority of points is about 20 %; at the beginning of the
cooling process, it exceeds 100 %. This problem may be
avoided by placing an additional thermocouple at the center
of the test specimen and then determining the position of
the thermocouple location by trying different points of the
thermocouple placement and solving a direct heat transfer
problem. Only after this procedure is it possible to deter-
mine the cooling characteristics of quenchants.

13.7 DETERMINATION OF MZM-16 OIL
COOLING CAPACITY BASED ON SOLVING
THE INVERSE PROBLEM
MZM-16 oil is an accelerated oil that is produced from con-
ventional oil by introducing special additives to eliminate
film boiling [31]. Conventional quench oils are typically min-
eral oils, which may contain antioxidants to reduce the rates
of oxidative and thermal degradation. Most of these oils
have viscosities in the range of 100 to 110 SUS at 40�C
(104�F). Conventional quench oils do not contain additives
for increasing the cooling rate [32]. Accelerated quench oils
are usually formulated from a mineral oil and contain one
or more additives to increase cooling rates [32].

Fig. 5—Results of solving direct and inverse problems: “Alpha given” and “Tsurf given” are given values of the heat transfer coefficient
a and the temperature at the surface; “Alpha conv” and Tsurf are the solutions of the inverse problem.
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To investigate a cooling capacity of MZM-16 oil, cylindri-
cal test specimens of 20 and 30-mm diameter were used. Thin
thermocouples were welded onto the surface and at the core
of the test specimens [11,31]. The test specimens were made
of AISI 304 stainless steel. The thermal properties of austenitic
stainless steels are presented in Table 3. The specimens’ height
H exceeded 4D, where D is the specimen diameter. The

experimental data obtained by quenching a cylindrical speci-
men in MZM-16 oil at 61�C are presented in Fig. 8.

The heat flux densities and heat transfer coefficients
were calculated by solving a heat conduction inverse prob-
lem using IQLab software. The results of these calculations
are presented in Figs. 9 and 10.

From Fig. 9, the heat flux density appears to reach its
maximum value of 2.3 MW/m2 when the surface tempera-
ture is 450�C. These results are very similar to the data
shown in Fig. 2. There, a film boiling process existed when
the surface temperature was within the range of 600–800�C,
and the heat flux density reached its maximum value when
the surface temperature was 420�C. The difference in these
surface temperatures (420�C and 450�C) can be explained by
the difference in quench oil temperature and size of the test

Fig. 7—Given data and results of the computation of the inverse
problem in conditions when it is assumed that the thermocouple
intended to be located at a distance of 1 mm from the surface is
actually located 1.5 mm from the surface.

Fig. 6—Temperature versus time at the distance of 1 mm from the surface: “Texp given” is the exact value; “Texp random” is the same,
with error having Gaussian distribution and deviation of 4. “Tsurf” and “Alpha conv” are solutions of the inverse problem, “Tsurf given”
and “Alpha given” are given values of the temperature at the surface and the heat transfer coefficient a.

TABLE 3—Thermal conductivity k and thermal
diffusivity a of austenite versus temperature

T (�C) 100 200 300 500 600 700 800

k;
W
mK

17.5 18 19.6 23 24.8 26.3 27.8

�k;
W
mK

17.5 17.7 18.55 20.2 21.1 21.9 22.6

a 	 106;m
2

s
4.55 4.6 4.70 5.3 5.6 5.8 6.2

a 	 106;m
2

s
4.55 4.6 4.63 4.9 5.1 5.2 5.4
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probe. The average heat transfer coefficient during film boil-
ing and nucleate boiling is about 1,800 W/m2K (see Fig. 10).

Film boiling is clearly observed in Figs. 9 and 10. With
increasing oil temperature, the first critical heat flux density
qcr1 increases and achieves its maximum value at 100�C (see
Table 4) [31]. This is why it is important to determine the
cooling capacity of MZM-16 oil at 100�C. Increasing the tem-
perature of MZM-16 oil to 100�C, the situation changes
significantly.

The experimental data (temperature versus time) for the
19.9-mm-diameter probe quenched in MZM-16 oil at 100�C
are presented in Fig. 11, where Tsurf is the surface tempera-
ture and Tcent is the core temperature of the probe.

From Figs. 12 and 13, it is evident that film boiling is
essentially absent when quenching in oil at 100�C. This indi-
cates that the initial heat flux density during immersion of
the cylindrical probe into hot MZM-16 oil was less than qcr1
(which was equal to 3.4 MW/m2). Very intensive boiling dur-
ing the probe immersion created an intensive circulation of
the oil around the surface of the probe, and therefore the
first critical heat flux density exhibited a greater increase.

That is why the maximum heat flux density qmax increased
to 4 MW/m2 at a 560�C surface temperature. This result is
supported by Eq 13 from Chapter 2, which establishes a cor-
relation between the surface temperature and the heat flux
density, that is, q ¼ f (Tsf – Ts). Since the heat flux density
increased, the surface temperature at which the maximum
value of the heat flux density is observed also increased.
Compared with Fig. 9, the surface temperature increased
from 450�C to 475�C.

Fig. 10—Heat transfer coefficient versus surface temperature for
MZM-16 oil at 61�C, with a cylindrical test specimen of 19.9-mm
diameter and 80-mm height: 1, real value; 2, average value.

Fig. 9—Heat flux density versus surface temperature for MZM-16
oil at 61�C.

Fig. 8—Temperature at the surface and in the core versus time for
MZM-16 oil at 61�C, with a cylindrical test specimen 19.9 mm in
diameter and 80 mm in height.

TABLE 4—First critical heat flux density
versus temperature for MZM-16 oil

T (�C) 38 40 75 100 150 200

qcr1 (MW/m2) 2.8 3.0 3.3 3.4 3.0 2.5

Fig. 11—Experimental temperature at the surface and at the core
versus time for MZM-16 oil at 100�C with a cylindrical specimen
of 19.9-mm diameter and 80-mm height.
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The further increase of the oil temperature above 100�C
is connected with the decrease of qcr1. The decrease of heat
flux densities and heat transfer coefficients can be antici-
pated in this case. Some calculation results based on the

experimental data are presented in Figs. 14 through 16.
From these figures, it is evident that the maximum heat flux
density decreased to 2 MW/m2 and the average value of the
heat transfer coefficient dropped to 1,100–1,200 W/m2K.

Fig. 12—Heat flux density versus surface temperature for MZM-16 oil at 100�C.

Fig. 13—Heat transfer coefficient versus surface temperature for MZM-16 oil at 100�C, with a cylindrical specimen of 19.9-mm diameter
and 80-mm height.
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Thus, by solving the inverse heat conduction problem, the
same conclusion was drawn that there is an optimal oil tem-
perature where the cooling intensity is maximum and there
is no film boiling. This cooling condition is optimal for mini-
mizing the part distortion.

Let’s now determine the potential of using average heat
transfer coefficients instead of functions of the surface tem-
perature as presented above. In Fig. 17, the heat transfer

coefficient as a function of surface temperature and its aver-
age values within the boiling process and convection are
shown. Within the boiling process, the heat transfer coeffi-
cient is 1,100 W/m2K, and during the convection heat trans-
fer, it is approximately 250 W/m2K. The same is true for
heat transfer coefficients presented in Figs. 12 and 15. Using
the average heat transfer coefficients and taking into
account physical properties of oil versus temperature (see

Fig. 14—Heat flux density versus surface temperature for MZM-16 oil at 170�C.

Fig. 15—Heat transfer coefficient versus surface temperature for MZM-16 oil at 170�C.
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Table 5), it is possible to calculate the duration of the cool-
ing process during quenching. The results of such calcula-
tions, presented in Table 6, show that they are suitable for
practical use.

13.8 VERIFICATION OF THE QUENCH PROCESS
OF SEMI-AXLES AND CYLINDER-SHAPED STEEL
PARTS ON THE BASIS OF CFD ANALYSIS
Recently, considerable attention has been paid to solving
inverse problems and computational fluid dynamics (CFD)
problems. Both approaches have been used for the analysis
and verification of the quenching processes [33–38]. Having
accurate experimental data and material thermal properties
[39,40], it is possible to determine the boundary condition
during quenching by solving the inverse heat conduction
problem. CFD analysis provides the means to determine how
smoothly the steel part is quenched and how to optimize the
cooling fixtures [8]. However, the principal task for both
approaches is the initial heat flux density evaluation. By
comparing the initial heat flux density with the first critical
heat flux, it is possible to predict the future heat transfer
modes (these aspects were discussed in Chapter 3).

An important feature has been established: the existence
of an optimal concentration of water-salt solutions where

qcr1 is at a maximum, which provides intensive and smooth
cooling of steel parts. In this case, the cooling time of the
core of steel parts is evaluated by the generalized equation
(Eq 69) presented in Chapter 5. The accuracy of the calcula-
tions is acceptable. That is also true when quenching steel
parts in a water flow or by water jets. For example, calcula-
tion of the process of quenching semi-axles and cylindrical
forgings in a water flow has been widely discussed [35–37].

Two approaches were analyzed. The traditional approach
for the thermal state analysis during quenching was based on
the Newton’s boundary condition between the solid surface
of the part and the fluid surrounding it. In the second
approach, the problem involves the solving of a conjugate heat
transfer problem (Navier-Stokes equations full set solution)
with CFD computer technology. In this case, it is not necessary
to know the heat transfer coefficients at the surface of the part.

Comparisons of both approaches and calculation results
show that the generalized correlation can be used for the cool-
ing time calculation. The results of calculations using both
approaches agree very well with the experimental results. This
means that the generalized equation (Eq 69) from Chapter 5
is suitable for calculations and development of intensive
quenching technologies.

Along with verifying the generalized equation, the CFD
analysis has allowed the detection of small stagnation zones.
The presence of such stagnation zones may cause quench
cracks and prevent superstrengthening of the material
[8,37].

It has been shown that the initial heat flux density can
be evaluated by solving the conjugate problem together with
the CFD analysis [33,35,36]. The first critical heat flux den-
sity for the water flow in round channels can be calculated
as follows:

quhcr1 ¼ 2:8 0:75W0:5 � 1

 �þ 0:1ðW0:35 � 1Þ#uh; ð16Þ

where:
W is the water flow rate;
#uh ¼ TS – Tm is the underheating temperature;
TS is the boiling (saturation) temperature; and
Tm is the bath temperature.
Some results of calculations of qcr1 for the water flow are
presented in Table 7.

The initial heat flux density is evaluated at the moment
of immersion of steel part into liquid. The initial heat flux
densities for a cylindrical probe quenched in a water flow of
10 m/s, based on CFD simulations, are provided in Table 8
[33,36]. Consider the initial heat flux density at the moment
of time when the boundary layer is heated to a saturation
temperature and the temperature gradient is already estab-
lished at the surface of the steel part (see Chapter 4).

Table 8 shows that the maximum initial heat flux den-
sity during quenching of the cylindrical test specimen in
water flow of 10 m/s is 11.5 MW/m2. At the same time, qcr1
is 13.74 MW/m2 for water at 20� C and a water flow of
10 m/s. This means that, in this case, film boiling will be
absent since the initial heat flux density is less than qcr1. For
intensive quenching, it is very important to eliminate film
boiling in order to provide very high heat transfer during
nucleate boiling and forced convection. The nucleate boiling
mode is used when designing the IQ-2 process, and the direct
forced convection mode of heat transfer is used when design-
ing the IQ-3 process. Direct convection means that film and

Fig. 16—Cooling curves for cylindrical specimens of 20-mm diameter
quenched in MZM-16 oil at room temperature: 1, surface; 2, core.

Fig. 17—Temperature at the surface and at the core versus time
for MZM-16 oil at 170�C, with a cylindrical specimen of 30-mm
diameter and 120-mm height.
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nucleate boiling are absent and the primary heat transfer
mechanism is forced convection.

A CFD analysis has been performed of the IQ-3 process
for the cylindrical steel parts shown in Fig. 18 [36,37]. The
objective of the CFD modeling was to determine the accu-
racy of the generalized equation from Chapter 5.

The system (the steel part and the fixture) consists of
16,000 cells [37]. The time step was 0.001 s. The cooling
process has been calculated for 50 s. The water flow rate at
the entrance of the quench fixture was 10 m/s. To simulate
the heat transfer processes, the numerical method of the
control volume was used. The study of heat transfer processes
during quenching was performed on the basis of the numeri-
cal solution of the full system of Navier-Stokes equations deter-
mined by Reynolds and differential equations for the two-layer
turbulence model [33,36,37]. The CFD technology is not yet

able to simulate the nucleate and film boiling processes cor-
rectly. At the points where the process of nonstationary nucle-
ate boiling is observed, a CFD simulation will give higher
values for the part’s surface temperature.

The temperature at the surface (points 1–7) and at the
core (point 8) of the steel part versus time is shown in Fig. 19.
At points 1, 4, and 7, stagnant areas were observed. At these
localized areas, CFD modeling provides incorrect results, since
it doesn’t take into account nucleate and film boiling. How-
ever, the cooling time calculation for the core is correct,
because the stagnant areas are very small compared with the
entire steel part’s surface area.

TABLE 5—Physical properties of MK oil versus temperature

T (�C) q (kg/m3) cp (kJ/kgÆ�C) k (W/mÆ�C) l3104 (PaÆs) m3106 (m2/s) a3106 (m2/s) b3104 (1/K) Pr

10 911.0 1.645 0.1510 35,414 3,883 9.94 8.56 39,000

20 903.0 1.712 0.1485 18,560 1,514 9.58 8.64 15,800

30 894.5 1.758 0.1461 6,180 691.2 9.28 8.71 7,450

40 887.5 1.804 0.1437 3,031 342.0 89.7 87.9 3,810

50 879.0 1.851 0.1413 1,638 186.2 8.69 8.86 2,140

60 871.5 1.897 0.1389 961.4 110.6 8.39 8.95 1,320

70 864.0 1.943 0.1363 603.3 69.3 8.14 9.03 858

80 856.0 1.989 0.1340 399.3 46.6 7.89 9.12 591

90 848.2 2.035 0.1314 273.7 32.3 76.1 9.20 424

100 840.7 2.081 0.1290 202.1 24.0 7.33 9.28 327

110 838.0 2.127 0.1264 145.2 17.4 7.11 9.37 245

120 825.0 2.173 0.1240 110.4 13.4 6.92 9.46 193.5

130 817.0 2.219 0.1214 87.31 10.7 6.69 9.54 160.0

140 809.2 2.265 0.1188 70.34 8.70 6.53 9.65 133.3

150 801.6 2.311 0.1168 56.90 7.10 6.25 9.73 113.5

TABLE 6—Cooling time in seconds for cylindrical
specimens of 19.9 and 30-mm diameter
quenched in MZM-16 oil from 780�C to 375�C

Dia (mm) Quenchant

Cooling time (s)

Experiment Calculation

19.9 Oil MZM-16; 61�C 20 19.5

a ¼ 1,800 W/m2K

19.9 Oil MZM-16; 100�C 15 15.7

a ¼ 2,600 W/m2K

30 Oil MZM-16; 170�C 45 47

a ¼ 1,100 W/m2K

TABLE 7—First critical heat flux density qcr1
(MW/m2) versus water temperature and
water flow velocity W

W (m/s)

Water temperature

20�C 30�C 40�C 60�C

5 7.94 7.18 6.43 4.91

6 9.32 8.44 7.57 5.83

7 10.57 9.59 8.62 6.66

8 11.70 10.63 9.56 7.42

9 12.76 11.60 10.44 8.13

10 13.74 12.51 11.27 8.79

15 17.97 16.39 14.81 11.65

20 21.40 19.56 17.71 14.00
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To prove this conclusion, the cooling time was com-
pared from the austenitizing temperature T0 of 870�C to
500 �C at point 8. The Kondratjev form factor K is 171 3

10�6 m2, the Kondratjev number Kn is 0.9 for a water flow
10 m/s, and the thermal diffusivity a is 5.36 3 10�6 m2/s.
Using these values, the cooling time, calculated by the gener-
alized equation (Eq 69) from Chapter 5, is 37 s [36,37]:

t ¼ 0:48þ ln
870� 20
500� 20

� �� �
1713 10�6m2

5:363 10�6m2=s3 0:9
� 37s:

The cooling time in the same range obtained by CFD
simulation was 38 s, which indicates that the impact of the
stagnant areas on the cooling time calculation was not
significant.

CFD modeling of the quenching process of truck semi-
axles of 42-mm diameter made of 40G steel (AISI 1540) was
also performed [29,30]. The axles were cooled in a flow of
20�C water from 860�C in a special quench chamber. The
inner diameter of the chamber was 80 mm. Some calcula-
tion results for the water flow of 10 m/s are presented in
Fig. 20.

The calculation results obtained using the generalized
equation from Chapter 5 and CFD simulation coincide very
well. This means that the generalized equation (Eq 69) from
Chapter 5 is a suitable method for such calculations. As an
example, the process of quenching of semi-axles is provided
in Fig. 20 and Table 9.

The combination of CFD and finite element method
(FEM) modeling techniques provides an effective method for
the design of quenching processes and related fixtures
[37,38]. The CFD simulations assumed that the boiling phe-
nomena were short-lived and had no major impact on the
resulting material properties, which is reasonable for high-
velocity intensive quenching processes. The results show
that the quenchant flow field can exhibit a significant
effect on austenite decomposition, internal stress state, and
distortion of the finished part. A combination of the Fluent
CFD2 and Dante3 heat treatment models can be effectively
used to develop quench fixtures and processes that have

improved uniformity of heat transfer, more desirable resid-
ual stress levels, and reduced distortion [8,41]. Dante has
been used to investigate quenching processes of complex
steel parts such as carburized gears [41].

There is a need to improve CFD programs so that they
will include equations governing the film and nucleate boiling
processes and will use the values of critical heat flux densities.
Without such improvements, it is impossible to perform calcu-
lations for nonstationary film and nucleate boiling processes.
Furthermore, problems such as the stagnation of the water
flow at concave locations of the part, causing a much lower
cooling rate than the average [8], are not addressed. Con-
versely, cooling rates at the outer corners and edges can be
much greater than the average which may cause cracking at
these locations due to excessive thermal stresses.

As an example of the use of a static CFD analysis, in one
published study [42], the oil velocity in a quench tank was
predicted using Fluent software. The information was used
to predict the cooling uniformity throughout the parts
racked in the basket as well as the local cooling differences
along the surface of a single part. The heat transfer coeffi-
cients were calculated using the quenchant flow velocities
obtained from the above CFD model and were used as ther-
mal boundary conditions [8,33,43].

13.9 GENERALIZED EQUATIONS
FOR EVALUATION OF CONVEYOR SPEED
Equations for the calculation of the conveyor speed were
discussed in Chapters 10 and 11. Here, a generalized

TABLE 8—Initial heat flux density at the edges
and along a semi-axle of 42-mm diameter and
600-mm length (at time = 0.1 s) when cooling
in a water flow of 10 m/s (results from CFD
modeling [33])

Distance along the specimen (m) Heat flux density (MW/m2)

0 (edge) 11.5

0.1 10.14

0.2 10.11

0.3 10.07

0.4 9.95

0.5 9.77

0.6 (edge) 9.78

Fig. 18—Configuration of steel part (top) and cross-section (bot-
tom) used for meshing and simulating the process of quenching
in the flowing water.

2 Fluent CFD software is available from ANSYS, Inc.; see www.fluent.com/contact/index.htm.
3 DANTE (Distortion Analysis for Thermal Engineering) is available for licensing from Deformation Control Technology, Inc., 7261 Engle Road, Suite
105, Cleveland, OH 44130; tel: 440-234-8477; fax: 440-234-9140; e-mail: sales@DeformationControl.com; Internet: www.deformationcontrol.com.
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equation, which takes into account the duration of the nucle-
ate boiling process, is introduced:

W ¼ L
s
¼ aL

ðXþ b ln hÞK ; ð17Þ

where:
W is the conveyor speed;
L is the conveyor’s length;
s is the duration of the transient nucleate boiling process;
a is the thermal diffusivity of steel;
K is the Kondratjev form factor;
b ¼ 3.21; and
W ¼ 0.24k (where k ¼ 1, 2, or 3 for plate-shaped, cylindrical,

or spherical steel parts, respectively).
Eq 17 is used when quenching parts in water and water-

salt solutions. The results can be used for designing a new two-
step quenching technology. As the first step, steel parts are
cooled in the water-salt solution of optimal concentration.

During the second step, washing and intensive cooling within
the martensite range are performed. The cooling time for the
first step is regulated by the conveyor speed. This is illustrated
by the example below.

Example 13.5
Spheres made of AISI 52100 steel are quenched in water-salt
solutions of optimal concentration from 860�C. The tempera-
ture of the water-salt solution is 20�C, and it boils at 105�C.
For spheres of 50-mm diameter, determine the conveyor speed
that provides delivery of the spheres at the end the nucleate
boiling process. Assume that the conveyor length is 1.2 m. The
average values of thermal conductivity k and thermal diffusiv-
ity a are 22.5 W/mK and 5.3 3 10�6 m2/s, respectively.

To perform the calculations, it necessary to know the
value of

ln h ¼ ln
#I

#II
;

where (see Chapter 2):

#I ¼ 1
b

2kð#0 � #IÞ
R

� �0:3
;

#II ¼ 1
b
½aconvð#II þ #uhÞ
0:3;

b ¼ 7.36;

Fig. 19—Temperature versus time at the surface (points 1–7) and at the core (point 8) of forging when quenching in water flow in the fixture.

Fig. 20—Temperature versus time at different points of a semi-
axle: 1, core; 2, surface at a distance of 0 and 0.6 m [33].

TABLE 9—Comparison of cooling time calcula-
tion from 860�C based on both CFD analysis
and the generalized equation (Eq 69) of
Chapter 5

Core
temperature

Cooling time(s)

Error (%)
Av.
Error (%)Calculated

CFD
analysis

500�C 14.6 14.8 1.4 —

400�C 18 17.7 1.7 3.6

300�C 23.7 22 7.7 —
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k is the thermal conductivity, with an average value of 22.5
W/mK;

#0 ¼ T0 – TS;
T0 is the austenitizing temperature of 860�C;
TS is the saturation temperature, 105�C;
Tm is the quenchant temperature;
R is the radius or half the thickness of the plate;
aconv is the convective heat transfer coefficient in W/m2K;
#uh ¼ TS – Tm;
#I is the temperature at the beginning of the nucleate boil-

ing process; and
#II is the temperature at the end of the nucleate boiling

process.
The results of calculations for Example 13.5 are pre-

sented in Table 10.
The following equation is used when quenching parts in

oils (see Chapter 11):

W ¼ L
s
¼ aLKn

ðXþ ln hÞK ; ð18Þ

where:
Kn is the Kondratjev number (a dimensionless value); and

ln h ¼ ln
T0 � Tm

T � Tm
.

The Kondratjev number Kn can be found by solving an
inverse heat conduction problem with averaging of the
results of calculations, as shown in Table 11 for oil depend-
ing on the size of specimens. More information on solving
inverse problems is available in [1,2,26,27]. Average values of
heat transfer coefficients can be also found experimentally
by using ASTM standard probes [44].

Table 11 shows that Kondratjev numbers during nucle-
ate boiling change very slowly with the changing of the sam-
ple diameter. Using these characteristics, it is possible to
perform simplified and rapid calculations with an accuracy
acceptable for practical use.

Evaluation of Kondratjev numbers for different quen-
chants are presented in [31,46–48].

13.10 DISCUSSION
Initial heat flux densities and heat transfer coefficients are
important parameters to predict the film boiling process,
temperature, and residual stress distribution during com-
puter simulation of the quenching processes. That is why it
is necessary to create databases of cooling characteristics of
quenchants that include critical heat flux densities and heat
transfer coefficients. This can be done successfully by the
use of computer programs such as IQLab [30].

For determination of critical heat flux densities, it is
preferable to use silver cylindrical probes with rounded ends
(see Chapter 3), because silver provides film boiling, which
is necessary for determining these critical heat flux densities.
For determination of heat transfer coefficients, on the other
hand, it is preferable to use austenitic steel cylindrical
probes (e.g., the Liscic-Nanmac probe of Fig. 1), because no
structural transformations are observed during cooling
(structural transformations considerably complicate the cal-
culations and demand a knowledge of the thermal and phys-
ical properties of each structure).

It has been shown that CFD analysis allows the calcula-
tion of initial heat flux densities during immersion of steel
parts into a quenchant. By comparison of the initial heat
flux density with the first critical heat flux density qcr1, it is
possible to predict heat transfer modes: If the initial heat
flux density is less than qcr1, then full film boiling will be
absent; if it is higher than qcr1, then full film boiling will be
present. When these values are equal, transition boiling may
be observed. This information is very important for engi-
neers and designers. The calculations obtained on the basis
of generalized equation and CFD modeling agree very well
with the experimental data and with each other.

CFD simulation predicts stagnant areas, which may have
an unfavorable effect on the distribution of current and
residual stresses and may result in the quench crack forma-
tion due to a nonuniform martensite shell over the surface
of the steel parts. A nonuniformity of the heat transfer at the
part surface is connected with the nonuniform distribution
of water flow rates and the appearance of stagnant zones.
This information is also very important for engineers and
designers. Unfortunately, there is no appropriate database
for the cooling capacity of different kinds of quenchants.
However, highly developed methods, theoretically and practi-
cally, are available now for evaluating boundary conditions
on the basis of solving an inverse heat conduction problem
and the use of CFD modeling. To start creating such a data-
base for industries, a team of mathematicians, thermal scien-
tists, material scientists, and other specialists has been
established [49]. Standard probes for creating the database
are needed, which can be developed by ASTM International.

13.11 SUMMARY
1. An overview of the existing methods for solving an

inverse heat conduction problem has been provided.

TABLE 10—Cooling time and conveyor speed
calculation results depending on the size of
cylindrical specimens

Dia (mm) #I (�C) s (s) W (m/s) W (m/h)

30 10.93 16.5 0.073 262

40 10 27 0.044 159.6

50 9.38 39.8 0.03 108.5

TABLE 11—Kondratjev number Kn for
conventional oils calculated on the basis
of experimental data obtained by different
authors [45,46]

Cylinder
dia
(mm)

Malinkina
and
Lomakin [45]

Kobasko
and Totten
[46]

Kobasko
and
Dobryvechir

Average
value
of Kn

10.0–
12.7

0.18 0.15 — 0.165

20–25 0.23 0.205 0.26 0.23

30 0.27 — 0.28 0.275

40 0.30 — — 0.30

50 0.33 0.28 0.30 0.305

60 0.36 — — —
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2. Using IQLab software and accurate experiments, the
cooling capacity of MZM-16 quench oil has been investi-
gated. It was shown that the optimal temperature for
MZM-16 oil is 100�C, which coincides very well with the
results provided in Chapter 3.

3. Average heat transfer coefficients can be used for calcu-
lating the cooling rate, cooling time, and speed of con-
veyors during quenching of steel parts.

4. Average Kondratjev numbers Kn for oils change insig-
nificantly with changing of the sizes of steel parts.

5. CFD analysis can predict the time and location where the
film boiling first begins, or its absence, over the entire sur-
face and can predict convective heat transfer coefficients.

6. There is no appropriate database for cooling capacities
of quenchants to be used by industry.

7. There is a need to develop standard probes to be used
for solving inverse heat conduction problems specifi-
cally for evaluating quenchants.
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