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Introduction

In the course of the last 15 years a very considerable interest has devel-
oped in the testing of metals where the controlling variable is cyclic strain
rather than cyclic stress. Commonly referred to as low cycle fatigue testing,
it has now developed to a state of refinement such that a “discipline”
exists, at least among those working actively in the field. This special
technical publication has been prepared to share the accumulated knowl-
edge on the procedures, techniques, and skills now employed by several
experts in the field. It is a collection of individually prepared papers
describing the practices and viewpoints which each of the several authors
feels best answer his particular testing requirements. Although there is
much in common in many of the papers, there is no attempt made here to
express a consensus; the reader is left to determine for himself which
approach or combination of approaches is best suited to his particular
needs. It should be further emphasized that the subject is specimen testing
rather than component testing, an important distinction which must be
reckoned with in relating the fruits of this work to the design of real parts.

The interest in low cycle fatigue testing stems directly from the need for
information on metals when subjected to relatively few cycles of con-
trolled cyclic strain. It may come from a search for methods to study the
behavior of metals basically, where the interest is in developing mechanisms
for explaining how microstructural and atomic effects can lead to the
observed deformation and fracture characteristics, or it may come from
the search for quantitative information to predict the life of engineering
components subjected to a cyclic history similar to that produced in the
laboratory. The latter has become the principal driving force for the
development of low cycle fatigue testing methods.

Technological advance in the past 15 years has moved toward the use
of higher and higher temperatures in materials for engineering structures,
accompanied by an increase in the severity and frequency of thermal
transients during operation. This trend is translatable into cyclic thermal
stresses, or other cyclic loading, which fall directly in the category of con-
trolled strain behavior. Some examples of components subject to these
conditions include steam turbine rotors and shells, aircraft or land gas
turbine buckets and wheels, and nuclear pressure vessels and fuel elements.
Design procedures based largely on experimental information attained in
laboratory testing have evolved for treating these problems. Hence, low



viii  MANUAL ON LOW CYCLE FATIGUE TESTING

cycle fatigue testing has played an important role in our technological
advance.

Since this publication is devoted to fatigue testing in the low cycle
regime, it is necessary to distinguish between it and fatigue testing more
generally. By definition, failure in low cycle fatigue occurs in fewer than
50,000 cycles. It is further characterized by the existence of a stress-strain
hysteresis loop and by the measurement of a plastic strain range in the
test specimen. To meet these requirements certain special testing techniques
not generally considered in high cycle fatigue testing assume importance.
To produce failure in a few cycles, strain rather than stress must be con-
trolled. This places special emphasis on strain-detecting devices and
accompanying instrumentation for measurement and control. Further, the
loading is nearly always fully reversed, since, with the plastic strain ranges
experienced, mean stresses are quickly relaxed. Thus nearly equal tensile
and compressive loads are encountered, requiring gripping systems capable
of transmitting these loads from machine to specimen without slippage or
misalignment. Specimen configuration becomes important, since buckling
or bending must be avoided and reliable strain measurements must be
made. While these problems exist to some extent in all fatigue testing, they
are of special importance in low cycle fatigue.

In selecting subdivisions for this publication, one basis has been the choice
of loading, that is, whether it be by uniaxial loading, bending, torsion, or
otherwise. Most work was carried out either on uniaxial loading (push-pull)
or in bending. More space has been given to push-pull loading, with only
one contribution directed to bending. The reader should not infer from
this emphasis that a preference in fact exists; rather, he should select the
test best suited to individual needs.

Controlled strain testing can also be subdivided into constant tempera-
ture and cyclic temperature (thermal fatigue). In cyclic temperature the
mechanical strain imposed on the specimen is derived entirely or in part
from thermal expansion. Although this is a more complex test to conduct
in the laboratory, it may in fact be more realistic in its representation of
service conditions. One chapter is devoted to this important subject.

The balance of the papers deal with uniaxial testing: from the viewpoint
of metals research, from a mechanics of materials view, and from the
viewpoint of high temperature testing. While some duplication in technique
appears, we believe this emphasizes the areas of general agreement among
the investigators and the laboratories they represent. It also illustrates, the
several ways of tackling the same problem: choice of grips, specimen de-
sign, strain measurement, instrumentation, testing machine, etc.

This publication is a contribution of Subcommittee VIIT on Fatigue
Under Cyclic Strain of ASTM Committee E-9 on Fatigue. As chairman of
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the subcommittee I should like to acknowledge the contributions made by
the several authors. Such a publication could not have been undertaken
without the help of many others, among whom I should like to thank R. S.
Carey who has prepared the Index, and the editorial committee coordinated
by R. M. Wetzel and ably supported by J. A. Dunsby and V. Weiss.
Finally, the full support of Committee E-9, H. F. Hardrath, chairman, is
gratefully appreciated.

L. F. Coffin, Jr.,
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Low Cycle Fatigue Testing,”” Manual on Low Cycle Fatigue Testing, ASTM STP
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ABSTRACT: The purpose of this paper is to outline a method for evaluating the
low cycle fatigue resistance of a metal from the mechanics of materials viewpoint.
This includes a discussion of the fatigue properties and the effect of repeated plastic
straining on the mechanical properties of metals. The cyclic stress-strain curve is
defined as the locus of tips of several stable hysteresis loops obtained at different
cyclic strain ranges. An expression is presented for mathematically representing
the locus of their tips, and a number of experimental methods are discussed for
determining the stable cyclic stress-strain properties.

Experimental techniques for low cycle fatigue testing and methods of inter-
preting results are presented. The equations which relate the elastic and plastic
components of cyclic strain amplitude to fatigue life are developed. A means of
approximating the strain-life curve using these relations is presented.

KEY WORDS: tests, fatigue (materials), fatigue tests, stresses, strains, metals,
strain cycling, stress cycle, low cycle fatigue, fracture, plastic flow

Nomenclature

A Actual, instantaneous, area
A; Area at fracture

A, Original area

Fatigue strength exponent, slope of log a.-log 2N, plot

Fatigue ductility exponent, slope of log (Ae,/2)-log 2N, plot

Actual instantaneous diameter

Original diameter

Engineering strain, equal to S/E when the strain is elastic

Modulus of elasticity

Strength coefficient; true stress to cause a true plastic strain of unity in
the equation o = K ¢,"

pﬁmmpbnv

* Research assistant and professor, respectively, Department of Theoretical and
Applied Mechanics, University of Illinois, Urbana, Ill. 61801. Dr. Morrow is a
personal member ASTM.
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L Instantaneous gage length

L; Gage length at fracture

L, Original gage length

n  Monotonic strain hardening exponent

Cyclic strain hardening exponent

N; Fatigue life, number of cycles to failure

2N; Number of reversals to failure

P Axial load

P; Axial load at fracture

S Engineering stress, axial load divided by original area, P/A4,

S, Tensile yield point, usually taken as the lower yield point

S, Ultimate tensile strength

S,. Offset yield strength

S’,s Cyclic offset yield strength

¢  True strain, equal to ¢/E when the strain is elastic

¢  Elastic component of strain

¢;  True fracture ductility, true strain at fracture in monotonic tension

¢/ Fatigue ductility coefficient, intercept of log (Ae,/2)-log 2N plot

e,  True strain at necking in monotonic tension

¢,  Plastic component of strain

Ae Total strain range

Ae, Elastic strain range

Ae, Plastic strain range

v  Poisson’s ratio

¢  True stress, axial load divided by actual area, P/A4

0. Stress amplitude

o; True fracture strength, true stress at fracture in monotonic tension,
P;/ Ay, corrected for necking

o/ Fatigue strength coefficient, intercept of log ¢,-log 2N/ plot

oy, True tensile yield point

o4 True offset yield point

Each research group with experience in low cycle fatigue testing has
evolved methods and procedures which fit their particular needs and test-
ing capabilities. Thus, there is as yet no “standard” low cycle fatigue test.

The purpose of this paper is to outline a method for evaluating the low
cycle fatigue resistance of a metal from the mechanics of materials view-
point; that is, representative smooth samples of a particular metal are
subjected to known strains and their mechanical resistance is measured.
Axial straining is generally used so that the quantitative results can easily
be correlated with the monotonic tension properties of the metal.
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Influencing factors such as temperature changes, corrosive environ-
ments, material inhomogeneity, notches, and so on are avoided or held
constant. This is so that a quantitative description of the metal’s mechanical
resistance to repeated strain and stress can be obtained which is independent
of the shape or type of structural member and the service environment in
which the metal is to be used.

This approach admittedly ignores or circumvents many of the im-
portant features of fatigue behavior that should be of interest to practical
engineers; however, it is still believed to be a worthwhile and valid method
of characterizing the low cycle fatigue resistance of the metal itself.

In this sense our approach is like the usual tension tests that are con-
ducted in great numbers to obtain quantitative measures of the stiffness,
strength, and ductility of metals. Tension test results are demanded by
design engineers to guide their judgment of the potential resistance of a
structural member, even though the metal is seldom subjected to simple
tension and even though there are a host of influencing factors present in
service which are not assessed in the usual tension test.

Specimens

The overall size and type of specimen used for low cycle fatigue testing
is often dictated by the form of the available metal stock. Even when this
is not a consideration, there are other factors which may influence the
design. Obviously, the specimens must be “sized” to the load capacity of
the testing system employed. Also the enlarged threaded ends which are
generally used to fasten the specimen to the testing system must be de-
signed to insure failure in the reduced section. A ratio of between 4 to 6
for the areas of the threaded end and the reduced section is usually
satisfactory.

Several successful low cycle fatigue specimen configurations are given
in Fig. 1 along with comments on their limitations and applicability.

The correct or optimum choice of specimen size and shape also depends
upon the strength and ductility of the metal being investigated. Con-
sequently, one should plan to measure the tensile properties of the metal
before extensive fatigue testing is performed. If properly designed, the
fatigue specimens will also serve as monotonic tension test specimens.

While it is important to machine the samples carefully so they are
straight and axial, normally it is not necessary to be as careful about the
surface finish in the reduced section as it is for long-life fatigue specimens.
Since plastic strain is usually present in low cycle fatigue testing, the scatter
in results is usually not as great as in tests where longer lives result. This is
illustrated in Fig. 2 for an SAE 4340 steel. One reason is that the plastic
action “washes out” many of the scatter-producing factors. This is partic-
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1/2-20 NF thread

Longitudinal Specimen
1/2-1n gage length. Used for
stram amplitudes up to + 2.0%,
L/D = 2. Test section diameter
Y, uniform to + 0. 0005 in gage

section. Surface finish 16 rms max.

1/2-20 NF thread

Hourglass Specimen
Used for strain amplitudes
greater than 12. 0%. Requres
diametral strain measure ment.

Surface finish 16 rms max.

Special Longitudinal Specimens ( all dimensions same as above)}

2% Plate thickness
A must be > 1/4in

Longitudinal Specimen
Made From Tubing

Longitudinal Specimen
Made From Plate

FIG. 1—Specimen designs.

ularly true for reasonably ductile metals in the low cycle fatigue region
because the large amount of cyclic plastic strain imposed during the fatigue
test eliminates initial residual stresses and greatly reduces the influence of
small scratches and other stress raisers. Furthermore, at short lives where
the slope of the strain-life curve is large, scatter results in small variation
in life. When longer lives are expected and when metals have low
ductility, the same care should be taken to obtain a smooth surface which
is as free of residual stresses as is generally taken with long-life fatigue
samples.

After the machining has been completed, the diameter and hardness of
the specimens are measured. Normally the specimen diameter is measured
at three locations in the gage section. At each location, the diameter is
measured at least twice (90 deg apart) and the average of the two values
is used to compute the area. If these areas differ greatly, the specimen
should be rejected or used only for preliminary or exploratory tests.
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FIG. 2—Scatter in fatigue life for completely reversed strain cycling—SAE 4340
steel. See Ref. 11.

Hardness measurements should be made on each specimen to insure
uniformity. It is usually satisfactory to use the average of three hardness
values from each shoulder adjacent to the gage section. If possible, the
Vickers or Brinell hardness number should be employed since these cor-
relate better with the metal’s strength [7]2. However, if a large number of
specimens of different hardness are to be tested, the Rockwell hardness
test will suffice once each hardness group has been categorized.

Once these preliminary steps have been completed, it is desirable to
store the specimens in an evacuated bell jar or individually in test tubes
containing noncorrosive anhydrous salts.

Tension Testing

It will be seen later that results from the monotonic tension test can be
used as the half-cycle fatigue results. In addition to measuring the engineer-
ing stress-strain properties listed in Table 1, the true stress-strain properties
listed in Table 2 should also be determined. Since most engineers are not
accustomed to dealing with true stress and strain and with true stress-strain
properties, these are carefully defined in the Appendix. These are also
shown on the stress-strain curve in Fig. 3 as well as the usual engineering
stress-strain properties.

2 The italic numbers in brackets refer to the list of references at the end of this
paper.
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TABLE 1—Engineering stress-strain properties.*

Property Definition Remarks

E, modulus of elas-

ticity, psi............. Stress to cause an elastic strain of Taken as the slope of the
unity in Hooke’s Law, ¢ = E ¢ stress-strain curve at low
(60 = Ewhene = 1) stresses

S, tensile yield
point, psi.............Stress to cause sudden gross yielding: Usually taken as the lower
applies only if there is a “flat top” yield point
region of yielding
S,s, tensile yield
strength, psi.......... Stress to cause a specified amount of Determined by constructing
inelastic strain, usually 0.2% an offset line with a slope
of E (See Fig. 3)
S., ultimate tensile
strength, psi.......... Engineering stress at the maximum Generally governed by
load, Piax/ Ao necking (engineering
stress to cause necking)
%R A, percent reduc-

tion in area...........Percentage reduction in cross-sec- Ay measured at the mini-
tional area required to cause frac- mum section after frac-
ture: 100(A,-A;)/ A, ture

», Poisson’s ratio. . . . .. Ratio between diametrical strain and Taken as the ratio of the
longitudinal strain longitudinal strain to the

diametrical  strain  at
stresses below the yield
point

« The proportional limit, percent elongation, and engineering toughness have been pur-
posely omitted since their definitions are arbitrary and misleading and they are not directly
relevant to fatigue.

Methods of measuring true stress-strain behavior reduce to simultaneous
determinations of the load and area of the tensile specimen. In the crudest
type of test, a hand-held, ball-tipped micrometer may be used for this
purpose. The opening of the micrometer is preset, and load is read at the
instant the micrometer can be passed over the diameter of the specimen.
With more sophisticated instrumentation, a clip gage may be used to obtain
an electrical signal proportional to the diameter. Regardless of the method
used to determine true stress and strain during the test, the load and
specimen area at fracture must be carefully determined.

Once the monotonic stress-strain properties have been determined, it is
possible to estimate the cyclic stress-strain behavior of the metal under
investigation.
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TABLE 2—True stress-strain properties.

Property Definition Remarks

E,oyandoy,. ......... Same as E, S, and Sy, in Table 1 At small strains true and
engineering values are
nominally the same

gy, true fracture

strength, psi.......... True tensile stress to cause fracture, Should be corrected for

Py Ay influence  of  lateral
stresses due to necking®
¢s, true fracture duc-

tlity................. True plastic strain required to cause Related to % RA by,

fracture, In(4,/A4;) In(100/100- %5 RA)

n, strain hardening

exponent............. The power to which the plastic strain Taken as the slope of the

must be raised to be proportional log ¢, — log o plot?
to the stress

K, strength coeffi-

cient, psi............. True stress to cause a true plastic If o, is corrected as shown
strain of unity in the equation,® in Fig. 16,
c=Ke? K = os/e

2 The load at fracture divided by the area at fracture is higher (for example, about 20
percent when %3 RA = 709) than the corrected value, depending on the severity of the
neck (See p. 250 of Ref 1)

b Can also be shown to be equal to the true strain at which necking occurs (See Appendix).

cIf ¢, < 1 the flow curve is extrapoalted to a plastic strain of unity to obtain K.

For each metal there is a range of potential strength or hardness which
can be achieved by cold working, annealing, heat treating, etc. If a metal
is initially soft, it will cyclically harden; if it is initially hard, it will probably
soften [2]. Some intermediate state will be approached which represents
a stable condition for the particular metal under the imposed conditions.
The initial state is reflected by the monotonic strain hardening exponent, n.
For most metals subjected to cyclic loadings, the value of the cyclic strain
hardening exponent, n’, lies between 0.10 and 0.20. Consequently if n is
initially low (a “hard” metal), the expected cyclic behavior would be for n’
to increase. On the other hand, an initially high n (a “soft” metal) would
indicate that »* will decrease. This behavior is schematically illustrated in
Fig. 4. These cycle-dependent changes are also reflected by measurable
changes in a host of bulk material properties including indentation hardness
[3-5]. The effects of cycling on the properties determined from the mono-
tonic tension test are shown in Table 3.
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Note: See Tables |
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FIG. 3—Definition of stress-strain properties.
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Necking
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Cyclic

4—Comparison of monotonic and cyclic strain hardening exponents.
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TABLE 3—Cycle-dependent changes in the mechanical properties.

Mechanical Property Effect of Cycling
E, modulus of elasticity. ............. Negligible Effect
Hardness.......................... These are flow properties, since they are related to
Siy, tensile yield pointe the ease with which plastic deformation can
Sys, offset yield strength occur, and are all potentially changed by cycling.
Su, ultimate strength They will increase if the metal cyclically hardens,

decrease if it cyclically softens, or remain un-
changed if the metal is initially in a stable state.
The initial » and the ratio S./S,. can be used to
estimate whether a metal will cyclically soften

or harden.
o, true fracture strength ........... .. These properties may be classed as fracture proper-
¢, true fracture ductility ties, since they are measures of the fracture re-
% RA, percent reduction in area sistance, They may be changed somewhat by

cycling but not to the degree that the flow proper-
ties are changed.?

n, strain hardening exponent.......... This is also a flow property and can be greatly
changed by cycling. All metals seem to cyclically
adjust to a cyclic strain hardening exponent of
0.10 < »n' < 0.20. If # is initially low (a severely
hardened metal) n will increase, if # is high it will
decrease. Within the range 0.10 to 0.20, » will
change only slightly.

= The yield point phenomenon may be removed by cyclic stressing. After a number of
cycles below the yield point the hysteresis loop may open and the yield point disappear [4],
indicating a cyclic softening. At higher cyclic strains the same metal may harden.

® There have been a number of investigations of “‘exhaustion of ductility” and loss of
“residual strength” of fatigued specimens and components. It has been found that the
strength and ductility are not drastically reduced until the later stages of fatigue where large
cracks are present.

The preceding discussion indicates that the flow properties determined
from the monotonic tension test may not reflect the ability of a metal to
resist repeated straining. Consequently, these properties must be determined
after the cycle-dependent changes have been completed.

The Cyclic Stress-Strain Curve

The initial cyclic rate of change in properties is greatly influenced by the
cyclic strain range. However, the amount of change rapidly diminishes with
repeated cycling during the first few percent of the fatigue life. As long as
the control conditions are not altered, a metal will quickly adjust to a nearly
stable condition which is reflected by a constant terminal hardness and a
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TABLE 4—Fatigue properties® and their approximate relation to other materials properties.

Fatigue Property Definition

Remarks

¢’s, fatigue ductility
coefficient. ........... The true strain required to cause fail-
ure in one reversal. Taken as the
intercept of the
log (Aep/2) — log 2N; plot at 2N, =

¢, fatigue ductility
exponent ............ The power to which the life in re-
versals must be raised to be propor-
tional to the plastic strain ampli-
tude. Taken as the slope of the
log (Ae,/2) — log 2Ny plot

o'y, fatigue strength

coefficient, psi......... The true stress required to cause
fracture in one reversal. Taken as
the intercept of the log ¢, — log
2N; plot at 2N, = 1

b, fatigue strength

exponent (also Bas-

quin’s exponent [6]). . . The power to which the life in rever-
sals must be raised to be propor-
tional to the stress amplitude.
Taken as the slope of the log oy —
log 2N, 7 p]Ot.

b

Can be approximated by

0.002(c’,/S" )15 €y s
between ¢ and /2 in
magnitude and ranges
between nearly 0 and 1%
for steel.

Nearly a constant for metals

between about —0.50
and —0.70 with —0.60 as
a representative value;
value is reasonably in-
dependent of composition
hardness, test tempera-
ture, etc.

Proportional to the true

fracture strength; o’; =0y,
for practical purposes;
ranges between about 100
and 500 ksi for heat-
treated metals.

A maximum of about —0.12

for softened metals—
decreases to a minimum
value of about -—0.05
with increasing hardness
and may increase again
at high hardness in the
case of heat-treated
metals.

s Determined on smooth, carefully prepared, laboratory specimens under controlled,

completely reversed cycling.

nearly stable mechanical hysteresis loop. By connecting the tips of several
stable loops at different strain ranges, a smooth curve is formed which is
called the cyclic stress-strain curve. Morrow [6] has shown that this curve

can be mathematically expressed as

(A¢/2) = (Ae./2) + (Aep/2) = (0o /E) + €' daa/a’ )™ ... .. ¢))
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which is similar to Eq 20 in the Appendix for the monotonic stress-strain
curve. From Eq 1, o’ and €’; are defined as the fatigue strength coefficient
and fatigue ductility coefficient, respectively, and their relationship to
other material properties is described in Table 4.

For metals which cyclically harden, the cyclic stress-strain curve will be
above the monotonic stress-strain curve; for metals which soften, the
cyclic stress-strain curve will be below the monotonic curve. By cycling, it
is possible to increase the yield strength of a completely annealed pure
metal by a factor of 5, or more, and to reduce the yield strength of the
same metal by as much as a factor of 2 if it is initially highly cold worked.
Figure 5 illustrates this behavior for typical cyclically hardening and
cyclically softening metals.

Since most metals stabilize rather quickly after changes in the cyclic
strain amplitude, it is possible to determine the cyclic stress-strain curve
from one specimen. The following describes three techniques which have
been used at the University of Illinois [6, 7] to determine this curve.

Multiple Step Tests—Determining the cyclic stress-strain curve from
multiple step testing consists of cycling one specimen at several levels of
strain amplitude. The number of cycles at each level should be sufficient

o Companion Specimens

B | | — incremental Step
. Cyclic
Cyclic o Cyclic
Monotonic .
1 Monotonic ] r Monotonic
l?s? 2024 - T4 7075-T6 Man- Ten Steel
« 001,
in/in
Monotonic
Cyclic
L N = L o
Cyclic ~ Monotonic _ =~ Cyclic
”
o I
R R - 9P
d .
/ Monatanic
i SAE 4340 - Ti-8ll - Waspaloy A
{350 BHN)
— 1 1 1 1 1

FIG. 5—Monotonic and cyclic stress-strain curves for several materials. See Ref. 7.
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to achieve stability but small enough to avoid serious fatigue damage. With
the stable hysteresis loops superimposed, the cyclic stress-strain curve is
obtained by drawing a smooth curve through the tips of the loops. ‘

Incremental Step Tests—Another means of producing the cyclic stress-
strain curve consists of subjecting a specimen to blocks of gradually de-
creasing and then increasing strain amplitudes as shown in Fig. 6. A maxi-
mum strain amplitude of =1.5 to 2.0 percent is usually sufficient to
cyclically stabilize the metal quickly without the danger of causing the
specimen to neck, fail, or buckle before a stable state is achieved. The
cyclic stress-strain curve is then determined by the locus of superimposed
hysteresis loop tips.

One means of producing these curves is to use a Data-Trak (MTS
Systems Corp., Minneapolis, Minn.) function generator to control the
strain level of an MTS electrohydraulic closed-loop testing system similar
to that described by Feltner and Mitchell [8]. With this equipment, the
maximum strain amplitude is set on the testing system and the Data-Trak
is used to provide a uniformly decreasing then increasing envelope for
the strain amplitude. Figure 7 depicts a typical strip chart record obtained
by this technique. Usually the Data-Trak and testing system are coordinated
so that the zero strain amplitude is reached after 40 cycles and the maxi-
mum strain amplitudes after another 40 cycles. In this way a cyclic stress-
strain curve is generated after three or four blocks of decreasing and in-
creasing strain amplitude.

Monotonic Stress= Cyclic Stress*
Strain Curve Strain Curve

?
Decreasing Strain 100 Increasing Strain Decreasing Strain
ksi
| — 0.0l
in/in
FIG. 6—Sitress-strain record of incremental step test on quenched and tempered
SAE 4142, 380 BHN. See Ref. 7.
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FIG. 7—Strain-time, stress-time record of incremental step test on quenched and
tempered SAE 1045 steel, 450 BHN. See Ref. 7.

Monotonic Tension After Spectrum Straining—A third means of
obtaining a cyclic stress-strain curve is to pull the specimen to fracture
after a series of decreasing and increasing strain blocks similar to those
described above. The tension test is conducted after a block of decreasing
strain amplitude, once cyclic stability has been observed. Test results [7]
indicate that this curve will fit reasonably well with the curves determined
by the two methods previously discussed. However, since this technique
requires separate specimens for the tension and compression curves, the
incremental step test is recommended.

Strain-Controlled Low Cycle Fatigue Testing

Testing Sequence—Usually from seven to ten specimens are required
to determine the low cycle fatigue resistance of a metal. For most metals
this can be adequately described by testing at strain amplitudes between
+2.0 and +0.2 percent. The result is a strain-life curve similar to that
shown in Fig. 8.

The testing should be conducted so that the data points will be uniformly
distributed along the log-life axis. To accomplish this, the strain-life curve
is approximated so that fatigue lives can be predicted. The initial approxi-
mation is made from the results of the tension test, the cyclic stress-strain
curve, and one strain-controlled fatigue test. The strain amplitude for this
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FIG. 8—Life as a function of elastic, plastic, and total strain—SAE 4340 steel.
See Ref. 11.
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fatigue test must be selected so that plastic strains larger than 10 and
failures at about 10? reversals® result. It has been empirically found that a
strain amplitude of =1 percent fulfills these requirements for all steels
regardless of strength and for most ductile metals. Thus, testing is usually
begun at this strain amplitude. Figure 9 shows typical hysteresis loops and
strain-life curves for metals of different strength and ductility at this strain
amplitude.

Before proceeding with this approximation, it is necessary to develop
the equations which relate strain to fatigue life. As shown in Fig. 8, the
total strain amplitude can be separated into its elastic and plastic com-
ponents. In low cycle fatigue testing, the plastic component of the strain
amplitude is characterized by the fatigue ductility properties and the elastic
component by the fatigue strength properties of the metal.

3 The convention adopted at the University of Illinois is to present fatigue results
in terms of reversals to failure, 2Ny, instead of cycles to failure, Nk.
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FIG. 9—Schematic representation of the manner in which ductile and strong metals
respond to cyclic strains of =1 percent.

Fatigue Ductility Properties—For a series of completely reversed tests
at different strain ranges, a log-log plot of the fatigue life versus the stable
plastic strain amplitude* usually gives a straight line. As illustrated in Fig.
10, the plastic strain intercept at one reversal is defined as the fatigue
ductility coefficient and can be approximated by

¢; = 0.002 (o/;/S ) Q)

where o'; = o and §',, is the cyclic 0.2-percent offset yield strength [9].
The slope of the curve in Fig. 10 is also considered a fatigue ductility
property. This is defined by the fatigue ductility exponent, c. Thus the

4 Since the plastic strain usually changes in the course of the test, half-life values
are used. .
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FIG. 10-—Schematic plastic strain-life curves showing the influence of strength and
ductility.

plastic strain amplitude can be written as

(Aep/2) = €4ONDC. o 3)

Figure 10 also illustrates the overall level of fatigue ductility for strong and
ductile metals. As indicated, the slope of the curve may be slightly different
and the curve will be displaced in the upward direction for more ductile
metals, and downward for less ductile metals.

Fatigue Strength Properties—In 1910 Basquin [/0] proposed a linear
relationship between the logarithm of the stress amplitude and the logarithm
of fatigue life as illustrated in Fig. 11. The intercept at one reversal is
defined as the fatigue strength coefficient. The fatigue strength exponent,
b, is defined as the slope of the curve. Hence a relationship similar to Eq
3 can be written for the stress amplitude,

0a = J NP )
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FIG. 11—Schematic stress-life curves showing the influence of strength and
ductility.

where o, is taken as the half-life value of the stress amplitude. Equation 4
can also be derived by combining Eqs 1 and 3 to eliminate Ae¢, and letting
n'c =b.

(Aey/2) = €100/’ DI = & ONDE. . oo 5)

Since the elastic strain amplitude is given by o-,/E, the relationship between
elastic strain and life is derived as

(Ae/2) = (0a/E) = ('s/EYNDY. ... oo 0)

Figure 11 shows that the fatigue strength of a ductile metal is usually less
than that for a strong metal. The slope, however, is usually steeper for a
ductile metal. The relationship between these properties and other material
properties is also described in Table 4.

The strain-life curve can now be approximated as follows: The first
reversal intercepts are determined by the fatigue ductility coefficient com-
puted from Eq 2 and the fatigue strength cofficient approximated by the
true fracture strength. The half-life plastic strain amplitude from the
*1-percent test is determined from the hysteresis loops recorded during
the test. This results in a datum point on the strain-life curve. A straight line
drawn through this point and the fatigue ductility coefficient results in the
plastic strain-life curve. Similarly the elastic strain-life curve is the line
drawn through the half-life elastic strain amplitude and the fatigue-strength
coefficient. These curves, represented by Eqs 3 and 6, are then summed to
give the total strain-life curve as shown in Fig. 12. The equation of this
curve is written as

(Ae/2) = (Aee/2) + (Aep/2). oot @)
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FIG. 12—Life as a function of elastic, plastic, and total strain amplitude.

With Eqs 3 and 6 this becomes

(8¢/2) = [(@'s/EYCNDE + €, 2NDe. i ®)

The results of subsequent tests can then be used to improve the approxi-
mation of the strain-life curve. An accurate strain-life curve is especially
important at long lives where a small change in the strain amplitude can
change the life of the specimen by several orders of magnitude. Therefore
it is best to test at the larger strain amplitudes first. Also, since the scatter
is usually less at higher strain amplitudes [11], the fatigue lives of sub-
sequent tests can be predicted with more confidence. An exception to this
testing sequence would occur if more than one condition of the metal were
to be tested. When more than one metal is tested it is usual to complete the
testing at each strain amplitude using specimens from each condition. This
testing sequence is more expedient because recalibration is usually unneces-
sary between tests.

Tests at strain amplitudes in excess of *=1.5 percent are usually begun
in compression. The reason for this is twofold: First, since many of the



RASKE AND MORROW ON MECHANICS OF MATERIALS 19

metals of interest cyclically soften, it is advantageous to utilize this behavior
to eliminate the possibility of developing a locally necked region in the
specimen during the first tensile loading. Starting the test in compression
usually allows the metal to soften sufficiently to avoid this difficulty.
Secondly, starting a test in this manner provides the initial portion of the
monotonic compression curve for the material.

A summary of the testing sequence previously discussed is presented in
Table 5. Also included is a brief description of each test and the application
of the resulting data.

Testing Procedures

Most of the low cycle fatigue testing at the University of Illinois is
conducted with 20-kip MTS closed-loop, servo-controlled hydraulic test
systems similar to those described by Feltner and Mitchell [8]. Liquid metal
grips as shown in Fig. 13 are used to insure proper axial alignment of the
specimens. A detailed, pictorial description of one of these test systems is
given in Ref 12.

The first concern, once the testing equipment has been balanced and
calibrated, is to select the testing frequency. For cyclic frequencies of 0.1

/ Specimen

Hardened Nut

Plug Wood's Metal

/

g N

. Steam, Cold
Water (nlet

Qutiet <+

L

Hydraulic Ram

FIG,. 13—Self-aligning grip for low cycle fatigue testing.
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TABLE 5—Summary of testing sequence and applications.

Activity Experimental Results Application
Tension test........... E, modulus of elasticity, psi General; also used to check
proper extensometer
mounting
Sy, tensile yield strength, psi Compare with cyclic yield

Cyclic  strain-strain

+19 strain-con-
trolled fatigue tests. .

Strain-controlled low
cycle fatigue tests. ...

strength to determine de-
gree of hardening or
softening

S., ultimate tensile strength, psi Determines strain at which
necking occurs, e,; also
used to estimate fatigue
strength at 10° reversals

%RA, reduction in area Used to compute true
fracture ductility, e

Stress-strain curve Used to compute strain
hardening exponent, #,

S'ys, cyclic yield strength, psi Compare with monotonic
yield strength to deter-
mine degree of harden-
ing or softening

Cyclic stress-strain curve Used to compute cyclic
strain hardening expo-
nent, n’, and fatigue duc-
tility coefficient; also used
to predict cyclic plastic
strain

Aep/2, half-life plastic strain amplitude Used to estimate fatigue
ductility exponent, ¢, and
to estimate the plastic
strain versus life curve

Ae./2, half-life elastic strain ampli- Used to estimate fatigue
tude strength exponent, 4, and
to estimate the elastic

strain versus life curve

Strain versus life curve Used to evaluate metals
subject to low cycle
fatigue; also design data
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to about 10 Hz and isothermal conditions, we have found no significant
differences in the life of metals of engineering interest at room temperature.
If isothermal conditions are not maintained, the heating due to plastic
action may induce changes in the metallurgical properties of the metal.
But since this is rarely encountered in room-temperature low cycle fatigue
testing, the testing frequency is more dependent on system capabilities.

Although the basic MTS electrohydraulic closed-loop testing system is
capable of frequencies of about 100 Hz, the recording equipment and the
dynamic characteristics of the extensometer usually limit the actual test
frequencies which can be employed. Typically, our controlled-strain tests
are conducted at a cyclic frequency of from 0.1 to 0.5 Hz when failure is
expected in less than 103 cycles, and from 1 to 2 Hz for lives greater than
this value. Since poor hysteresis records result when the X-Y recorder is
driven faster than 0.1 Hz, loops are recorded at fixed intervals at this lower
frequency. A typical test record is shown in Fig. 14 for an 18 percent nickel
maraging steel [13]. Note that this particular metal exhibited considerable
softening and that the presence of a large fatigue crack is indicated by the
shape of the hysteresis loop taken at 1050 cycles. Strip chart records of the
entire test are used to provide a measure of the relative changes in stress
when the strain is controlled.

At strain amplitudes where the life is expected to exceed 10° cycles, the
stress rather than strain is usually controlled allowing a higher cyclic fre-
quency. Moreover, if the cyclic stress-strain curve indicates that the
material will remain elastic throughout the test, the clip gage extensometer
may be omitted allowing even higher frequencies. Since the response of
strip chart recorders decreases at high frequencies (the critical frequency
may be between 20 to 40 Hz depending on the unit) they are also omitted
from the system.

¥
50 ksi

Looosw

5 6 20 50 100 200 50

Cycle
1,2

FIG. t4—Stress-strain hysteresis loops during strain. Cyclic for 18 percent nickel
maraging steel, Ae/2 = 0.010. See Ref. 13.

Indicates the
Presence of o Crock

0 1050 Nf= 1100
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During these high frequency tests (20 to 100 Hz), the output signal
from the load cell is compared with a known voltage, corresponding to the
desired load, on an oscilloscope. In this way any frequency-dependent
changes in the system can be detected. Also, to discourage the heating
effects discussed previously, cold water can be periodically flushed through
the grip. As shown in Fig. 13, the proximity of the specimen to the cold
grip maintains it essentially at room temperature.

One of the most critical aspects of fatigue testing, particularly at long
lives, is the alignment of the specimen. Although the liquid metal grip
allows the specimen to align itself, the location of the fatigue crack in the
specimen with respect to a fixed direction should be monitored. Then if a
majority of specimens exhibit cracks in the same relative location, mis-
alignment is indicated.

Another problem associated with strain-controlled low cycle fatigue
testing is slipping of the clip gage on the specimen. A small piece of
cellophane tape between the specimen and clip gage reduces this problem.
However, the knife edges of the gage, either through wear ot because of
the weight of the gage, may tend to slide downward on the specimen.
Clip gage slipping will show up on the strip chart record as a steady in-
crease in tensile stress and an accompanying decrease in compressive stress.
Carefully remounting the clip gage usually eliminates this problem although
a similar change in stress can be due to material behavior.

The liquid metal grip can also be a source of testing difficulties. If the
Wood’s metal has not wet the plug (Fig. 13), it is probable that it will be-
come loose in the course of a test. This may be detected by an audible
“click” on each cycle. To avoid a loose grip, every effort must be made to
insure the cleanliness of the plug and the Wood’s metal itself. If these pre-
cautions prove fruitless and the plug is still not wetting, we have found that
spraying the plug with a high temperature automotive engine enamel will
eliminate the problem.

Data Interpretation and Presentation

The basic purpose of low cycle fatigue testing is to determine the resist-
ance of a metal to repeated straining. Results of these tests are presented
as a plot of the total strain amplitude versus life in reversals as shown in
Fig. 8. In addition to the total strain amplitude, the half-life values of elastic
and plastic strain amplitudes are also recorded. These components of the
strain amplitude are used to determine the transition fatigue life.

The transition fatigue life is defined as the life where the total strain
amplitude consists of equal elastic and plastic components, that is, the life
at which the elastic and plastic strain curves intersect. As can be seen in
Fig. 8, the elastic strain is predominant for lives greater than the transition
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life. Thus at long lives the fatigue resistance of a metal is determined by
its strength. For lives less than the transition life, the plastic strain is pre-
dominant indicating that the ductility of the metal will determine its fatigue
resistance., This is also apparent from the strain-life curves shown in
Fig. 9. Notice that a strong metal generally exhibits superior fatigue re-
sistance in terms of strain at long lives while a ductile metal is usually su-
perior at short lives.

In addition to the strain-ife curve, plots of other data are useful in in-
terpreting the response of a metal to repeated straining. For example, a
logarithmic plot of the plastic strain amplitude versus reversals to failure
provides an indication of a metal’s response to different amplitudes of
total strain. An alternative would be to plot the stress amplitude versus the
logarithm of reversals to failure. As shown in Fig. 4, the logarithmic plot
of the cyclic stress amplitude versus the plastic strain amplitude is used to
determine the cyclic strain hardening exponent. Values for stress and
plastic strain are taken from the cyclic stress-strain curve.

Other data plots are useful if the purpose of testing is to optimize the
processes which affect the fatigue resistance of a metal. For example, a
plot of hardness versus life can be used to optimize the heat treatment of
a metal.
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APPENDIX

Engineering and True Stress-Strain Definitions

From Fig. 15, the engineering and true stress-strain values are defined as follows:

Engineering Stress-Strain Values

The engineering stress is defined as

S =WP/A). .o ®
and the engineering strain,
e=(L —L,/L))y=(AL/L)..................... (10)
True Stress-Strain Values
True stress is defined as
o= (PJA). ... an
and the true tensile stress to cause fracture as
o =(Pr/AD ..o (12)

Note that ¢, should be corrected for the influence of lateral stresses due to necking
(see p. 250 of Ref I). True strain is defined as

e=In(L/L)............................(13)

P P

(a) Original Gage Section (b) Gage Section after
Fracture
FIG. 15—Gage section from a longitudinal tensile specimen.
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If constancy of volume is assumed, then 4,L, = AL and Eq 13 may be rewritten as

e =1n(4,/4) = 2In(Dy/D)..................... 14
The true fracture ductility is defined as
e = In(4,/4;) = In(100/100 — FRA)................ 15)
where R4 is the reduction in area of the specimen. Also since ¢ = (L/L,) — 1 then
e=In(l4+e)........................... 16
up to necking. Similarily,
c=8S0+e........ ... a7n

up to necking.
The strain can also be written in terms of the elastic and plastic components

Now ¢, = ¢/E and from Table 2, ¢, = (¢/K)'» therefore the strain may be rewritten
as

e=(/E)+ (e/K)Vn ... ... ... ... .. ... (19)
Also oy = ¢~K, therefore eliminating K from Eq 19 results in
e =(¢/E) + efa/op)im ... (20)

Monotonic Strain Hardening Exponent

The monotonic strain hardening exponent, #n, is defined as the slope of the log
o — log ¢, curve as shown in Fig. 16. Thus,

n = [(log ¢y — log ¢)/(log ¢ — log )] = [(loge;/a)/(loges/e)]. . . . .. (21)

Fracfure\ <"/(K, 1.0)

I (O'f, Gf)
Log o : |
Correction ) |
for Necking : |
|
! |
! |
! |
! |
] i
1 -1
Log €, €=10

FIG. 16—Schematic illustration of the relationship between stress, plastic strain,
and the monotonic strain hardening exponent.
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Or, using K,
n= —(og(K/o)/loge)........... ............ 22)

Also since dP = 0 at the maximum load and P = ¢4, then dP = ¢dA + Ads = 0.
With constancy of volume this becomes

—(dA/A) = (dL/L) = (dofo).................... (23)
and by definition de = dL/L, therefore
(do/de) = oo\ (24)
But ¢ = K ¢, which gives
(do/de) = nKer™t. ... o 25)

Comparison with Eq 24 indicates that the strain hardening exponent is equal to
the true strain at necking (point of maximum load).

= €nee o e (26)
References

{11 Dieter, G. E. Mechanical Metallurgy, McGraw-Hill, New York, 1961, p. 287.

[2] Polakowski, N. H. and Palchoudhuri, A., “Softening of Certain Cold-Worked
Metals Under the Action of Fatigue Loads,” Proceedings, American Society for
Testing and Materials, ASTEA, Vol. 54, 1954, pp. 701-716.

{31 Benham, P. P., “Fatigue of Metals Caused by a Relatively Few Cycles of High
Load or Strain Amplitude,” Metallurgical Review, Vol. 3, No. 11, 1958, pp.
203-234,

[4] Lazan, B. J. and Wu, T., “Damping, Fatigue, and Dynamic Stress-Strain Prop-
erties of Mild Steel,” Proceedings, American Society for Testing and Materials,
ASTEA, Vol. 51, 1951, p. 649.

[5] Coffin, L. F.,, Jr., “A Study of the Effects of Cyclic Thermal Stresses on a
Ductile Metal,” Transactions of the American Society of Mechanical Engineers,
Vol. 76, Aug. 1954, pp. 931-950.

[6] Morrow, JoDean, “Cyclic Plastic Strain Energy and Fatigue of Metals,” In-
ternal Friction, Damping, and Cyclic Plasticity, ASTM STP 378, American
Society for Testing and Materials, 1965, pp. 4-83.

{71 Landgraf, R. W., Morrow, JoDean and Endo, T., “Determination of the Cylic
Stress-Strain Curve,” Journal of Materials, JMLSA, Vol. 4, No. 1, March 1969,
pp. 176-188.

{81 Feltner, C. E. and Mitchell, M. R., “Basic Research on the Cyclic Deformation
and Fracture Behavior of Materials,” Manual on Low Cycle Fatigue Testing,
ASTM STP 465, American Society for Testing and Materials, 1969, pp. 27-66.

{91 Feltner, C. E. and Landgraf, R. W., “Selecting Materials to Resist Low Cycle
Fatigue,” ASME Publication No. 69-DE-59, American Society of Mechanical
Engineers, 1969.

{101 Basquin, O. H., “The Exponential Law of Endurance Tests,” Proceedings,
American Society for Testing and Materials, ASTEA, Vol. 10, 1910, pp. 625-
630.

{711 Endo, T. and Morrow, JoDean, “Cyclic Stress-Strain and Fatigue Behavior of
Representative Aircraft Metals,” Journal of Materials, JMLSA, Vol. 4, No. 1,
March 1969, pp. 159-175.

[72] “Building a System for Testing Small Metal Specimens,” Closed Loop, MTS
System Corp., Minneapolis, Minn., Vol. 1, No. 8, 1968, pp. 3-6.

[731 R. W. Landgraf, “Cyclic Deformation and Fatigue Behavior of Hardened
Steels,” TAM Report No. 320, Department of Theoretical and Applied Me-
chanics, University of Illinois, Urbana, Ill., November, 1968.



. 18

ERRATA

STP 465 Manual on Low Cycle Fatigue Testing

Eq. 8

(Ae/2) = (a}/E) (:sz)b + ep (2NY°



C. E. Feltner! and M. R. Mitchell

Basic Research on the Cyclic Deformation
and Fracture Behavior of Materials

REFERENCE: Feltner, C. E. and Mitchell, M. R. ““Basic Research on the Cyclic
Deformation and Fracture Behavior of Materials,”” Manual on Low Cycle Fatigue
Testing, ASTM STP 465, American Society for Testing and Materials, 1969,
pp. 27-66.

ABSTRACT: This paper describes the experimental methods that we employ for
low cycle fatigue studies. Techniques associated with two test systems, an MTS3
system and an Instron® machine, are described. In particular, the following sub-
jects are treated: principles underlying low cycle fatigue testing; load frames, load
cells, and load applying devices; design of specimens; specimen gripping methods;
measurement of strain; selection of test program; strain control during a test;
recording of data; determination of failure; analysis, reduction, and presentation
of test results; and metallographic techniques associated with low cycle fatigue
testing.

KEY WORDS: mechanical properties, low cycle fatigue, extensometry, strain
measurement, fatigue (material), specimen gripping, specimen design, tests

Low cycle fatigue is generally considered to be the failure of materials
under cyclic strains in less than about 105 cycles. The purpose of this paper
is to describe the methods that we employ for low cycle fatigue studies in
the Metallurgy Department of the Scientific Research Staff, Ford Motor
Co. The paper is divided into two parts: The first part is a discussion of
our philosophy of low cycle fatigue testing, and the second part describes
in detail the operational methods and devices we use in carrying out low
cycle fatigue tests. These procedures are constantly changing and have
evolved to the present status over a period of the past five years at the
Ford Scientific Laboratory.

1 Metallurgy Department, Scientific Research Staff, Ford Motor Co., Dearborn,
Mich. 48121.

? Advanced Experimental Technology Dept., Engineering Technology Office, Engi-
neering Staff, Ford Motor Co., Dearborn, Mich. 48121,

3 MST Systems Corp., Minneapolis, Minn,

4 Instron Corp., Canton, Mass.
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Research Philosophy

The other papers in this book deal mainly with the phenomenological
behavior of materials during low cycle fatigue and are concerned primarily
with the development of methods to evaluate the properties of existing
materials and the provision of design information. By contrast, our first
goal is to understand the mechanistic behavior of materials during low
cycle fatigue and to study the response of different metallurgical structures
to large strain amplitudes. Studies of this type are carried out in our labo-
ratory to determine which microstructural factors affect the low cycle
fatigue behavior of materials, with the eventual aim of using this infor-
mation to develop new materials which are better able to resist low cycle
fatigue. The experimental requirements imposed by our need to obtain
fundamental information are often reflected in certain procedures and
equipment employed in our low cycle fatigue tests.

It has become clear that plastic strain is the controlling parameter in
the alteration of the microstructure of metals during fatigue, therefore, it
is important to control the strain limits rather than the load limits. In ad-
dition, we prefer to do all of our tests in axial loading since the metallurgy
of low cycle fatigue is sufficiently complex without adding further compli-
cation by the use of a nonuniform stress distribution (which would be in-
herent in bending or torsion tests). Having decided for what purpose one
desires information, let us now consider which properties one needs to de-
termine to fulfill the stated purpose.

We would normally determine those low cycle fatigue properties which
are defined in the paper by Raske and Morrow [],° such as the fatigue
ductility coefficient, the fatigue ductility exponent, etc. Refer to Ref 1
for a complete discussion of these properties. The data that we collect to
obtain values for these desired properties are: (1) monotonic properties,
(2) hysteresis loops, (3) cyclic strain hardening and softening curves
(which are plots of the peak flow stress versus cycles or cumulative plastic
strain in an experiment in which the strain amplitude is controlled), (4)
the cyclic stress-strain curve, and (5) the strain amplitude versus life
curves. In addition to these data, we often obtain information associated
with microstructural behavior such as: (1) slip band topography and sur-
face damage where one examines the surface of the deformed (or cracked)
material both in incidence and in section; (2) fracture surfaces where one
again can look at the fracture surface either in incidence or in section; and
(3) the dislocation structures developed in the material (determined by
transmission electron microscopy). Metallurgical studies of this type often

5 The italic numbers in brackets refer to the list of references at the end of this
paper.
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impose a number of restrictions on both the method of testing and the type
of specimen employed. These restrictions will become apparent in the dis-
cussion of actual test procedures.

In obtaining the above data, the variables that we deal with include
stress, strain, strain rate, temperature, and other environmental factors. In
our tests, we usually control the strain range and measure the stress re-
sponse while holding all other variables fixed. Often, as a means of study-
ing certain physical processes in the material, it is useful to control the
temperature, and an appreciable portion of our work has been done at tem-
peratures below room temperature. In addition to mechanical variables
there are several structural variables which we often study. They include:
slip character of the material; cold work introduced into the material; vari-
ations in grain size; the size, number, and distribution of precipitates in the
material; and different combinations of these structural parameters. Again,
these structural variables may also impose certain limitations on the ex-
perimental methods employed.

Our procedures for low cycle fatigue testing are built around two dif-
ferent systems, which include an MTS electrohydraulic closed-loop system
and a screw-driven Instron machine. The problems associated with test-
ing in these two systems are different and therefore we have divided the
following description into two parts, the first part dealing with room tem-
perature tests in the MTS and the second part treating low temperature
tests in the Instron.

Performing a Low Cycle Fatigue Test in the MTS Test System

Description of Test System

The MTS test system® which we have operated for approximately two
years (System No. 902.64) consists of a three-bay control console and two
hydraulic rams and load frames. The capacities of the two rams are 20
kips (89 kN) and 2.5 kips (11.1 kN) and these rams, mounted in load
frames, are shown in Figs. 1 and 2 respectively. An overall view of the
control console is shown in Fig. 3. In addition to this two-station test system
we also have a third station which is a 10-kip (44.5-kN) ram on a stand-
ard MTS frame and a two-bay control console. This third system is used
for normal tension testing and as a backup fatigue test system.

The loading frames shown in Figs. 1 and 2 are home built and are pat-
terned after a design by R. M. Wetzel, J. Morrow, and their associates of
the University of Illinois Department of Theoretical and Applied Mechan-
ics. The frame, Fig. 1, consists of two 3-in, (76-mm)-thick platens A,

% The details concerning the size and specification of the components that are sup-
plied by MTS Systems Corp. are available in their technical bulletins.
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FIG. 1—Overall view of 20-kip (89-kN) load frame.

which are separated by three adjustable-height posts B. The load cell C is
mounted to the upper platen and the hydraulic ram D is mounted to the
lower platen. Specimen E and grip F are in the loading column between
ram head G and the load cell. The load frame with attached ram is sup-
ported on an angle-iron base frame which positions the loading frame at
a working height convenient for the operator (that is, the- specimen is
located at approximately chest level). The distance between the platens
may be adjusted by removing or inserting different lengths of the hollow
posts through which threaded rods run. The assembly is held together by
tension nuts located at the top of each post. This frame is simple in con-
struction, relatively inexpensive, and is designed for minimum deflection.
The deflection characteristics of the frame, grip, and load cell in Fig. 1
have been determined by letting the ram contact the grip and applying in-
cremental loads up to 20 kips (89 kN) while simultaneously measuring
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the associated deflection between the head of the ram and the lower platen.
A plot of applied load versus measured deflection is shown in Fig. 4, from
which a deflection rate of 0.5 uin./Ib (5.76 X 10—% mm/kg) is obtained.

Hydraulic pressure is supplied to the ram by a 20-gal/min (1.26-liters/s)
pump which is remotely located in order to reduce the noise and vibration
in the vicinity of operation. The hydraulic ram used to apply the load is
MTS Model No. 204.24 and is equipped with a S-gal/min (0.32-liters/s)
Moog (Moog, Inc., East Aurora, N. Y.) servovalve No. 73-102. The
20-kip (89-kN) system utilizes a Lebow (Lebow Associates, Inc., Oak
Park, Mich.) load cell No. 3116-103 which has a dynamic rating of

L)

FIG. 2—Overall view of 2.5-kip (11.1-kN) load frame.
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FI1G. 3—Control console for two-channel MTS test system.

20 kips (89 kN).” This capacity is usually adequate for monotonic and
cyclic testing of a variety of commercial metals using normal size labora-
tory specimens.

The load frame shown in Fig. 2 is identical in design to that in Fig. 1
but is of lower capacity, that is, 2.5 kips (11.1 kN). This system utilizes
a 2.5-kip (11.1-kN), dynamically rated Strainsert (Strainsert, Inc., Bryn
Mawr, Pa.) load cell No. FLU-2.58G2-0222 and a 1-gal/min (0.06-liter/s)
Moog servovalve No. 73-100 on the hydraulic ram Model No. 204.11. The
reason for having this low capacity ram is that an appreciable portion of
our work entails the testing of single crystals and many polycrystalline
pure metals of low yield strengths. It is preferable for materials of this
type to use a more sensitive loading system.

In much of our work we study surface slip bands developed during fa-
tigue and the processes of crack initiation and propagation. Figure 5 shows
a special loading frame that we have designed to make in situ observations
of surface damage and crack initiation and growth while a test is in prog-
ress. It consists of a two-post load frame that pivots and can be operated
in either the vertical or horizontal position. The frame and a Leitz Metallux
ND microscope are mounted on a work table. With the frame in the ver-
tical position the specimen is mounted and then the frame is rotated into
the horizontal position for easy viewing of the specimen during operation.

" The load cells are calibrated quarterly to National Bureau of Standards specifica-
tions.
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This special microscope test frame is used in conjunction with the 2.5-kip
(11.1-kN) hydraulic ram. To avoid having an extensometer in the field of
view of the microscope, we are using an Optron (Optron, Inc., New Haven,
Conn.) optical extensometer for remote strain measurement and control.
This instrument is discussed in a subsequent section.

The three-bay console in Fig. 3 comprises the necessary modules and
components to operate the two rams independently. Each basic control
system has an on-off control panel, command center, Servac (MTS sys-
tems), cycle counter, function generator, feedback selector unit and ap-
propriate transducer conditioner modules for load and strain. There are
a number of additional components which are shared between each test-
ing station. These include a Data-Trak (Research, Inc., Minneapolis,
Minn. ), which is an arbitrary function generator, the facilities for recording
data, a stroke module, an Optron conditioner module, and a digital volt-
meter. Since the running of any one test does not usually require continual
usage of these components, we feel it is unnecessary to duplicate them.
With this overall picture of our MTS system in mind, we will now proceed
with a detailed description of the performance of a low cycle fatigue test
with this equipment.

Specimens

Before a test program can be initiated one must have a specimen de-
sign which is adequate to provide the desired data. Several factors must
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FIG. 4—Stiffness characteristics of 20-kip (89-kN) load frame.
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FIG. 5—Special loading frame for making in situ surface studies of fatigue speci-
mens.

be considered when designing a specimen. These include:

1. Avadilability of Material—This factor often limits the size and shape
of a specimen Obvious examples are, (a) studies on expensive metals
such as gold or platinum, (b) studies on single crystals which are both
limited in size and are more expensive as their size is increased, (c) new
or exotic materials which are available in limited quantities and, (d) speci-
mens cut from production parts which may be small to start with and odd
shaped, as well as an expensive source of raw material.

2. Gage Section Shape—Here consideration must be given to how one
prefers to measure strain as well as to the actual type of extensometer
used. We prefer to measure longitudinal strain as opposed to diametral
strain, and therefore must employ straight gage sections. The types of
extensometers we use (see section on Extensometry) demand a minimum
straight section of about ¥4 in. (6.35 mm) with the maximum being de-
termined by a combination of buckling and machine capacity considera-
tions (see Item 4 below).

3. Buckling—To minimize buckling, we would normally use speci-
mens having a length-to-diameter ratio (L/D) ranging from about 1.5 to
2.5. Depending on the modulus, we have been able to reach strains in ex-
cess of = 5 percent with L/D = 1.5 without buckling.
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4. Machine Capacity—If an L/D of 2 is chosen, then the maximum
D is determined by the machine capacity and material strength, which in
turn sets the value of L. However, consideration of materal availability
and type of extensometer may often force compromises to be made.

5. Avoidance of Threaded End Failures—In the extreme case materials
of low ductility and a high notch sensitivity may require a ratio of grip
end area to gage section area of 10 to 15 when threaded end specimens
using a lock nut are employed. In more normal circumstances a ratio
of 3 to 5 is adequate. If threaded end failures are encountered after a large
number of specimens have already been machined, shot peening of the
threads may often alleviate the problem.

We have employed a variety of specimens, each being designed for a
different purpose. Several of these are shown in Fig. 6. Specimen B in this
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A Normal type specimen for controlled strain tests on lower
strength materials.

B Normal type specimen for controlled strain tests on higher
strength materials.

C Flat-sided specimen for surface topography studies.

D Used for high amplitude tests with low L/D to minimize buckling.

E Low temperature test specimen.

F, G Special specimens the sizes of which are limited by casting

limitations and material availability.

H Plain-notched type specimen.

FIG. 6—Various types of specimens employed in our fatigue testing.
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figure is a typical specimen which we use for strain control tests. It is ap-
proximately 3 in. (76 mm) long and is usually electropolished to provide
a good surface for slip line observations. It has a straight gage section of
0.3 in. (7.6 mm) and is 0.150 in. (3.810 mm) in diameter (L/D = 2).
The straight section is blended into the threaded ends with a generous
radius. The ends of Specimen B have a %4-13 UNC thread for gripping.
A specimen such as this can usually be cycled at plastic strain ranges up
to about 5 percent without appreciable buckling.

A specimen with a straight gage section is essential in our work for
two reasons: (1) for longitudinal or taper sections for surface topography
studies, and (2) to provide ample amount of equally strained, bulk ma-
teral which can be used for transmission electron microscopy studies of
dislocation structures associated with low cycle fatigue. Some of the vari-
ations of Specimen B and the reasons for these variations are given in
Fig. 6.

All of our specimens have at least 10-rms finish after machining. No
attempt is made to align machining marks parallel to the straight section.
If surface observations are not to be made, the specimens are tested in the

s
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FIG. 7—Electropolishing apparatus.
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FIG. 8—dAs-machined and electropolished test specimens.

as-machined condition. When surface observations are to be made, the
specimen is electropolished using an apparatus such as that shown in
Fig. 7. The usual metallographic laboratory practices are employed in
electropolishing [2,3] to obtain an adequate surface finish for slip line ob-
servations. The appearance of as-machined and electropolished copper
specimens are compared in Fig. 8. The diameter of as-machined specimens
is usually measured with a micrometer while that of specimens with an
electropolished surface is determined by optical methods. The resolution
of the devices employed to measure specimen diameters is 0.0001 in.
(0.0025 mm).

Mounting a Specimen

Now that we have an appropriate test specimen, the next step is to mount
the specimen in the loading frame. To appreciate fully the mounting pro-
cedure it is necessary to have an understanding of how the upper grip F in
Fig. 1 is constructed.

A picture of the disassembled upper grip is shown in Fig. 9. It consists
of the hollow inner chamber B which is attached to the load cell via stud
D, and an outer pot A which fits over the inner chamber and accepts the
specimen F at point C. These two pieces are held together by a Wood’s
metal joint. The mating parts in the joint have annular V-grooves, E, ma-
chined in them and have a total shear area of approximately 15 in.2
(9.67 x 10—3m?). This grip design has been used to a capacity of 20 kips
(89 kN) with no difficulty. The upper chamber B is hollow and steam or
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FIG. 9—Wood’s metal grip.

water can be passed through it (inlet J and outlet H) to liquefy or solidify
the joint. Lip G serves as a reservoir for excess molten Wood’s metal which
acts as a hot top. Molten metal can flow into the joint from this hot top to
compensate for contraction which occurs during solidification. Steam at 50
psi (0.3 MN/m2) is produced by a small steam generator® which employs
a resistance heating element. Flow of steam or water through the upper
chamber is controlled by a set of solenoid valves® which are actuated by
switches H mounted on the load frame in Fig. 1.

With the head of the hydraulic ram retracted, and the upper pot solidi-
fied to the inner chamber, the specimen is screwed into the outer pot and
locked down with the lock nut A in Fig. 10a. The head B of the hydraulic
ram is then brought to a position about 1% in. (3.18 mm) below the lower
end of the specimen in Fig. 10a and the switches are activated to liquefy
the grip. Once the grip is liquefied, the specimen and outer pot assembly

8 Hot Shot steam generator, Model No. MB-4L, Automatic Steam Products Corp.,
Long Island City, N.Y.

9 Skinner valve, No. V5H-37920, Skinner Electric Valve Division, New Britain,
Conn.
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(a) Mounting of specimen into
bottom of Wood's metal grip.

(b) Wood’s metal grip in lique-
fied condition and specimen
locked into hydraulic ram.

(¢) Wood's metal grip solidi-
fied and specimen prepared for
testing.

FIG. 10—Specimen mounting procedure.
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are threaded into the head of the hydraulic ram and locked down by lock
nut C shown in Fig. 10b. The system is then put in load control and the
hydraulic pressure turned on. Next, the ram, with specimen and pot at-
tached, is raised until the upper pot contacts the inner chamber and a
small force of approximately 5 to 10 lb (approximately 22 to 44 N) is
developed. The system is then set to maintain this small compressive force
and the solenoid valves are activated to pass water through the inner
chamber, which results in solidification of the grip. This final condition of
mounting is shown in Fig. 10c. The specimen is now ready for testing.

Several advantages of this gripping arrangement are: (a) the grip is
self-aligning, (b) there is no backlash in the grip, (¢) clamping stresses
are held to a minimum, (d) the total mounting time is less than 5 min.,
and (e) it can be used for a variety of other tests such as monotonic ten-
sion, creep, etc.

We have designed and used a number of different versions of this Wood’s
metal grip. One such version is shown in Fig. 11, in which the liquid grip
is located at the lower end of the specimen rather than at the upper end.
The advantage in this arrangement is that the specimen A (in this case a

;'—-_- .
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FI1G. 11—Special version of the Wood's metal grip.
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FIG. 12—Clip gage extensometer commonly employed in our tests.

molybdenum single crystal) does not have to carry the weight of the upper
pot as in the previously discussed design, thereby reducing the possibility
of accidentally deforming the specimen during mounting. One disadvan-
tage in this arrangement, however, is that the water and steam lines may
have to be moved over large distances when the ram is operated. This
disadvantage is minimized through the use of flexible steam and water lines.
With the specimen in place, as in Fig. 10c or in Fig. 11, we are now ready
to attach the extensometer to the specimen.

Extensometry

For the measurement and control of strain we have generally used an
Instron clip gage No. G51-16 which is shown detached from a specimen
in Fig. 12. The extensometer A uses strain gages as sensing elements and
is attached to the specimen via the slips B, which are spring loaded. The
gage length of this extensometer, that is, the distance between the knife
edges C, is normally ¥2 in. (12.7 mm); however, these knife edges may
be shimmed to give a gage length ranging between %4 and 34 in. (6.35
and 19.05 mm). This extensometer has a linear range of 0.50 in.
(1.270 mm) and weighs 0.5 oz. (approximately 15 g). It has a reso-
lution of at least 10—% in. (25.4 X 10—" mm) and a frequency response
of about 5 Hz. Prior to mounting, the extensometer is calibrated with the
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FI1G. 13—Extensometer calibrator.

MTS extensometer calibrator, Model No. 650.02 shown in Fig. 13, which
has a least reading of 0.0001 in. (0.0025 mm).

The first step in attaching the extensometer is to put ¥ -inch (6.35-mm)
wide strips of Scotch Brand Magic Tape around the diameter of the speci-
men at the points where the knife edges will contact the specimen. This is
done to prevent slippage of the knife edges and to reduce the contact
stresses. The upper knife edge is first affixed with a clip to the sample.
The desired gage length is then obtained by hand positioning of the lower
knife edge and clip until a zero reading is observed on the X-Y recorder.
The gage length can usually be set by this method to within approximately
Ya percent of the desired value. Often the extensometer will undergo some
drift as the knife edge settles into the tape. Sometimes a waiting period of
5 to 15 min may be required before this creep effect disappears. The ex-
tensometer in its finally mounted condition is shown in Fig. 14.

A new optical extensometer system which is currently in the experi-
mental stages is shown in Fig. 15. This electrooptical transducer system
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consists physically of two optical tracking heads 4 and a control unit B,
interconnected by a cable. The optical tracking heads A are mounted on
a 3-way positioning seismic stand C. The system we are using is Optron
Model No. 800, which operates on a servo control principle. This system
will resolve between ten millionths and two hundred and fifty millionths
of an inch (2.54 X 10~*mm and 6.35 X 10—2 mm) depending upon the
data frequency bandwidth.

The working distance of this particular noncontacting displacement
measuring device is 18 in. (457 mm) and a dull, black-white target must
be attached to the specimen as shown in Fig. 16. The full scale frequency
response is 40,000 Hz. The full scale displacement range of our lens sys-
tem, Model No. 800-01, is 0.100 in. (2.54 mm). MTS Systems Corp. has
designed, constructed, and installed in our system a transducer conditioner
module which allows us to use this device in the feedback control loop.
Although it is still in the trial stages of operation, we have conducted sev-
eral strain control tests, for example, in which the total strain range was
0.002 at a frequency of 10 Hz and a square wave form.

Selection of Program

With the specimen and extensometer in place as shown in Fig. 14, the
next step is to select the desired strain-time wave form and the frequency
at which the test will be run. This is done by making the proper settings
on the function generator A, shown in Fig. 17. The preset cycle counter B
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FI1G. 14—Extensometer in mounted position.
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FIG. 15—Optical extensometer tracking heads and control unit.

FIG. 16—Specimen with targets used for optical extensometer.

can be used to stop this program after the application of a desired number
of cycles. The Data-Trak C may be used to develop special programs not
available on a standard function generator. The Data-Trak is set up to be
operated with either system in two possible modes: (a) It can be used
independently as an arbitrary function generator, or (b) it can be used
to develop a composite program when connected with either of the stand-
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ard function generators. As a composite programming center, the Data-
Trak can be used to modulate either the amplitude or frequency of the
particular wave form that is selected on the standard function generator.
In addition, it can be used to control the mean value of the chosen wave
form.

For materials that are relatively insensitive to strain rate, we would
normally employ a sine strain-time wave form. The usage of a sine wave
for the strain wave form results in a continually varying strain rate dur-
ing the course of one cycle, which is undesirable for strain-rate sensitive
materials. For these materials, we would use a triangular wave form, so
that the strain rate is constant throughout a cycle. Furthermore, the fre-
quency of the wave would be adjusted such that the strain rate is constant
in companion tests at different strain amplitudes.

The consequence of using a sine strain-time wave form for a highly
strain-rate sensitive material, that is, pure iron, is shown in Fig. 18a. Note
that as the strain limit is approached, in either tension or compression, the
stress amplitude begins to decrease. This occurs because the strain rate
approaches zero as the peak strain amplitude is approached. At some
point prior to the peak amplitude the relaxation rate exceeds the strain

FIG. 17—Progranuning equipment.
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rate resulting in a round tip hysteresis loop. Using a triangle strain-time
wave form, the same specimen gives the hysteresis loop in Fig. 18b. In this
case the strain rate is constant throughout the tensile and compressive
strokes of the cycle and the hysteresis loop has sharp tips.

In the selection of frequencies for a sine wave form, we normally use
increasing frequencies as the strain amplitude is decreased. This has two
advantages. First, the lower strain amplitude tests require a greater number
of cycles to produce failure, and therefore higher frequencies allow the
test to be conducted in a reasonably short period of time. Second, with
decreasing strain amplitude and increasing frequency, the tendency is to
maintain the strain rate approximately the same in both the long- and
short-life tests. Thus, in the case of strain-rate insensitive materials, the
choice of frequency is a compromise between convenience of test length
and not too excessive a variation in the average strain rate. To set the strain
amplitude to the desired value we must first select a full scale range on
the strain module, B in Fig. 19, which encompasses the strain range of the
test. The span pot D can then be adjusted to give between 0 and 100 per-
cent of the full scale range selected on the module thereby giving the de-
sired strain amplitude. Finally, if a mean strain is desired, it may be set
with the mean level control pot E.
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FIG. 18—Stress-strain response of the same specimen to different et waveforms.
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FIG. 19-—Control panel and command input system.

Recording of Data

Prior to commencement of a test the appropriate range must be selected
on the load module and the recorders must be set on ranges which will ac-
commodate the quantities to be measured. This is done in a standard
fashion and we wish to use this section to describe the types of recorders
we normally employ.

The Varian (Varian Associates, Palo Alto, Calif.) Model F80 recorder
A, shown in Fig. 20, is used to record stress-strain hysteresis loops up to
a frequency of about 1 Hz. Associated with the X-Y recorder is a recorder
input selector B which allows the selection of load or strain inputs from
either of two channels. The recorder input selector is also equipped with
a zero suppression control for both the X and Y axes.

The Tektronix (Tektronix, Inc., Beaverton, Ore.) Model No. RM564
storage oscilloscope A4, shown in Fig. 21, is used for two recording pur-
poses: first to record hysteresis loops at frequencies greater than 1 Hz,
and second, it can be used in conjunction with the amplitude measurement
panel B to monitor the amplitude of a particular variable to a precision of
0.2 percent of full scale.

The Brush (Brush Instruments Div., Clevite Corp., Cleveland, Ohio)
recorder Mark 280, 4, and recorder input selector B in Fig. 22, allow the
recording of variables from either channel versus time at a frequency up
to about 50 Hz. This two-channel strip chart recorder is used to monitor
the progress of a test and is not usually employed for precision measure-
ments (mainly because of the small paper width and consequent low res-
olution).
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FIG. 20—X-Y recorder and input selector.

AMBLITUDE MEASU

F1G. 21—Oscilloscope, oscilloscope input selector, and amplitude measurement
device.
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Test Start-Up and Test Control

In initiating a test we first select the appropriate feedback signal on the
feedback select panel A in Fig. 19, which in this case is the strain signal. The
Servac is then balanced for zero feedback with the set point control E. The
hydraulic pressure button F is then turned on and small adjustments in the
mean valve of the strain are made to ensure that the specimen is at zero
mean load. Next all of the charts are checked to see that the pens are writ-
ing and the recorders are set to the appropriate scales. For higher frequency
tests, where the oscilloscope is used to monitor the amplitude, the appro-
priate amplitude levels are set in the amplitude measurement panel B,
shown in Fig. 21. The test is commenced by pushing run button!® G, in
Fig. 19. The strain limits and the load response are monitored on the re-
corders and minor adjustments can be made via the span control D and set
point E to ensure the proper strain limits. Strain-time and load-time records
are made virtually continually on the Brush recorder. The first ten hys-
teresis loops are usually recorded continually and subsequent recordings
are made periodically when significant changes have occurred in shape or
size of the loop. The test is continued until specimen failure occurs.

Determination of Failure

We define failure as having occurred when the specimen is in two sep-
arate pieces. However, in strain control, a specimen that is broken into two
pieces may continue to cycle even though there is a zero tensile load re-
sponse. Therefore, in order to obtain the proper number of cycles to
failure and prevent hammer damage to the fracture surfaces, cither an
operator must be present when the specimen separates or provisions must
be made for stopping the specimen prior to its complete separation. The
shutoff device which we use is a load peak counter which requires that a
predetermined tensile load be reached on each successive cycle for the test
to continue. The present load which must be reached is usually set at about
50 percent of the steady state stress response of the specimen. Thus, when
a crack develops in a specimen and the tensile load falls below the preset
value the machine will stop, allowing the operator to run the final few
cycles while carefully observing the specimen. The indication of a crack

10 Although this may seem trivial, it is the “moment of truth” when operating a
closed-loop system, for once the run button is pushed the operator effectively gives up
control of the machine and must stand by and watch the machine carry out its
preselected program. What might seem to be minor errors in programming or switch
settings often end in disaster (accidentally broken specimens, mangled extensometers,
etc.) long before the operator has time to override the machine. Thus, it is not un-
common to see an MTS operator hesitate for several minutes before nervously de-
pressing the run button. One must conclude that the allowable margin of error in
test setup is far less in a closed-loop system as opposed to an open-loop system.
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FIG. 22—Strip chart recorder and input selector.
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FIG. 23—Indication of cracked specimen by irregularity in compressive half of
hysteresis loop.
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may also be noted by the development of an inflection point in the com-

pressive half of the hysteresis loop. An example of this behavior is shown
in Fig. 23.

Additional Procedures Associated with MTS Low Cycle Fatigue Tests

Although most of our work is completely reversed strain- or stress-con-
trolled fatigue testing, we also conduct, as a matter of routine, monotonic
tension and compression tests. In addition, to ascertain quickly a material’s
cyclic stress-strain behavior or to rank a material’s fatigue resistance rela-
tive to several others [4], we often employ the incremental step strain test
devised by Landgraf et al [5]. This test incorporates a modulated strain-
time program which is developed in the following way:

1. The function generator in Fig. 17a is set to a sine wave form. The
maximum amplitude of the wave form is set by the span control (Fig. 19d).

2. The Data-Trak (Fig. 17¢) is programmed with a linearly increasing-
decreasing ramp function.

3. The programs from the function generator and Data-Trak are com-
bined in such a way as to produce a modulated sine wave program, for
example, the strain-time program shown in Fig. 24. The associated cyclic
stress-strain response (that is, hysteresis loops) is shown in Fig. 25.

After the application of several blocks of this increasing-decreasing
strain-time history, a stabilized stress-strain response develops. The curve
drawn through the tips of these stabilized hysteresis loops have been found
to represent adequately the cyclic stress-strain curve [5].

L

11 [T {Strajn Canfrptl | [T []

FIG. 24—-Strain-time record of incremental step strain test.
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FIG. 25—Stress-strain response of incremental step strain test,

Analysis, Reduction, and Presentation of Data

From the recordings of hysteresis loops made in the progress of a test,
for example, Fig. 26, data is reduced in the following manner:

1. The total of the strain range and cycles to failure for the specimen is
recorded. This becomes a single point on a strain-life curve.

2. The plastic strain range and stress amplitude at one half of the life
are determined from the hysteresis loops recorded at this point. This be-
comes a single point on the cyclic stress-strain curve.

3. A cyclic strain hardening or softening curve is constructed by plot-
ting the stress amplitude, that is, Ao /2, Fig. 26, versus cycles. Several
such curves are shown in Fig. 27.
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FIG. 26—Typical mechanical hysteresis loops of cyclically work softening material.
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FIG. 27—Stress amplitude-cycles curve showing stress response of a material.

Once a series of companion specimens have been tested at various
strain amplitudes the following plots are constructed:

1. A total strain range, /¢ versus cycles to failure, N; curve (or re-
versals to failure, 2N;) Fig. 28. Comparison of this life behavior is usually
made with the predictions of life based on the empirical methods of Man-
son [6] and Morrow [7] which utilize only monotonic properties. Calcu-
lations for these predicted curves are usually made on computer.

2. A cyclic stress-strain curve, that is, a plot of o, = Ao /2 versus
A €/2, both determined at N,/2, for example, Fig. 29. This data is usually
fitted by a computer with an equation of the form, Ao/2 = k(Ae/2)".

3. A stress amplitude, o, = Ao/2 versus cycles to failure, N; (or re-
versals to failure, 2N;) curve. This data is usually fitted by computer with
an equation of the form o, = o/ (2N,)?.

These curves, along with the hysteresis loops, are used in conjunction
with studies of slip band damage and crack morphology to interpret the
deformation and fracture processes occurring during low cycle fatigue.

Performing a Low Cycle Fatigue Test in an Instron Test System

An appreciable portion of our low cycle fatigue research has been car-
ried out at low temperatures, that is, below room temperature and down
to liquid nitrogen temperatures [8-13]. In this section we shall treat in de-
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tail the techniques which we have employed for this type of testing. How-
ever, much of the equipment and methods may also be used for room tem-
perature work as well.

Description of Test System

The Instron test system that we employ is a standard system (Model
No. TTCL) except for several special purpose modifications. A general
view of this machine is shown in Fig. 30. The load is applied by the cross-
head A4, which is screw driven. Load cell B, which is a = 10-kip (44.4-kN)

10
o7 e TOTAL STRAIN
4 o PLASTIC STRAIN
ul = NOT FRACTURED
Z ol
o
=z
<
o
[
"
é 0.01
a
° wet—o *—
o
(<]
0.001 1 1 | 1 1 1
10 102 103 04 0% 108 107
CYCLES TO FAILURE N
FIG. 28-—Strain range-cycles to failure curve.
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FIG. 29—Cyclic stress-strain curve.
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FIG. 30—Overall view of Instron testing system.

reverse stress load cell, measures the load which is recorded on the strip
chart C. The range selector panel D allows the selection of full scale ranges
between 0.2 and 10 kip (0.89 and 44.4 kN). Panel E contains several
assorted standard Instron options (such as area compensator, event
marker, decade zero suppression, etc.). Panel F on the right side contains
all the run controls, that is, stop, start, and crosshead speed controls. Panel
G on the lower left contains several special modifications which we have
made in order to carry out strain control low cycle fatigue tests. The car-
riage H is attached to the moving crosshead and has a Wood’s metal pot
attached to the lower carriage plate. A Dewar flask may be fitted around
the carriage for low temperature tests. The load train is completed by bar
J, which attaches to the top end of the specimen, passes through a hole in
the crosshead, and attaches to the load cell.

Assorted electronic devices used for control and recording of low cycle
fatigue tests arc shown in Fig. 31. The exciter, demodulator, amplifier
unit, K, is a Daytronic (Daytronic, Inc., Dayton, Ohio) Model No. 300
CL-60 which powers the linear variable differential transformers (LVDT)
used on the extensometer. This unit has been integrated into the cross-
head cycling circuit of the Instron machine for strain control testing. The
Daytronic unit has been modified by replacing the standard-limit setting
pots by more sensitive and accurate pots which allow calibrated settings.
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FIG. 31—Special electronics and recording equipment.

Strain gage type extensometers, which we occasionally use for strain con-
trol testing in the Instron system, are powered by the transducer, condi-
tioner unit, L, which is a Daytronic Model 300D-91. The Moseley (Mose-
ley Div., Hewlett-Packard Corp., Palo Alto, Calif.) Model 2D2 X-Y
recorder M is used to make load-extension recordings (hysteresis loops).
Unit N is a special device for the direct measurement and control of the
plastic strain [/4]. This device and other modifications will be discussed
in detail in later sections.

Specimens

The specimen that we have generally used for low temperature work
in the Instron system is shown in Specimen E of Fig. 6 and in Fig. 8. The
discussion given on the design and machining of specimens (pp. 33—
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37) applies as well to this specimen. The main difference in this specimen,
compared to those used in the MTS system, is that shoulders are used
for the attachment of a special low temperature extensometer. The ex-
tension is therefore measured across shoulders and not directly on a straight
gage section. An effective gage length may be determined by the simul-
taneous measurement of extension and diameter (see Ref. 15). The speci-
men shown in Fig. 8 has a 0.150-in. (3.810-mm) diameter with a 0.20-in.
(5.08-mm) straight section giving an L/D of 1.3. The shoulders, which
carry the extensometer, are 3% in. (9.53 mm) in diameter and the threaded
ends are ¥2-13 UNC threads.

Mounting a Specimen

To mount a specimen (Fig. 32) we first place a 1¥2-in. (38.1-mm)
diameter threaded washer 4 on the lower end of the specimen B. Next, a
pot cover plate C is slipped over the specimen and is allowed to rest against
the washer. Nut D is threaded onto the top of the specimen and this as-
sembly is then screwed into the bar H and locked down tightly by the nut.
The Wood’s metal pot E is then melted with a torch and the specimen

FIG. 32—Mounting of specimen into Instron test fixture.
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assembly is lowered into the molten pot. The cover plate C is bolted to
the pot. With the specimen in this position, a vessel containing cold water
is placed around the pot to solidify the Wood’s metal. During solidification
the Instron machine is set to maintain virtually zero load. The specimen,
in its final mounted position, is shown in Fig. 33.

Extensometry

The extensometer employed for low temperature testing is shown in
Fig. 34 and is described in detail in Ref. 76. The extensometer is cali-
brated using the fixture 4 shown in Fig. 35, which has a least reading of
0.0001 in. (0.0025 mm). The Schaevitz (Schaevitz Engineering, Camden,
N. I} LVTD’s that we have normally employed are Model No. 60SSL,
which have a range of + 0.06 in. (* 1.52 mm). With these transducers
we have been able to resolve easily strains of the order of 10—°.

The final configuration of the extensometer mounted on the specimen
is shown in Fig. 36. The carriage, specimen, and extensometer arrange-
ment is compact and contained within a 6-in. (152-mm)-diameter circle.
This allows a Dewar flask with liquids, such as liquid nitrogen, to be placed
around the specimen with the LVDT’s extending above the liquid level.

v @
FIG. 33—Specimen in final mounted position.
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FI1G. 35—Calibration fixture for extensometer.
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FIG. 36—Extensometer mounted on specimen.

Program Selection, Test Start-Up, and Recording of Data

In conducting a controlled total strain range test, we first set the pre-
selected strain limits on the Daytronic instrument A, Fig. 37, by means of
the calibrated dials B.!! Next the appropriate scales are selected for the
Instron load-time chart and the X-Y recorder.

If one desires to conduct a controlled plastic strain range test, it can be
performed in either of two ways: manually or automatically. Both of these
methods as well as the principle of operation of the automatic plastic strain
unit are described in Ref. 14.

Once the strain limits, whether total strain or plastic strain, have been
selected and the charts set on the appropriate scales for recording, the test
is commenced. We generally make continual recordings of load time on
the Instron recorder and periodic recordings of hysteresis loops on the
X-Y recorder. It is often necessary to make occasional adjustments to the
control dials to maintain the strain limits at their preselected value. The test
is then allowed to continue until the specimen fails.

11 The wiring diagram for connecting the Daytronic limit circuit into the extension
cycling circuit of the Instron machine may be obtained from the authors upon request.
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Determination of Failure and Machine Shutoff

The discussion concerning the definition of failure (p. 49) and the
problems encountered in the MTS system, also applies to the Instron sys-
tem. The shutoff device also works on the same principle as before, that
is, it is required that a predetermined tensile load be reached on each suc-
cessive cycle for the test to continue. However, the manner of obtaining the
shutdown command is different in this case. The device used to sense the
predetermined tensile load is an external load limit system (which we have
constructed) shown in Fig. 38. These external load limit switches are
connected to an internal set of load limit switches normally supplied with
the Instron. For machine shutoff, the tensile load limit switch is connected
to the Instron cycle-stop circuit.!2

Usually, the predetermined tensile load, set by means of limit switch A
(Fig. 38), is not selected until the specimen has reached a steady-state
stress response. After the test is completed, the analysis, reduction, and
presentation of data are normally done in the same manner as discussed
previously (p. 52).

Metallographic Techniques Associated with Low Cycle Fatigue Testing

As pointed out earlier, much of our work is concerned with microstruc-
tural changes occurring during fatigue. Consequently, several techniques
have been developed for the study of (1) slip band damage and cracking
behavior, (2) fracture surfaces, and (3) dislocation structures of metals.

The chief problem associated with surface damage studies is knowing a
priori where the main crack will start. Of almost equal importance is the
fact that it is undesirable to remove and remount the specimen for obser-
vation several times during a test. We have circumvented these problems
in two ways. The first method may be used in either the MTS or the In-
stron and employs the flat-sided specimen shown in Fig. 6¢c. The specimen,
electropolished by conventional methods, is mounted in either test system
and two sets of plastic replicas’ are then made of each flat side in the
“virgin” condition. After allowing 20 to 30 min. for drying, the replicas
are stripped off, mounted on glass slides, and labeled. Next, the specimen
is cycled at the amplitude of interest for a percentage of its estimated life.
With the specimen still in the machine, another set of surface replicas is
made and labeled. This sequence of events (that is, cycle-replicate) is re-
peated until a major crack develops and fracture of the specimen is emi-

12 The wiring diagram for these modifications may be obtained from the authors
upon request.

5 The replicating tape is a cellulose acetate tape which is softened in acetone prior
to application.
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FIG. 38—Load limiting switches.
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N=400

FIG. 39—Micrographs obtained from replicas showing the development of the
main fatigue crack on the surface of a flat-sided NisMn specimen. Pit at point A
may be used as a reference marker. Ny = 460 cycles.

nent. The specimen is then removed from the machine and a photographic
montage is made of the main crack. One of the two sets of replicas is
shadowed with vaporized chromium for observation with a light micro-
scope and the second set is saved in the event a more detailed study using
an electron microscope is required. With the main crack identified, it is
a relatively simple procedure to retrace and photograph at various stages
of the life, the cracking sequence from the replicas. A typical example of
photographs taken in this way of the cracking sequence in a Ni;Mn alloy
is shown in Fig. 39.

Although the above technique does provide an adequate approach to
the study of the topography of fatigued specimens, it is time consuming and
tedious. The second technique requires less effort and utilizes the specially
designed microscope—MTS load frame shown in Fig. 5. Using a specimen
similar to Specimen H shown in Fig. 6, the main crack is “forced,” on ac-
count of the stress concentration, to initiate and propagate from a prede-
termined site, that is, the edge of the hole. Thus, in situ photographs may
be taken with ease of the development of surface damage. as a function of
cycles. Such a series of photographs taken in a recent study of the fracture
behavior of gray cast iron [I7] is shown in Fig. 40. Both of the above
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methods have the advantage of being able to record surface damage at
any point during a cycle (for example, at the maximum tensile stress)
since the specimen remains in the machine. However, in the second method,
dynamic as well as static observations may be made.

Fracture surface observations, as opposed to surface damage studies,
require that the failed specimen be removed from the test fixture and ob-
served directly on its fractured faces. The primary consideration in this
phase of our testing is to prevent the faces of the failed specimen from
“hammering” together and thereby destroying fatigue markings on the
fracture surface. To prevent such occurrences, we rely on the automatic
shutoff devices already discussed (pp. 49 and 61).

For dislocation structure studies, the first consideration is to have avail-
able an ample amount of equally strained bulk material. This can only be
accomplished by using a straight gage section specimen such as that
shown in Fig. 8. The specimen is cycled at a given amplitude and number
of cycles, removed from the test machine, and mounted in a holding fix-
ture. Wafers, approximately 0.05 in. (1.27 mm) thick, are carefully cut
from the gage section of the specimen using a jeweler’s saw. Further re-
duction of the wafers to a thickness of about 0.01 in. (0.25 mm) is then
done by hand on No. 600 emery paper using methyl alcohol as a coolant
and lubricant. Next, the wafer is masked off on its edges with electroplat-
er’s lacquer and electropolished from both sides to local thicknesses (hope-
fully) of about 2000 A. Transmission electron microscope specimens are
then cut from the electropolished wafers and viewed in the microscope to
ascertain if sufficient thin regions are available for study. If not, then a
second attempt must be made. Several such attempts may be required be-
fore an adequate microscope specimen is obtained. The need, therefore,
for a specimen with a straight gage section at least ¥4 in. (6.35 mm) long

b 24 5 "'_' € 3y 1,.
> ' o - .
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FIG. 40—Micrographs obtained from direct observations with microscope—load
frame showing the development of the main fatigue crack at the edge of a hole in a
gray cast iron specimen. N: = 14,000 cycles.
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is obvious. Typical results obtained by the above procedure are given in
Ref. 12.

Summary

We have presented a description of the systems and techniques we have
employed for low cycle fatigue studies. We are constantly striving to im-
prove our existing methods and to develop new and better techniques.
Thus, we hope to expand our capability to attack complex problems which
demand techniques beyond the current state of the art. At the time of this
writing, for example, we are installing in one of our MTS systems a
pseudo-random noise generator and a digital block/random programmer
which will enable us to study cumulative (low cycle) fatigue damage under
complex strain (or stress) histories. The use of these, and other innova-
tions, may provide the means to obtain new insight and results on the fa-
tigue behavior of materials.
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ABSTRACT: The equipment and methods for low cycle fatigue testing used at the
National Aeronautics and Space Administration (NASA) Lewis Research Center
are presented. These include the design of the specimens, grips, and loading frame,
as well as the hydraulic system and console which are capable of operating several
testing machines simultaneously. The methods of measuring and controlling
load, strain, and temperature are also included. Emphasis is placed on those items
or procedures used in our laboratory but not commonly used by others.
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The low cycle fatigue facility of the NASA-Lewis Research Center is
used by a number of different investigators for a wide variety of research
programs [/-7]2. For this reason we have standardized the equipment and
procedures wherever this was possible without affecting the desired testing
versatility. We have accomplished this goal by running all of our axial low
cycle fatigue machines (currently numbering eight) from a central console
with as many components as possible common to all machines. Each ma-
chine is capable of performing any of our desired tests. It is the ease of
operation of these machines from a central location and the fact that all
the necessary peripheral equipment (for example, recorders, function gen-
erators, hydraulic supply, etc.) is always available for immediate use with
any of the machines that we refer to this as a “facility” rather than a
laboratory. This paper is a description of the equipment and procedures
used at NASA-Lewis for conducting low cycle fatigue research programs.
Emphasis is placed on those items or procedures used here but not com-
monly used by others, as well as the reasons for adopting those items or
procedures.

! Head, Fatigue Research Section, Lewis Research Center, National Aeronautics and
Space Administration, Cleveland, Ohio 44135. Personal member ASTM.

2 The italic numbers in brackets refer to the list of references at the end of this
paper.
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Specimen Design

The specimen design used in any particular program depends on the in-
formation or data required. We have standardized our specimens to the
extent that they have either of two end designs for gripping in our ma-
chines. These are a buttonhead as in Figs. 1(a) and (b) or a threaded
end as in Figs. 1(c) and (d). Four standard specimens using these ends
are also shown in this figure. They are (a) the solid cylindrical button-
head specimen for ambient and elevated temperature tensile testing, (b)
the solid, hourglass, buttonhead specimen for most of our ambient tem-
perature fatigue programs, (c¢) the solid, notched, threaded specimen for
ultrasonic crack detection work, and (d) the tubular, hourglass, threaded
specimen for elevated temperature fatigue work. These figures include
typical dimensions, surface finishes, and the location of the critical sur-
faces that are necessary for proper specimen alignment.
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FIG. 1—Standard specimen configurations.
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Many low cycle fatigue investigations incorporate notches in the speci-
men design, We have used two different types of notches, both having dis-
tinct advantages for specific investigations. These notch configurations
are shown in Fig. 2 and are (a) the circumferential “V” notch and (b)
the side or tangential slot notch. Typical dimensions are given on the
figure.

The circumferential “V” notch is used in programs in which nominal
stress rather than strain is to be controlled and in programs in which
fatigue crack initiation data are to be obtained by an ultrasonic sensor
rather than by visual observation. Considerable work has been done in
our laboratory using ultrasonics for the detection of crack initiation and
the measurement of crack growth rates. Ultrasonics as well as electrical po-
tential and compliance measurements are sensitive to crack area rather
than crack depth. It is therefore desirable to have as large a crack area as
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FIG. 2—Fatigue specimen notch geometries.
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possible associated with a small crack depth if these methods are to be
used to their greatest advantage. This is best accomplished with circum-
ferential notches. It has been our experience [1] that in low cycle fatigue
tests the crack front generally progresses uniformly inward around the
specimen circumference at the notch, resulting in an appreciable crack
area for a shallow crack depth. Localized cracks which start from point
defects or slot notches would have to grow to a much greater depth before
the same first detectable crack area would be produced.

Specimens with slot notches are used in programs in which nominal
strain control is desired. Inasmuch as the slot notch removes a very small
percentage of the specimen cross-sectional area and does not cover much
of the minimum section circumference, it is possible to place a diametral
extensometer across the unaffected portion of the specimen diameter and
still obtain meaningful strain measurements. The slot notch is also very
useful when visual observation of crack initiation is desired. Since the maxi-
mum strain concentration is at the geometric center of the slot notch,
optical equipment can be focused easily at this point and crack initiation
observed. When a circumferential notch is used, observation is made more
difficult since the maximum strain occurs along a line around the entire
circumference.

All specimens have a code letter and number stamped on both ends. The
letter identifies the material and the number identifies the specimen in that
material series. After failure of the specimen, both pieces are stored for
possible future metallographic examination and can be easily identified
from the coding.

Specimen Grips

In order to accommodate the two types of specimen ends, two different
types of loading rods are used. The buttonhead and threaded types are
shown in Figs. 3 and 4. A set of each type of loading rods is available for
each of the fatigue machines and a change from one type to the other can
be accomplished in a few minutes.

The buttonhead loading rods are connected to the buttonhead-type
specimen by means of a split grip. Solid metal-to-metal contact between
the specimen and the loading rods is obtained through the use of a set of
tapered wedges. The wedges are driven into position while a tensile preload
of approximately 200 Ib is beeing applied (the dead weight of the lower
platen, load cell, etc.). The integrity of the assembly is maintained during
testing by a metal hose clamp that is tightened over the tapered retaining
ring and bears against the protruding ends of the tapered wedges. Figure
3 shows the split grip, wedges, and final assembly for connecting the speci-
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FIG. 3—Split grip for use with buttonhead specimens.

men to the lower loading rod. Another such assembly (not shown) is
needed to connect the specimen to the upper loading rod.

The threaded loading rods are in three, rather than two, sections as
seen in Fig. 4. The upper rod 4 and the lower rod C are connected to the
frame of the fatigue machine. The specimen is screwed into the upper
rod 4 and the center rod B. Lock nuts D are used to eliminate backlash
from the machine threads. Final assembly is obtained by connecting
loading rods B and C with the same kind of split grip described above since
both of these rods have buttonhead ends. The use of the split grip at this
point simplifies final assembly and does not load the specimen, a possi-
bility when final assembly is achieved by tightening threaded members.
Figure 4 shows the final assembly of a threaded specimen loading system.

The loading rods for the threaded specimens have an opening just be-
yond the ends of the specimen. These openings permit easy access to the
ends of the specimens during testing and are currently being used for, (a)
electrical connections to heating elements inserted into the hollow type
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FIG. 4—Loading assembly for threaded specimens.

specimens and (b) for the attachment of ultrasonic crystals to the ends
of solid notched specimens used in fatigue crack growth investigations.
These ports might also be used to pass a cooling fluid through tubular spec-
imens should external specimen heating and an associated method of pro-
viding rapid cooling be considered.

Loading Frame

The loading frame (Fig. 5) for all eight of our low cycle fatigue ma-
chines are identical and were designed and built at NASA. They are rated
for = 20,000-1b loads and differ from available commercial equipment in
that a die set is used to maintain rig alignment during specimen compres-
sion. The frame consists of a base 4, four support posts B, an upper sup-
port plate C, a hydraulic cylinder D having a 6-in. bore and a 6-in. stroke,
and a load sensor E located between the die set and the piston rod of the
hydraulic cylinder. The upper platen of the die set F is connected to the
upper support plate, while the lower movable portion of the die set G is
connected to the top of the load sensor. The loading rods H are located
between the die platens, which are supported and guided by the die posts J.
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FIG. 5—Schematic of loading frame.

The use of the die set has disadvantages as well as advantages. The major
disadvantage results from the large opening between the die set that pro-
duces a large elastic deflection of the loading linkages. This deflection re-
quires the piston in the hydraulic cylinder to move farther, thereby increas-
ing the oil flow requirements and reducing the frequency response of the
machine. With the hydraulic system being used (discussed in a later sec-
tion) the equipment is limited to 2-Hz operation. At this frequency it takes
approximately 14 h to accumulate 105 cycles.

The advantages of using the die set are that it aids in maintaining the
alignment of the loading rods, thereby decreasing the possibility of bucking
in compression. The appreciable opening between the platens allows for a
large working space while conducting tests and permits great flexibility in
testing procedures. Space is available for microscopes and photographic
equipment. Heating as well as cooling arrangements can be flexible and
there is adequate room for mounting strain-measuring devices.

Before a machine is placed in operaton, two plexiglas shields K are
mounted over the front and rear of the die set openings. These shields serve
to protect laboratory personnel from equipment or specimen failure and
act to insure the integrity of the test as well. High temperature tests are
protected from drafts thus minimizing temperature fluctuations. The strain
sensor and its associated lead wires are also protected from any accidental
disturbance which could produce erroneous data and cause premature
specimen failure,

Measurements and Observations
It is our philosophy that one should obtain as much information as pos-
sible from each test. On a macroscale this entails a complete history of
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loads or stresses, displacements or strains, temperature, as well as the size
and shape of cracks. This complete history would involve continuous meas-
urements throughout each loading cycle from the first cycle to the time of
failure. Since material behavior seldom changes very rapidly or erratically,
the volume of data necessary for obtaining maximum information may be
reduced effectively by taking data for preselected well-spaced cycles. The
primary sensors used in our laboratory for obtaining this information are
described below.

Load Measurement

A proving ring load sensor, shown in Fig. 6, is mounted in the loading
frame as previously described and shown in Fig. 5. The ring is designed
for =20,000-1b operation and the relative axial movement of points 4 and
B (Fig. 6) is approximately 0.001 in./1000 1b of load. A linear variable
differential transformer (LVDT) is mounted in the opening of the ring
as indicated in the figure and produces an electrical signal proportional to
displacement, and therefore to load.

Null adjusting screw—

~ Transformer
: core

Transformer coil =

FIG. 6—Proving ring load sensor.
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The advantages of the proving ring-LVDT method of measuring load
over the more conventional load cells are: (1) There is almost no chance
of damaging the sensor in the event of side loads, and (2) inasmuch as
we use LVDT’s to measure displacements, it is convenient to use the same
type of transducer for load measurements as well. The transformers and
the signal conditioning equipment are thus identical and hence interchange-
able, resulting in easier maintenance.

The proving ring, with its linear deflection with applied load, provides
a convenient place for obtaining a mechanical check on the electronic load
calibration. Each of our proving rings has attached across points 4 and
B a dial indicator on which the smallest division on the scale indicates
approximately 100 1b of applied load. The dial indicators are not kept in
position at all times since they are not meant for continuous cyclic oper-
ation, but rather they are placed in position periodically. The dial indi-
cator reading of load is then compared with the readout from the load
portion of the servo control equipment.

Strain Measurement

We have chosen to measure and control diametral rather than longi-
tudinal strain. The extensometer used is of our own design and is illus-
trated in Fig. 7. Diametral extensions or contractions of the specimen A
are transferred to the extensometer through the knife edges B to the sup-
port arms C. This displacement causes the support arms to rotate about
the center of the flex spring pivot D, resulting in relative motion of the
core E and the transformer F of the LVDT. The null adjustment screw
G is used to position the core for zero output voltage when no axial load
is being applied to the specimen. A small diametral tension spring H is
mounted across the end of the gage to assure a small positive pressure
and hence knife-edge contact on the specimen throughout the loading
cycle.

In order that the extensometer not slip or rotate on the specimen dur-
ing a test, it is supported by the eight springs J. The tension in each spring
is individually adjusted by the turnbuckle K so that the gage is held hori-
zontally and at the minimum section of the specimen.

It has been our experience that with the gage and supporting method
described, knife-edge indentation of the specimen is not a problem and
test results have not been affected by the presence of the gage. This has
been assured by taking precautions in both the knife-edge design and in
the choice of the diametral spring tension. The knife edge is not sharp,
but rounded as shown in Fig. 7. This allows for large reductions in con-
tact stresses for even small surface deformation. Contact stresses are
initially kept at a minimum by supplying just enough spring force to keep
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FIG. 7—Diametral strain gage and supports.

the knife edges following the specimen surface. The eight axial springs
assist in minimizing the required diametral spring force since frictional
forces between the specimen and the knife edges are not needed for sup-
porting the gage.

There are a number of advantages as well as disadvantages associated
with choosing a diametral measurement over a longitudinal measurerent.
Some of these are discussed by the other contributors to this publication.
The major reason for our choice of a diametral measuring technique is
our requirement that the same equipment be used for a wide variety of
tests. The two tests that virtually demand diametral strain measurements
are: (1) very low-life strain cycling tests in which the loads exceed the
ultimate strength and necking occurs, and (2) high temperature tests.
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The only possible way of obtaining meaningful strain measurements or
control in the low-life strain cycling tests is to measure the specimen diam-
eter at the plane of necking. A longitudinal reading across this necked
section would result in erroneous data. In high temperature testing it
might be difficult to maintain constant temperature over the gage length.
A “hot spot” within the gage length will act the same as a strain concen-
tration point. The temperature distribution on the plane of the minimum
section of an hourglass specimen will tend to be uniform due to the sym-
metry of the structure. In the event that temperature variations with time
are desired, as in a thermal fatigue test, it is just about impossible to have
the entire longitudinal gage section vary in temperature at the same rate,
whereas the minimum section of an hourglass specimen can maintain very
nearly a zero temperature gradient.

Note that when a specimen is cycled and the diametral strain range
/\€; is controlled and maintained constant, it does not necessarily mean
that the longitudinal strain range A€ is also maintained constant. This
can be seen from the following equation relating these strain ranges.

Ae; = 2Aeq + [(1 — 2v) (AP/AE)). .. ............. e
where:

Ae; = longitudinal strain range,
Ae; = diametral strain range,
AP = load range,

v = Poisson’s ratio,

E = Young’s modulus of elasticity, and

A = nominal cross-sectional area of the specimen.

For a constant diametral strain range, the longitudinal strain range re-
mains constant only if the load range also remains constant. Low cycle
fatigue testing generally causes materials to either cyclically strain harden
or strain soften [6, 7], which is another way of saying that AP either in-
increases or decreases. However, under these conditions the term of the
equation involving AP generally makes up only a small portion of the
longitudinal strain range.

For the many materials we have tested under conditions of constant
diametral strain cycling, the longitudinal strain range has varied by no
more than 15 percent and this occurred for materials exhibiting extremes
in cyclic strain hardening or softening. These variations occurred within
the first 20 percent of the life of the specimen, and for the remainder of
the life the diametral as well as the longitudinal strain ranges were con-
stant. In the event that longitudinal strain cycling data were desired and
that the small deviation from constancy resulting from running constant
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diametral cycling tests were not acceptable, then either longitudinal strain
cycling tests would have to be performed or an analog computer could
be incorporated into the equipment. The computer can make it possible
to maintain a constant longitudinal strain range while controlling on the
diameter. Such a procedure is described in one of the other contributions
to this publication [Slot et al, pp. 100-128].

There is one other condition that makes longitudinal rather than di-
ametral strain cycling more desirable. This occurs when anisotropic ma-
terials are tested. Wells discusses this problem in his contribution to this
publication, pp. 87-99.

Temperature Measurement

Our choice of a diametral, strain-controlled, tubular, hourglass specimen
in conjunction with an internal heater has simplified the problem of tem-
perature measurement. The test temperature of interest is at the minimum
section where the heat is intentionally concentrated and the temperature
is therefore the highest. Hence, we are not hampered by having to measure
temperatures along a uniform gage length where thermal gradients would
occur to varying degrees, particularly during nonisothermal testing. Never-
theless, with the internal heating element presently in use, we still en-
counter some temperature differential through the relatively thin (0.060
in.) specimen wall. The magnitude depends upon the thermal character-
istics of the specimen material and the overall temperature level.

Our practice is to calibrate specimens of each material over a range
of temperatures to determine the temperature difference through the wall
at the minimum section as well as the temperature at points on the outside
surface located *%8 in. from the minimum section. These locations are
then used as the control locations for spot-welding two small Chromel-
Alumel thermocouples, one for the feedback control of the temperature
servo system and the other for direct measurement with a portable po-
tentiometer. Each thermocouple is not individually attached as a single
bead, but rather one lead is welded to one side of the specimen while the
other is welded at the diametrally opposed position. Thus an average of
the two-spot location temperatures is indicated. The advantages of this
overall arrangement, which is shown in Fig. 8, are twofold. First, the
thermocouples are not attached in the zone of high strain, thereby avoid-
ing the problem of having the spot-weld influence the fatigue life. Second,
the use of the two thermocouples placed equidistant from the test section
enables the operator manually to position the internal heating element
until it is thermally centered in the specimen. This condition is achieved
when the two thermocouples produce the same output. In addition to the
readings taken with the portable potentiometer, the temperature as sensed
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FI1G. 8—Instrumented high temperature specimen.

by the control thermocouple can be recorded on a strip chart and can also
be accurately read from the oscilloscope on the control console.

To achieve the desired specimen temperature, electric power is fed to
a silicon carbide heating element through a step-down transformer. Ap-
proximately 300 W are required for maintaining a test section tempera-
ture of 1400 F. The input to the transformer is controlled by a commercial
power regulator which in turn is controlled by a commercial temperature
controller. Interchangeable thermocouple range cards are available to
cover a wide variety of testing conditions. A drum-type curve follower is
available for programming the temperature as a function of time, as is the
case when conducting thermal fatigue tests.

Crack Initiation Measurement

We are currently employing two methods to determine the initiation of
fatigue cracks. Both methods require notched specimens. The first is an
optical method and uses a 30-power stereo zoom microscope mounted on
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FIG. 9—Setup for observing crack initiation at notch root.

the fatigue machine and focused on the center of the slot notch described
earlier. The experimental setup is shown in Fig. 9 and described in more
detail in Ref 2. With this arrangement it is possible to observe cracks
0.001 to 0.003 in. in depth and determine the number of cycles required
to initiate them.

Another method being used to determine crack initiation and propaga-
tion involves the use of ultrasonics. In this method ultrasonic waves travel
the length of the specimen while it is cycled. Changes in the reflected
signal are a measure of the crack growth at the root of the circumferen-
tially notched specimens. The test setup is shown in Fig. 10 and is de-
scribed in greater detail in Ref /. This method has been used to detect
cracks less than 0.001 in. in depth.

Console

The central control console contains all the electronic equipment neces-
sary for the contro! of the fatigne machines as well as all the readout
equipment. Many of these components are common to the eight machines
with one set of readout instruments capable of recording data from any
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one machine at a time. A more detailed description of the central control
console follows.

Closed-Loop Servo Control Equipment

A commercial servo control unit is used for each of the fatigue ma-
chines. Each unit consists of a controller for the hydraulic system capable
of closed-loop load, strain, or stroke control as well as a temperature con-
troller operating off a Chromel-Alumel thermocouple between 0 and
2000 F. A schematic of the complete system is shown in Fig. 11. A more

— Transducer clamping screw

——Transducer

— Yoke

~~—Specimen end

— Threaded loading rod

. — Lock nut

Specimen — 3

FIG. 10—Setup for ultrasonic crack detection.
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FIG. 11—Schematic of electromechanical closed-loop servo system for material
testing.

complete description of the ways in which these pieces of equipment may
be operated is described in the section, “Modes of Operation.”

Command Input Signals

The command input signal is the electrical signal that the servo system is
made to follow. Three types of function generators are available for the
operation of any or all of the fatigue machines. They are: (1) a com-
mercial low frequency function generator, (2) a NASA-designed ramp
generator, and (3) a commercial drum-type curve follower.

The low frequency function generators (we use three) are used for
the generation of sine, saw-tooth, and square waves. The most commonly
used functions for fatigue testing in our laboratory are sine waves for room
temperature testing and saw-tooth waves for the high temperature testing.
The latter type function is desirable when loading rate or strain rate be-
comes an important test parameter.

The ramp generator is primarily used for controlled tension testing. It
has the capability of producing an increasing or decreasing voltage, and
can be switched to a hold position at any time. The ramp rate and direc-
tion can be changed manually at any time during a test.
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The commercially available drum-type curve followers (we have four)
are used when either the desired function frequency is below that obtain-
able from a low frequency function generator or when a command signal
other than a standard sine, saw-tooth, or square wave is desired. These
units are also used for programming temperature variations with time.

Measurements of Test Conditions.

Measurements of load, strain, temperature, cycle count, and elapsed
time are available from each of the fatigue machines. When one of the
machines is selected with the rig selector switch, the load, strain, and tem-
perature signals from that machine are made available for readout on a
differential input oscilloscope, strip chart recorders, and an X-Y recorder.

Three strip chart recorders are available for the purpose of determin-
ing the load, strain, and temperature as a function of time. The X-Y re-
corder is used for recording load versus strain (hysteresis loops). Load
or strain versus temperature loops may also be recorded for tests in which
the temperature is cycled and either the load or strain is held constant.

The differential input scope is used for dynamic measuréements of load,
strain, and temperature by comparing the desired signal with a known
percentage of our standard reference voltage. The system voltage levels
(=5 V) and the scope settings are such that it is possible to see variations
in signal amplitudes and relate these variations to percentages directly.

A preset cycle counter is available for each of the machines and is ac-
tuated in the following manner: A mechanical linkage (Fig. 12) is set up
between the platens C and D of the die set, which produces a lever arm
B tip deflection that is approximately ten times the deflection between the
platens. A microswitch G is tripped by the adjustment screw F at the end
of the lever arm once in each cycle. This lever system is also used for

(D) Upper platen _—Cycle count

WIS microswitch

Ii-“:E\J\Adjustinq SCrews
(B) Lever arm &h
~~—Displacement
(A) Thumb screw limit microswitch
<Flex spring
pivot
(C) Lower platen J

FIG. 12—Lever system for mechanical cycle counting and displacement limiting.
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limit shutoff of the machines, as will be discussed later in the section deal-
ing with the hydraulic system. When a test is about to be started, the
thumb screw A is locked so that the lever arm is horizontal. Any relative
motion of the platens rotates the lever arm about the flex spring E causing
the adjustment screw to trip the microswitch. This results in a pulse to the
counter and permits recording of that cycle. The counters are of the pre-
set type meaning that a cycle number can be preset in the counter before
the test is started. When the actual cycle reaches the preset number, a
relay is tripped and the fatigue machine is shut off.

A reset clock is connected to each of the machines. These clocks are
reset to zero at the time of the first cycle and indicate the elapsed time of
operation in tenths of a minute. When the machine is shut down for any
reason, the clock is stopped.

Hydraulic System

The hydraulic supply system (also shown in Fig. 11) is common to all
eight fatigue machines. Two motor (M)-pump (P) units, each capable
of supplying 5 gal/min, are connected in parallel and can be operated
either separately or simultancously. The hydraulic servo control valves are
of the one-gal/min type, therefore an 8-gal/min oil supply system is suf-
ficient for all our machines. The oil is continuously circulated, cooled by
a heat exchanger to between 90 and 110 F, and filtered to the cleanliness
specified by the manufacturer of the servo valves. Each of the machines
has a solenoid valve in its hydraulic lines, thereby making it possible to
isolate it from the hydraulic supply. The solenoid valves are used for on-off
control for each machine and are also closed when either the tension or
compression limit microswitch is tripped. These two limit switches are
seen as parts H of Fig. 12. This method of shutting off a machine does
not interfere with the hydraulic supply system, the control electronics, or
any of the readout equipment common to other machines.

Modes of Operation

The fatigue machines can be operated manually or by the electronic
servo equipment. The manual mode of operation is accomplished at the
loading frame rather than from the console. This is done by switching the
electrical input to the servo control valve from the servo controller to a
separate d-c supply. This positions the servo valve with the turn of a po-
tentiometer as shown schematically in Fig. 11. This mode of operation
makes it very simple to install and remove specimens from the machine.

The thermal and hydraulic control systems are very versatile and can
be used for a wide variety of closed-loop, servo-controlled modes of oper-
ation. These include:
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1. Isothermal tension or compression testing under conditions of con-
trolled loading or straining rate.

2. Conventional stress-rupture and creep testing at constant tempera-~
ture. This is accomplished by maintaining a constant load on the speci-
men and recording strain as a function of time as well as time to failure.

3. Conventional relaxation testing at constant temperature. In these
tests the strain is held constant and the load is recorded as a function of
time.

4. Conventional isothermal fatigue testing where either the load or
strain is used as the controlled variable.

5. Thermal fatigue testing in which the temperature as well as either
the load or strain are controlled throughout the test.

6. Cyclic creep testing. These tests are run by servo controlling a con-
stant load until a desired strain limit is reached at which time the load is
reversed and the specimen allowed to creep to the negative strain limit.
These cycles are repeated until failure occurs. Recordings of creep strain
as a function of time and applied cycles as well as time and cycles to
failure are kept.

7. Cumulative fatigue testing may be accomplished by either program-
ming step changes in the applied load or strain range, or by applying a
random variation in either amplitude or frequency of excitation, or both,
in place of discrete step changes.

8. Any of the cyclic tests can be run with different wave shapes of the
controlled variable. These include sine, saw-tooth, and square wave as
well as any more general repetitive wave shape that one might want to
draw on a drum-type curve follower.

9. With the inclusion of some additional electronic equipment such as
an analog or small digital computer, it is possible to control from a com-
puted rather than measured value. Such additional equipment would per-
mit testing under conditions of constant plastic strain range, for example,
or permit tests in which true stress rather than load could be controlled or
maintained. One example of the application of this concept is described
by Slot et al, pp. 100-128.

10. Cryogenic testing may also be incorporated in a low cycle fatigue
laboratory provided a cryostat is available for the testing machine and all
the additional equipment is installed for the handling of the cryogenic
fluids. NASA-Lewis has developed the capacity of doing extensive cryo-
genic low cycle fatigue testing [8] but inasmuch as one of the cryogenic
fluids used is liquid hydrogen, safety considerations did not permit the
incorporation of this equipment with our ambient and elevated tempera-
ture testing equipment.
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The above listed flexibility in modes of testing is a very desirable fea-
ture for any fatigue testing laboratory since it permits the generation of a
wide variety of test data in one machine and from the same size and type
of specimen, thus eliminating some of the variables affecting the corre-
lation of material behavior. This cannot help but aid in the understanding
of material behavior.
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ABSTRACT: Techniques of axial strain-controlled fatigue testing at elevated
temperature are described. The specimen design incorporates thin ridges for at-
taching the extensometer arms; details of the design are provided to avoid prema-
ture failure at these discontinuities. Special problems of specimen gripping,
alignment, and break detection at high temperature are discussed for both me-
chanical and closed-loop hydraulic testing machines.

KEY WORDS: metals, fatigue (materials), fatigue tests, high temperature, strain
control, extensometry, alignment, stress concentration, size effect, specimen
grips, tests

It is important to emphasize at the outset that there is no single “best”
test of low cycle fatigue behavior at elevated temperature. Obviously the
kind of information sought will govern the selection of the specimen de-
sign and test procedure and may run the gamut from the prediction of
the lifetime of a structure to basic materials studies. Accuracy of lifetime
data dictates that the service cycle be simulated as completely as possible,
whereas the understanding of the fatigue problem must be based upon
simpler tests that allow separation of cause and effect.

Two types of low cycle fatigue problem may be identified in the air-
craft gas turbine. The first comprises parts in which the stresses are nomi-
nally in the elastic range but which contain sources of strain concentration,
such as attachments to disks or oil holes through shafts. For reasons of
economics and low weight the local strains in these regions may be well
into the plastic range. The second type of problem involves rapid heating
and cooling wherein most of the strain is caused by transient temperature
gradients. This is, of course, the problem of thermal fatigue, which is
considered in detail in another chapter. In cases of thermal fatigue, for
example piping and turbine vanes, plastic deformation may be more gen-
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FIG. 1—Typical strain cycle. Taken from Ref 1.

eral, and in contrast to examples of the first type, growth and distortion
of the part may be strongly influenced by the cyclic behavior of the
material.

Our objectives in low cycle fatigue testing have been to generate both
cyclic stress-strain data for design purposes and to determine the depend-
ence of cycles to crack initiation on strain range, temperature, and hold
time. The first requirement necessitates the simultaneous measurement of
stress and strain, which cannot be accomplished with a notched specimen.
The initial problem of interest was the description of material behavior in
critical areas of compressor and turbine disks [/—4].2 The nominal stress
field is essentially tensile and, by virtue of the extremely small growth of the
disk tolerated in each cycle, elastically reversible. The strain cycle at the

2 The italic numbers in brackets refer to the references at the end of this paper.
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surface of a notch or hole was accordingly approximated by the zero-to-
maximum cycle indicated in Fig. 1. As we did not wish to include geo-
metric and machining variables in these investigations, a right-circular
cyclindrical specimen with an electropolished surface was chosen. This
design, which is described in detail below, allowed the study at high
magnifications of the mechanisms of microcrack initiation and linking and
established a basis from which the effects of residual stress, cold work,
surface finish, coatings, edge radii, strain gradients, etc., could be eval-
uated. At the same time, the cyclic variation of the stress range, mean
stress, and hysteresis loop size and shape could be directly measured. It was
hoped, and subsequently established, that the observations of all these
variables, both mechanical and metallographic, would explain the depend-
ence of crack initiation lifetime on strain range, temperature, and hold time.
That is to say, the uniaxial test of a smooth specimen provides the maximum
information concerning the behavior of the material in a localized region.

If, on the other hand, we had wished to obtain only lifetime data for a
certain geometry, machining procedure, and surface condition, particularly
where the number of cycles to the observation of a macrocrack of a
certain length was the critical result, a much more direct and simple route
would have been a cyclic load test on a specimen of the same notch
configuration and processing as the component of interest.

The testing procedure was subsequently extended to materials and
temperatures appropriate to turbine blade and vane design [5—-8]. The
strain cycle of Fig. 1 is usually not realized in problems of thermal fatigue
—it is more common to find the mean strain near zero—and in complex
alloys it may happen that any isothermal low-cycle fatigue test drastically
overestimates the crack initiation life under cyclic heating and cooling.
A discussion of the relevance of isothermal to thermal fatigue testing is
outside the scope of this paper.

Specimen Gripping

The necessity to cycle from tension into compression entails two prin-
cipal problems in gripping the specimen: The grips must be stiff enough to
maintain alignment in compression, and all threaded connections must be
preloaded beyond the minimum test levels to prevent backlash. One ad-
ditional consideration—and an overriding one—imposed by the require-
ment of testing temperatures up to 1800 F was that the specimen be read-
ily removable after prolonged exposure to oxidation. The requirements
have been met by the configuration shown in Fig. 2, which accomplishes
preloading via an extra-fine threaded coupling and alignment through two
pairs of accurately ground, flat surfaces. The end faces of the grips, square
with the grip centerline, are installed in the machine concentric within
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FIG. 2—Specimen grip assembly.

about 0.005 in. and parallel to each other such that when, without the
specimen, they are brought together until lightly touching, no gap is visible
front to back or side to side when a strong light is shown from the side
opposite the operator. In this manner the operator can easily detect a devi-
ation of 0.0005 in. from parallel. The end faces of the specimen are simi-
larly ground flat, parallel and square with the centerline of the gage length.
With appropriate precautions observed during installation, as outlined be-
low, the bending stress® in a 3&~in.-diameter steel specimen does not ex-
ceed 2000 psi. To minimize galling of the threads during disassembly,
which initially led to the removal of many couplings by the cutoff wheel,
the use of one or more “chipways”—grooves cutting the threads parallel
to the centerline and extending slightly below the root diameter of the
grip—is emphatically recommended. Incidentally, high temperature lubri-
cants or parting agents of all types were tried with generally disastrous re-

3 With stiff grips, the alignment is not expressible in terms of an initial eccen-
tricity, with the percent bending stress proportional to the ratio of eccentricity to
specimen radius. Rather, it is in the form of an initial “clamping stress” that changes
little over the elastic range of loading.
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sults, either severe contamination or galling. The best antigalling agent was
found to be the natural oxide layer forming on the grips at elevated temper-
ature (our grips, split rings, and couplings are machined from Udimet 500
or 700). In fact it is desirable to oxidize new hardware prior to testing to
ensure easy disassembly.

The center holes through the grips were originally provided to reduce
heat conduction; their effectiveness is questionable, but they are of possible
use for instrumentation or cooling when testing tubular specimens.

Occasionally, insufficient material is available for full-size, 0.900-in.-
diameter specimens. Threaded collars have been used with ¥3-in.-diameter
stock to allow testing of the same gage geometry, Fig. 3. Left-handed
threads are required on one coupling and grip to allow tightening of the
couplings. Buttonheads of standard specimens have also been employed
as adapters for miniature, ¥8-in.-diameter by Y2-in. gage length specimens,
Fig. 4.

The procedure for installation is, first, to install split rings and securely
tighten one end of the specimen to its grip (the torque varies from 50 to
100 1b - ft, depending upon the build of the technician). Then the free
end of the specimen is brought to bear upon the other grip with a load of
a few pounds, and the gap between the mating surfaces checked by eye.
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FIG. 3—Thread-end specimen and adapter, 5/8-in. diameter.
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FIG. 4—Thread-end specimen and adapter, 1/4-in. diameter.

If the alignment is satisfactory, the split rings and coupling are attached
and gently tightened. Then the specimen is loaded in tension to about one
half the proportional limit and reloaded the same amount in compression.
Under the compressive load the couplings are tightened to the maximum
torque.* This procedure assures the elimination of backlash and prevents
the transfer of torque during wrenching to the specimen gage length.

Extensometry

We elected to measure and control axial rather than diametral strain
for several reasons. First, a larger displacement was available. Second,
the axial strain was the independent variable and was desired to be main-
tained as accurately as possible. Diametral strain must be varied as the

¢ One further precaution must be followed when installing a specimen in a MTS
machine to avoid large clamping stresses. The hydraulic ram has elastomeric seals
and a relatively low transverse spring constant. Thus it has been found necessary to
couple the specimen first to the grip mounted on the ram and then, in load control,
to tighten the opposite coupling against the fixed grip.
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hysteretic behavior of the material changes if the axial strain is to be main-
tained constant. The axial strain must be calculated from the diametral
strain with known values of Poisson’s ratio; in the case of some highly
anisotropic materials of interest [9], Poisson’s ratio was known only from
a theoretical calculation. Finally, a constant diameter section without any
mechanical contact was desired for ease of specimen replication and to
obviate the possibility of crack initiation at points of contact. As shown
in Fig. 2, the measurement of elongation was approached through thin
ridges ground at either end of the specimen gage length.

This choice was not without disadvantages, for the discontinuity in the
smooth specimen surface was expensive® and prone to premature crack
initiation, which subject is related to the notch sensitivity of the material
and would in its own right constitute a research paper. We shall be con-
tent to list here the successful designs for the several materials and tem-
peratures investigated and the general principles we believe to be applicable.

The basic concept upon which this ridge design is based is that of a
size effect in fatigue crack initiation: crack initiation is governed not by a
maximum concentrated stress alone, but by a concentrated stress acting
over some region of an extent comparable to the scale on which cracking
initiates. In the case of materials that deform heterogeneously by coarse
slip—that crack along slip bands, for example—this region is approxi-
mately equal to the grain diameter, and it is relatively easy to grind the
radius at the base of the ridge smaller than the maximum grain diameter
in the gage section. We believe that in such materials the rate of cracking
is related to the range of shear displacement across a slip plane; the dis-
placement is proportional to the product of total strain and grain diameter.
This concept appears to be valid for the wrought, recrystallized nickel-
base alloy Udimet 700 and for the «-g titanium alloy Ti-6Al-4V. For the
latter, the critical dimension is thought to be the length of primary « plate-
lets. In both cases ridge cracking was suppressed by sharpening the tran-
sition between the ridge and the gage length (Table 1).

What about materials in which crack initiation is obviously on too small
a scale to be approached by machine shop practice? The ridge design is
much less satisfactory, for now the maximum value of strain must be kept
below that in the gage section, and this necessitates large blend radii be-
tween the gage section and the ridge. This approach had to be adopted
for a single crystal nickel-base alloy at 1700 F (Fig. 2 and Table 1) al-
though the other design was satisfactory for this material at lower tem-
peratures. The deformation mode changes from heterogeneous to homo-

s Specimens finish ground from 1-in.-diameter bar stock were obtained for about
$50 to $60 each in small lots, exclusive of material and heat treating. We are now
preparing these specimens by electrochemical grinding.
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TABLE 1—Range of test conditions resulting in center fractures in specimens with exten-
someter ridges.

Extensometer Ridge

Gage  Minimum Total
Temperature, Width, Root radius, Diameter, Strain Range for

Material Reference deg F in, in. in. Center Fracture®
Udimet 700. ... [I] 70 0.050 0.015to0 0.025 0.375 0.008
[2] 1400 0.012
[6] 1400 0.025 0.015 max e 0.009
[6] 1700 0.004
Ti-6Al-4V. ... .. 4] 70 0.025 0.015 max 0.375 0.009
Ni-2% The. ... ... 70 0.025 0.015 max 0.375 0.0075
1800 0.002
Mar-M200,
single and
columnar
grained . ... ... [7] 70 0.025 0.015 max 0.350 0.009
8] 1400 e . e 0.009
8] 1700 >0.016
8] 1700 ... 0.040t00.050 0.300 <0.016
(Fig. 2)

e G. R. Leverant, Pratt & Whitney Aircraft, unpublished research.
b The incidence of cracking at the base of the extensometer ridge was significant below
this strain range and was negligible at this range.

geneous at the high temperature [8]. The scale of crack initiation may also
be greatly reduced at low amplitudes, particularly if second-phase par-
ticles are present. Table 1 lists the lowest total strain ranges at which the
designs proved satisfactory.

The ridge serves as an extremely stable attachment for the extensom-
eter clamp. The latter is V-notched and held in place on the ridge by a
bar, a nut, and a bolt. The extension arms are aluminum oxide for stiff-
ness, absence of distortion at high temperature, and for minimum thermal
expansion. They are glued into the clamps with Ceramabond 503¢ high
temperature cement and aligned in a jig under heat until the cement has
hardened. The point of contact between the upper and lower halves of the
measuring unit, where the relative motion is measured, is located on the
centerline of the specimen. The advantages of this arrangement are that
it is mechanically averaging and that it is not subject to error resulting
from small sideways deflections. The basic design has been incorporated
into our high temperature creep extensometers [10].

¢ Aremco Products, Inc.
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The extensometer assembly performs equally well inverted (Fig. 5);
this attachment permits a very simple approach to liquid environment test-
ing, for example, sealing a beaker about the lower coupling with wax.

Strain and Temperature Control

Both closed- and open-loop strain control have been employed with
equal success. In the case of the MTS? equipment, a Collins 10101B linear
motion transducer (G. L. Collins Corp., Long Beach, Calif.) is mounted
in line with the specimen without mechanical magnification of the core
displacement (Fig. 5). The saw-tooth wave form is normally selected. A

FIG. 5—View of inverted extensometer assembly in MTS machine.

" MTS Systems Corp., Minneapolis, Minn.
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digital load indicator is installed for accuracy in measuring the load range
and for convenience in setting up a test. The test is stopped by the dynamic
response of the linear variable differential transformer (LVDT) at frac-
ture, which usually triggers the error detector. However, if the material is
very soft, or crack propagation very slow, the error detector is incapable
of determining rupture of the specimen. In general the error detector will
work only if unstable crack propagation occurs.

The other testing machine is a Wiedemann-Baldwin (SATEC Systems,
Inc., Grove City, Pa.) 25,000-lb. capacity “Mark G” load frame compris-
ing gear-driven, preloaded ball screws and SR-4 load cells. The load indi-
cator incorporates switches for load control. The LVDT is a Wiedemann-
Baldwin microformer; the measuring unit retains the 3-to-1 magnifying
lever, fulcrum, and knife edge of the Wiedemann-Baldwin PSH-8MS ex-
tensometer. The knife edge bears on a glass rod, and the point of contact
lies on the specimen centerline. The LVDT is mounted horizontally and
off the centerline; however, the unbalance has not been a problem. Strain
is controlled by electronic limit switches on the y-axis of a Moseley 2D
recorder (Hewlett-Packard, Palo Alto, Calif.). The pen motion is geared to
the rotation of the core rod of a slave LVDT. The core rod is carried on
a screw thread; thus the recorder magnification is determined by fixed gear
ratios. Break detection in strain control is provided by the adjustable ten-
sion load limit switch. At the peak tensile strain the motor is normally re-
versed by a series of relays. The control circuit is wired such that when
the tension strain limit switch is closed, current must flow through the ten-
sion load limit switch. If the indicated load is below the set point, the
motor stops and is not reversed. This machine will also combine load or
strain holding in a strain cycle. During this period of creep or relaxation
the x-axis of the recorder is switched from load to time base, and strain
versus time is plotted. Electronic limit switches and an auxiliary low speed
control can maintain constant strain for increasing or decreasing load.

In both machines the specimens are heated by 3-zone split resistance
furnaces. The Kanthal A elements total 8 in. in length and have an inner
diameter of 3 in. About 1%2 h are required to preheat and stabilize at
1700 F. Chromel-Alumel thermocouples are tied to the gage length with
prebaked silica thermocouple insulation. Temperature control is from a
heavy-gage thermocouple in the furnace wall, rather than from the speci-
men. This procedure has been most satisfactory for long-time stability,
and with the Barber-Colman 350 and 477 controllers (Barber-Colman
Co., Industrial Instruments Div., Rockford, III.) it has been observed that
the temperature remains constant within about = ¥2 F, until the specimen
is cycled. The thermoelastic effect, heating of a metal in compression and
cooling in tension, has caused as much as a = 3 F cycle in phase with the
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load at a frequency of 2 cpm. This amplitude has been in agreement with
the equation [/7]
—aTAc
pCypl
where T is the absolute temperature, o the coefficient of thermal expan-

sion, p the density of the material, C, its specific heat, and J the mechan-
ical equivalent of heat.

AT =

Interpretation of Results

From a practical standpoint it is desirable to express crack initiation
lifetime as a function of total strain. In the absence of accurate theories
of cyclic plasticity, only the range of total strain in a structure can be cal-
culated or measured with any degree of confidence. This is especially true
in gas turbine applications, in which temperature and strain exhibit com-
plex histories and where the plastic strain range is usually smaller than or
comparable to the elastic strain range. Also, changes in the flow stress of
the material accompanying cyclic deformation can significantly change
the plastic strain range during a test.

The reproducibility of lifetime under the experimental conditions de-
scribed above is excellent and adequate to discriminate between different
theories of low cycle fatigue damage. For example, Fig. 6 indicates a cor-
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FIG. 6—Total strain range versus lifetime for Ti~6A1-4V. Taken from Ref. 4.
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relation of lifetime with total, rather than with plastic, strain range for
Ti-6Al-4V alloy [4]. We believe the reason for this correlation is the pro-
portionality between slipband displacement and total strain range [6] and
have argued that there is little significance of plastic strain range, aver-
aged over the specimen gage length, for materials that deform heterogene-
ously.® Consequently, we have chosen to express low cycle fatigue results
in terms of total strain range for both practical and theoretical reasons. In
contrast, at high temperatures the strain range versus lifetime correlation
may exhibit the more usual knee, as in the case of wrought Udimet 700
at 1700 F [6], where plastic deformation is much more homogeneous.
Crack initiation at elevated temperature is determined from a decrease in
slope of the load range versus cycles curve; the crack length corresponding
to this change of slope is approximately 1/16 in.

Attempts [/2] to interpret the effects of creep and relaxation on cyclic
life in terms of cumulative life fraction or increase in the plastic strain
range have not met with success. It appears that the mechanisms of grain-
boundary cracking may differ in that there is very little driving force for
crack propagation in static creep relative to fatigue. This area, together
with the attendant effects of temperature cycling, present the greatest chal-
lenge and opportunity for studying the high temperature fatigue behavior
of materials.
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ABSTRACT: Experimental procedures are described for conducting fatigue in-
vestigations at high temperatures on servo-controlled testing machines. Specially
developed equipment permits programming of push-pull tests on hourglass speci-
mens with closed-loop control of either stress, axial strain, transverse strain, or
plastic strain at the minimum diameter of the specimen.

KEY WORDS: fatigue tests, fatigue (materials), high temperature, hydraulic
testing machine, servo control, strain measurement, cyclic loading, stress, strain

Nomenclature

o
€
€
€e

€4

MAXNEE S L8

Axial Stress

Axial strain

Plastic component of axial strain
Elastic component of axial strain
Diametral strain (transverse strain)
Plastic component of diametral strain
Elastic component of diametral strain
Poisson’s ratio for plastic deformation
Poisson’s ratio for elastic deformation
Modulus of elasticity

Compliance constant (K = v./AE)
Minimum cross-sectional area of test specimen
Force on specimen

In this paper the authors have chosen to place the primary emphasis on

the technique of testing. For this reason much attention is given to the
method of loading a fatigue specimen, the measurement of test parameters,
and the control of test conditions, whereas little or no attention is given
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2 Nuclear Systems Programs, General Electric Co., Cincinnati, Ohio 45215.
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to the equally important subjects of specimen fabrication, metallographic
and fractographic analysis, and fatigue data reduction. More information
on the latter subjects may be found in some of the other papers contained
in this publication, or in the literature cited there.

The technique of testing employed at the authors’ laboratory was de-
veloped for a research program on the low cycle fatigue properties of var-
ious heat-resistant metals and alloys at elevated temperatures up to
1000 C. Obijectives of this test program, which has been sponsored at
Nuclear System Programs by the U.S. Atomic Energy Commission® since
1964, are to gain a better understanding of the mechanical and metal-
lurgical behavior of structural materials under cyclic loading at tempera-
tures in the creep range, and to generate low cycle fatigue data for use in
the design of structural components of high performance nuclear reactor
systems. Materials that have been tested with the equipment to be de-
scribed include: AISI 304, 316, and 348 stainless steel, Incoloy 800, In-
conel 718, A-286, and several high strength pressure vessel steels ( marag-
ing, precipitation-hardened, quenched and tempered).

Versatility and reliability characterize the testing procedures and equip-
ment in the authors’ laboratory. Test parameters that can be programmed
in a fatigue test are stress, transverse strain, axial strain, plastic strain, and
actuator displacement. The mode of cycling can be varied with respect to
wave form, frequency, and the duration of hold periods within each cycle.
Perhaps it should be stressed here that the experimental procedures were
largely selected to permit. tests to be conducted with large strain ampli-
tudes, low strain rates, and long hold periods. Typically, the equipment
has been used to perform fatigue tests with strain amplitudes in the range
from 0.25 to 3 percent, strain rates from 10~5 to 10—2 s~1, hold times from
0 to 3 h, and temperatures from 25 to 1000 C [I—4]%

In essence, the experimental approach to be described consists of sub-
jecting a specimen with an hourglass-shaped gage section to programmed
push-pull loading on a servo-controlled, hydraulic fatigue machine, while
the specimen is being heated by means of an induction coil around the
gage section. Test parameters measured in this approach are the (uniaxial)
stress and the transverse strain at the minimum diameter, as well as the
temperature in the gage section. A load cell mounted in series with the
specimen and a diametral displacement sensor positioned at the minimum
diameter furnish electrical analogs of the measured stress and transverse
strain. Used as feedback signals, the analogs permit tests to be programmed

3 Fuels and Materials Branch, Division of Reactor Development and Technology,
Contract AT(40-1)-2847.
¢ The italic numbers in brackets refer to the list of references at the end of this

paper.
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with control of either stress or transverse strain. With the aid of a specially
developed analog computer circuit, an analog signal is also obtained for
the axial strain at the minimum diameter. This feature permits a fatigue
test to be performed on an hourglass specimen with control of axial strain.
Because an analog signal proportional to the plastic component of strain
is obtained in the process of converting transverse strain to axial strain,
programming of plastic strain is still another available mode of testing.

Testing Equipment and Experimental Procedures

Experimental Approach

Two basic considerations have influenced the development of the con-
trolled-strain testing procedures described in this paper. The first is the
definition and measurement of the strain in the specimen, the second the
control of that strain during the fatigue test. Adhering to this distinction,
subjects related to the techniques of producing and measuring strain are
covered in this section, while those related to the special techniques of
programming and controlling strain are treated in the next section. How-
ever, a brief discussion of the overall testing system at this point will be
helpful so that the various interactions between topics covered in the two
sections may be better appreciated.

It is important to distinguish between the different types of strain con-
trol utilized by various investigators in low cycle fatigue testing. Apart
from basic differences associated with the method of loading a specimen
(for example, push-pull, bending, torsion), confusion sometimes arises be-
cause the connotations ‘“controlled strain” and “strain cycling” are used
rather loosely to describe widely different control techniques. For instance,
some investigators load the specimen by cycling at a constant rate be-
tween limits on the displacement of the mechanical or hydraulic actuator
of the testing machine. This technique, however, does not assure a con-
stant strain amplitude, nor does it assure a controlled strain rate. With
such a control system, any redistribution of elastic and plastic strain
caused by cyclic strain hardening or softening, relaxation during hold
periods, or changes in mean stress in tests with mean strain, will result
in deviations from a constant strain amplitude. Also, even though the
actuator moves at a constant rate, the strain rate in the specimen will
vary when the specimen deforms plastically. Similarly, a sinusoidal or other
periodic variation of the actuator motion will not produce the same peri-
odic variation in the strain.

Other investigators use the testing machine in a somewhat different
manner. Here, the reversal of loading is controlled by limits set on the
output of the strain-measuring device, which is mounted on the gage sec-
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tion of the specimen. This technique is an improvement over the precious
one in that it will maintain the amplitude of strain averaged over the
length of the gage section. Again, however, the intracycle variation of
strain is not controlled. Therefore, a constant velocity of the actuator will
not give a constant strain rate because of plastic deformation.

The highest degree of precision of testing and flexibility of program-
ming is achieved with servo-controlled testing machines operated in closed
loop. The closed-loop technique requires the availability of a so-called
“feedback signal” that is representative of the test parameter concerned
(for example, strain, stress, temperature). This signal is continuously com-
pared to a programmed “demand signal,” to provide an instantaneous cor-
rection to the applied load. With this technique, control is continuous, so
that both amplitude and rate can be programmed. Electrohydraulic com-
ponents provide the response, precision, and loading capability needed to
take advantage of the technique.

It can be said that the testing procedures described in this paper were
all selected and developed to take advantage of the closely controlled test
conditions that can be achieved on hydraulic fatigue machines equipped
with a closed-loop servo control system. One of six such machines in use
at the authors’ laboratory is shown in Fig. 1. This particular machine was
built from commercially available hydraulic and electronic components and
mechanical and electronic components made in-house. However, complete
testing machines of this type can be procured from several manufacturers.

The fatigue machine shown in Fig. 1 has a rugged three-column load
frame that is complete with a vertically adjustable center column, loading
fixtures, and a hydraulic actuator, the latter hidden behind the panel con-
taining a pressure gage. Also hidden behind the panel are the servovalve
and other hydraulic components that make up the hydraulic system. Some-
what difficult to recognize in the photograph is a transparent plastic en-
closure that surrounds the testing space. It protects the test environment
from air currents in the laboratory and permits a test to be conducted in
an inert atmosphere. On the left of the loading frame is a console that
holds all the electronic control components and some of the recording
equipment. Not visible in the photograph are a 450-kilocycle high fre-
quency generator and standard temperature control and recording equip-
ment used for heating the specimen by induction. A block diagram of the
control system is shown in Fig. 2.

It is not practical within the scope of this paper to include a compre-
hensive description of the operational and functional characteristics of the
electrohydraulic system that constitutes the servo-controlled testing ma-
chine. The best source for detailed information on this subject is found
in the manuals prepared by the manufacturers of servo control equipment
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FIG. 1—Servo-controlled, hydraulic fatigue machine.
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FIG. 2—Block diagram of control system.

and complete materials testing machines. Rather, the authors intend to dis-
cuss the function of each component identified in Figs. 1 and 2 in general
terms in the course of describing various testing procedures in this section
and the next one.

In Fig. 2, the programmer in the system is the device which furnishes
an electrical analog or demand signal for the test parameter to be pro-
grammed in a given fatigue experiment. Generally, this is a time-varying
signal of a specific wave form, which in a strain-controlled test determines
both strain amplitude and strain rate. Figure 1 shows two programmers in
the control console, one marked “programmer” and one marked “low
frequency oscillator.” The former is a programmer of the curve-follower
type. It provides a signal proportional to the lateral displacement of a
stylus that is electrically forced to follow a curve drawn on the revolving
drum visible in the photograph. A programmer of this type is used when
the specific wave form of interest is of arbitrary shape. The frequency of
revolution can be varied and an extension drum is available for the design
of experiments in which the wave form is not repetitive.

The oscillator is used to generate an accurate, triangular wave form for
the demand signal. It was developed for the purpose of conducting tests
with constant strain rate at low frequencies (0.001 to 1 cycle/s). Also, it
has the built-in feature that permits a test to be started in tension or com-
pression with the proper wave form from the first instant. With commer-
cially available oscillators, it is usually necessary to select a frequency and
then start the test by gradually increasing the amplitude to the desired
value. (Results presented in the Discussion indicate that, at least for short
tests, the starting mode can have an effect on the outcome of the test.)
Additional programmers, not visible in Fig. 1, have been developed for
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testing with hold times. These devices are essentially motor-driven func-
tion potentiometers which are electrically connected to adjustable timer
relays. They permit tests to be conducted with independent control of the
hold periods in tension and compression [4].

The output of the programmer is compared at a summing junction with
a feedback signal representative of the actual value of the test parameter.
The summing junction can also be used to sum more than one demand
signal, which permits cyclic tests to be conducted with a mean value
superposed on the alternating value of the test parameter being controlled.
Any difference between the demand signal and the feedback signal provides
an error signal to the servo controller, the central electronic component
which initiates corrective action. The servo controller supplies a current
to the servovalve, which in turn controls the flow of high pressure fluid
to the hydraulic actuator. This is the device that imparts load and displace-
ment to the specimen to obtain the desired value of the test parameter.

As indicated in the block diagram, two signals are generated at the speci-
men. One signal is obtained from a load cell, the other from an exten-
someter that measures diametral displacement. These signals are fed to a
small analog computer which converts them into electrical analogs of
axial strain, diametral strain, and plastic strain, for comparison with the
output of the programmer. The conversion circuits are based on the com-
putation of engineering stress and engineering strain. This is considerably
simpler than working with true stress and true strain, and the differences
are negligible as long as the strain range is small, say /e less than 5 per-
cent.

Test Specimen

In fatigue testing, the choice of specimen geometry is governed by the
type of test to be performed and the experimental data to be acquired. It
is generally recognized that testing round specimens in a push-pull mode
is superior to other testing methods when complete information is de-
sired on the history of stress and strain during the test. This is particularly
true when fatigue is to be investigated in the low cycle range, where plastic
deformation in each cycle of loading complicates the relationship between
stress and strain. The push-pull mode is considered essential for success-
fully executing the types of tests that will be referred to in the Discussion.

Accepting the push-pull mode, a choice must be made between speci-
mens with a cylindrical gage section and specimens with a gage section
in the shape of an hourglass. These will be referred to as cylindrical and
hourglass specimens, respectively. Typically, the former require measure-
ment of axial strain over a portion of the uniform gage section, whereas the
latter require measurement of transverse strain across the minimum diam-
eter of the gage section.
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The hourglass specimen is preferred by the authors over cylindrical
specimens for the following advantages:

1. The strain can be measured and controlled at the cross section where
fracture will occur.

2. Relatively large compressive strain can be produced in the material
without buckling of the specimen.

3. Local heating of the specimen is readily accomplished, as the axial
temperature profile needs to be flat over only a relatively short length of
specimen adjacent to the minimum diameter.

4. A diametral displacement sensor is easily positioned on the specimen.

5. Internal and surface flaws are less likely to affect the outcome of the
test since only a small portion of the specimen is exposed to maximum
strain.

Disadvantages of the hourglass specimen are:

1. The diameter changes to be measured are usually considerably
smaller than the axial changes measured on cylindrical specimens, so that
precision requirements for strain measurement are more exacting.

2. The test parameter generally of primary interest, the axial strain in
the specimen, is not measured directly, but indirectly via transverse strain
and load measurements, so that programming of axial strain requires a
conversion circuit to be added to the electronic control system.

3. The specimen geometry is not suited to testing of anisotropic mate-
rials on account of the difficulty of relating transverse and axial strain
when the cross section does not remain circular under axial loading. Only
the latter disadvantage amounts to a serious obstacle to the use of the hour-
glass specimen. For testing of isotropic materials, the authors developed an
accurate transverse strain sensor and a conversion circuit to circumvent
the other two disadvantages mentioned above. Anisotropic materials in gen-
eral require the use of cylindrical specimens.

Figure 3 gives the dimensions of the standard specimen used by the
authors. It has an hourglass gage section characterized by a contour radius
of 1% in. and a minimum diameter of ¥ in. The ends of the specimen
are of the buttonhead type. These are preferred over threaded ends for
the following reasons: (1) The specimen as shown in Fig. 3 can be ma-
chined in one setup on a centerless grinding machine, a procedure that
yields specimens of uniform quality at low cost, and (2) clamped connec-
tions are less prone than threaded connections to develop backlash or
misalignment problems from wear or tolerances that are too wide.

There have been a few cases where, under certain unfavorable test con-
ditions, the use of the standard specimen resulted in fatigue fracture under
the buttonheads rather than in the gage section. In these instances, the
problem was eliminated by reducing the minimum diameter to 3/16 in.,
leaving all other dimensions the same. Of course, an alternative would be
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i34 6.32

FIG. 3—Fatigue specimen.

to strengthen the buttonhead by enlarging its dimensions, but this option
is not always available because of size limitations imposed by the available
material stock.

Surface finish and heat treatment are important parameters to be con-
sidered in specimen design and fabrication. With the standard specimen in
Fig. 3, the gage section is ground to a smooth finish using low-stress grind-
ing techniques. This is followed by a polishing operation that leaves finish-
ing marks in the axial direction rather than in the circumferential direc-
tion. Depending on the condition in which a given material is to be tested,
fabrication of the specimen may be followed by an annealing heat treat-
ment, a stress-relief heat treatment, or no heat treatment at all. In any case,
the purpose of such a final heat treatment is to eliminate or reduce any
residual stresses left in the material after machining.

Loading Fixtures

The accuracy attained in a fatigue experiment is in no small measure de-
pendent on the proper mounting of the test specimen in the fatigue ma-
chine. It is important that the specimen be rigidly held and accurately
aligned for the duration of the experiment. The fixture should not impede
proper load and strain measurement or interfere with the chosen method
of heating. It is important also that the specimen be readily installed and
removed without upsetting the precision of the alignment of the fixture or
machine.

Figure 4 shows a photograph of the fixture designed and built to meet
these requirements. A sketch of the principal parts is shown in Fig. 5. It
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should be evident from the sketch that the ends of the specimen are
pressed into a three-post die set with the aid of split conical collars that
fit under the buttonheads. Clamping plates maintain the buttonheads in a
state of compression throughout the loading cycle, thus preventing any
backlash during load reversal. The guide rods preserve the alignment of the
specimen while the test is in progress, without reliance on the alignment
and rigidity of the loading frame. It should be noted that the load cell in
this arrangement measures the force on the specimen independent of any
friction in the bushings of the die set. To install the specimen in the fix-
ture, it is first assembled into the lower mounting plate before the plate
itself is connected to the load cell adapter. This adapter, the load cell, and
the base plate with guide rods are permanently attached to the hydraulic
actuator. After placing the induction coil over the specimen, the upper
mounting plate is put in place and lowered until the split conical collar can
be inserted under the upper buttonhead. After tightening of the upper
clamping plate, the actuator is brought up hydraulically to complete the
connection between the upper mounting plate and the adapter that is at-
tached to the loading frame. To avoid inadvertent loading of the speci-
men, the load cell signal is monitored during the installation.

FIG. 4—Close-up view of loading fixture and induction coil.
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All parts of the fixture are precision made, with tool steel used almost
throughout. The mounting plates are water-cooled to prevent thermal dis-
tortion due to the heat generated in the test sample. With the temperature
of the specimen as high as 1000 C, the temperature rise in the mounting
plates is minimal.

Load and Strain Measurement

To measure accurately the dynamic load on the specimen in a fatigue
experiment, a load cell must be selected that possesses a high degree of
structural rigidity and meets stringent requirements of sensitivity, linearity,
and reliability. A compact, stiff structure is needed to avoid improper load-
ing of the specimen due to flexibility of the load cell. When the load cell
signal is used not only for recording purposes but also for controlling test
conditions, reliability of the load cell becomes especially important. In
other words, the calibration of the load cell may not change during such
a test, if the test results are to be meaningful.
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The recently developed flat load cell [5] is ideally suited for the experi-
mental approach described in this paper. As may be appreciated from
the dashed outlines shown in Fig. 5, such a load cell is exceptionally com-
pact and rugged. These qualities made it possible to mount the load cell
in series with the specimen within the confinement of the loading fixture,
rather than external to it, as was the case with the earlier fixture sketched
in Fig. 6. The flat load cell is essentially a thick, circular disk that con-
sists of a rim and hub separated by a section of reduced thickness. To
measure the load transferred from one component to another, the load
cell is installed in such a way that the hub is connected to one component
and the rim to the other. An electrical signal proportional to the load on
the cell is generated by means of strain gages positioned in radial holes in
the midplane of the reduced section. A special physical arrangement of
the strain gages results in a load cell with identical sensitivity in tension
and compression [5].

A diametral displacement sensor developed for the measurement of
transverse strain at the minimum diameter of the specimen is shown in
Fig. 7. Adjustable sensing arms capable of withstanding high temperature

Three-Post Die Set Fixture =y Load Cell Adapter
C_ I

W o "R |
/ BB P '

Extensometer Support

Extensometer

Actuator Adaptor

FIG. 6—Assembly drawing of loading fixture with external load cell.
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..

FIG. 7T—Extensometer for transverse strain measurement.

are connected to a bracket consisting of two parallel beams joined by a
flexible ligament that acts as an elastic hinge. The geometry of the liga-
ment is formed by two arcs of 0.5-in. radius that leave a ligament with a
minimum width of 0.020 in. between them. Diameter changes sensed at
the knife edges are magnified before they are measured at the other end
of the extensometer by a sensitive and magnetically shielded linear vari-
able differential transformer (LVDT). Transformer and armature of the
LVDT are mounted on opposite beams and the position of the armature
relative to the transformer may be adjusted after the test specimen has
been brought to the desired temperature level. The output signal of the
LVDT is proportional to the diameter change in the specimen and is used
in the servo control loop of the fatigue machine.

In normal use the hinge is only lightly strained, and the contact force
exerted by the knife edges is quite low, just enough to prevent slipping.
The spring constant of the strain sensor, defined as the ratio of force and
displacement of the knife edges, was measured to be 4 g/0.001 in. It is
obvious that the distance between knife edges has to be so adjusted that
contact with the specimen is maintained during the complete strain cycle,
the contact force reaching a minimum at peak tension in the specimen. To
allow for unrestrained flexing of the hinge, as well as for free vertical
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motion of the knife edges with the specimen, the sensor is suspended
from long, flexible strains. Figure 6 shows a support arrangement whereby
the whole sensor moves in unison with the minimum diameter of the
specimen. It was originally thought that this type of support would be
necessary [/]; however, experience has proved that suspending the sensor
with strings from a stationary stand is adequate.

A narrow, elongated sensor design was chosen to separate the LVDT
from the high temperature environment and to minimize potential experi-
mental error from thermal distortion in the sensor. To avoid such thermal
distortion, the sensor should be made of materials that are poor heat con-
ductors and that have low coefficients of thermal expansion. The sensor
seen in Fig. 7 has Invar for the flexible ligament, quartz for the beams,
and Lucalox® for the sensing arms.

The calibration fixture used for calibrating the strain sensor is shown in
Fig. 8. To ensure precision, the sensor is supported in identical fashion as
on the fatigue machine. Displacement between the knife edges is produced
by spreading two halves of a 0.25-in.-diameter pin cut along an axial
plane. One of the pin halves is fixed and the other can be displaced a
known amount by means of the micrometer. The fixture permits linearity
of the sensor to be established and calibration to be obtained to the nearest
10 win., the smallest increment that can be read on the micrometer. For
most work, the authors calibrate on the basis of a displacement of 5000
win., so the error in calibration of the strain sensor is very small. Used in
conjunction with the electronic control and recording equipment, the sensor
is capable of 1-uin. resolution. However, the accuracy of the strain pro-
duced in the test specimen depends also on the stability of the electronic
components and the precision of temperature control. A reasonable esti-
mate of the accuracy of strain control on the equipment described in this
paper is 100 win./in. in terms of the axial strain range. This amounts to
an error of 1 percent when the strain range is 10,000 win./in., which for
many materials tested at room temperature produces fracture in 10,000
cycles of loading.

Hydraulic Equipment

The hydraulic equipment consists of the components identified in Fig. 9.
Hydraulic fluid is supplied from a central source outside the laboratory
in which the fatigue machines are located. All machines are operated off the
same source, which makes for a more efficient arrangement than pro-
vided by individual units for each machine. Supplying the fluid from an ex-
ternal location has the additional advantage of excluding unwanted noise
and vibration from the laboratory environment.

® General Electric Co. trademark for commercial polycrystalline alumina.
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FIG. 8—Fixture for calibration of extensometer.

As shown in the block diagram, the machines can be disconnected from
the central supply by means of shutoff valves in the forward and return
line. Reverse flow is prevented by a check valve in the return line. A re-
placeable (10-um) filter strains the fluid for protection of the servovalve
and actuator and a gas-cushioned accumulator provides pressure isolation
between fatigue machines. The pressure reducing valve is used to attenu-
ate the pressure of the supplied fluid to a level that is adequate for the test.
A pressure higher than needed leads to unnecessary wear of the servo-
valve and actuator scals.

A critical component in the hydraulic system is the servovalve. This is
a precision flow-control device which consists of an electrical torque motor
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and two stages of hydraulic power amplification. The output of the servo-
controller is applied to the torque motor of the valve, which indirectly
causes a four-way sliding spool to move relative to the null position. This
spool then provides flow to one side of the hydraulic actuator, while pro-
viding a path for the return flow from the other side. Because of the ex-
tremely small movements required of the actuator and servovalve spool
in low cycle fatigue testing, a superimposed a-c signal is also applied to
the torque motor by the servo controller. The signal frequency is about
400 Hz and although above the frequency response of the system, it does
reduce the effect of static friction and improves the system resolution.

Another important component is the hydraulic actuator. For best re-
sults, a high-quality actuator capable of sustaining small oscillating mo-
tions for long periods of time should be used. The symmetric, double-ended
variety is preferable, for it provides bearing support of the actuator rod on
both sides of the piston and thus minimizes any tendency for lateral flexi-
bility. Also, symmetry of flow characteristics in tension and compression
greatly facilitates the tuning of the electronic control system. To permit
easy installation of test specimens, the actuator should have ample travel.
The authors use actuators with a 6-in. stroke. For testing with axial dis-
placement control, actuators with a built-in displacement transducer are
commercially available.

Manual pressure
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Accumulator g
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FIG. 9—Block diagram of hydraulic system.
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Attention is called to the location of the solenoid valves. When the error
signal to the servo controller exceeds a preset limit, the shutdown relay
in the console (Fig. 1) will trigger instant closing of these valves, so that
no further motion of the actuator rod is possible. This feature ensures stop-
page of the test upon fracture of the specimen. Tripping of the relay also
stops the programmer, timer, and recorders, and shuts down the heating
system. The purpose of the bypass valve is to permit opening the solenoid
valves without producing a surge through the control system. With the
control system poised for closed-loop control the system is energized with
the bypass valve open. The valve is then gradually closed before the pro-
grammer is engaged to start the fatigue test.

Recording Equipment

Signals that can be recorded are the electrical analogs of load (stress),
elastic strain (proportional to load), plastic strain, and total strain. The
manner in which these signals are generated is discussed in the section
describing the computer module.

Two types of recorders are normally needed: strip chart recorders to
obtain the variation of test parameters as a function of time, X-Y re-
corders to calibrate the control system and to analyze the relationship
between two test parameters at certain times in the test. During a standard
test, two strip chart recorders are usually employed to record the com-
plete history of load and axial strain and an X-Y recorder is used to re-
cord hysteresis loops, first continuously in the early part of the test and
then periodically thereafter. Typical records of this type may be found
in earlier papers by the authors [7, 2] and in the papers in this publication
by Feltner and Mitchell, Morrow and Raske, and Lord and Coffin.

In interpreting the results of low cycle fatigue tests, a suitable criterion
for defining fatigue failure would be the number of cycles required to
initiate a propagating crack. However, fatigue life based on such a cri-
terion is difficult to measure in practice, even on a laboratory specimen
when tested at elevated temperature in an oxidizing environment. For this
reason, the authors define fatigue life as the number of cycles to that
point in the test where, due to the presence of one or more cracks, the
load range has fallen off by a certain percentage from its stationary
value [/—4]. The continuous load record is used for this purpose.

Specimen Heating

In the authors’ experience, the induction method has been simple and
accurate for heating the test specimen. With this particular method,
heating of the specimen results from circumferential eddy currents in-
duced in the specimen by a high frequency current that flows through a
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coil surrounding the gage section. The coil, visible in Fig. 4, is made of
copper tubing. It is water-cooled and the individual windings are sheathed
in fiber glass braiding to prevent short-circuiting.

The geometry of the coil was developed to furnish a flat temperature
profile along the gage section of the specimen, while at the same time
leaving sufficient room for measurement of the diametral strain at the
minimum diameter. Basically, the coil consists of two separated parts,
each with four windings. The temperature profile can be shaped by adjust-
ment of the distance separating the two parts. Figure 10 gives typical
axial temperature distributions obtained on a stainless steel specimen at
different temperature levels, using the same coil. Temperature measure-
ments made with a thermocouple inside the specimen through a small
axial hole produced no evidence of a radial temperature gradient. Outside
the coil windings the temperature in the specimen falls off sharply. This
is apparent from the infrared photograph shown in Fig. 11, made with
the specimen at 800 C. The black bands are the windings with the fiber
glass braiding removed.

In a fatigue test, the specimen is instrumented with three Chromel-
Alumel thermocouples spot-welded at a distance of 3/16 in. from the
mid-position. Two of the thermocouples, on opposite sides of the mid-
position, are used to balance the temperature profile. Before the fatigue
test is started, the induction coil is adjusted vertically until the two
thermocouples register the same temperature. The third thermocouple is

el 403 507 621 723 833 946
7 418 525 629 746 858 973
E 426 533 646 758 868 982
648 762 869 97
r— [ 536
427 538 649 760 871 981
425 536 648 762 869 979
422 532 646 760 869 984
414 523 637 746 863 987
403 509 621 736 846 972
Legend:
d = minimum diameter = 1/4 in.

R = profile radius = 1-1/2 in.
p = thermocouple spacing = 1/8 in.
FI1G. 10—Temperature distribution in fatigue specimen (AISI 304 stainless steel).
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FIG. 11—Infrared photograph of fatigue specimen at 800 C (AISI 304 stainless
steel).

used for temperature control. It causes the temperature indicator on a
standard commercial recorder-controller to move relative to the tempera-
ture set-point indicator. When the two indicators do not coincide, an
error signal is generated which results in corrective action through the in-
duction generator.

Several makes of induction generators are commercially available and
the manufacturers are an excellent source of information on the com-
ponents necessary to obtain closed-loop temperature control with their
equipment. The authors did not consider it worthwhile, therefore, to de-
scribe in detail the particular temperature control system used in their
laboratory.

Computer Module for Optional Modes of Strain Control

Figure 12 shows the front panel of the computer module built for the pur-
pose of providing a choice between programming diametral (transverse)
strain, axial strain, plastic strain, or load in the fatigue experiments. Its
operational features will be described below with the aid of the block
diagram shown in Fig. 13 and the network schematic presented in Fig. 14.
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FIG. 12—Close-up view of strain computer.

Computer Circuit

The conversion from diametral strain to axial strain requires the deter-
mination of the elastic and plastic components of the diametral strain.
From these the elastic and plastic components of the axial strain can be
computed and then combined to give the total axial strain. The pertinent
relationships needed for the conversion are:
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€ = € + €p,

€2 = €0 + €ap,
€le = Ve
€ap = —Vpep, and
¢, = F/AE.

These expressions may be rearranged to give:

€sc = —KF, where K = v,/AE = a constant,
€ip = €3 — €dg, and
€ = —€ge/Ve — €ap/Vpe

The computer generates the electrical analogs of eg, €5, and €. To ac-
complish this, analogs of ¢; and F must be supplied as inputs. As indi-
cated in Fig. 13, the lateral strain sensor and the load cell furnish these
signals. The values of the constants v, and K must be inserted by means
of two potentiometers, located to the right in Fig. 12. The value of v, is
fixed at 0.5 in accordance with the constant-volume condition associated
with plastic deformation of isotropic materials.

In Fig. 14 it can be seen that Amplifier 1 operates as a differential
amplifier to increase the level of the load cell signal. The signal is then
attenuated by a calibration potentiometer to produce a properly scaled
analog of €4, at the output of Amplifier 2. Amplifier 3 is used to subtract
€. from €; to give €g,, while Amplifier 4 sums €;./v, and €gz/v, to pro-
duce the analog of e. Switch S1 maintains the proper phase relationship

€de

€de —

| —— |

€4

- €
€dp “€d - €4e _Sdp

FIG. 13.—Block diagram of strain computer.
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between all three modes of control, that is, control of €4, €;, and €. The
switch positions are denoted in Fig. 12 as PD, TD, and T A, respectively.
(Control of €, also implies control of €,, since €, = —€z,/V, = —2€4.)
It is appropriate to mention that with control of plastic strain some sys-
tem dead band cannot be avoided upon strain reversal. This occurs be-
cause no dynamic control of the plastic strain is possible while the speci-
men is unloading elastically. Therefore, trial runs may be necessary under
some test conditions to evaluate system performance with this mode of
control.

Fewer amplifiers could have been used to obtain €, but only by sacri-
ficing the low-impedance signals desired for maximum flexibility of re-
cording and control. Figure 12 shows that recording signals are directly
available for F, €4, €, and €. Four 10-turn potentiometers are provided
to facilitate the selection of recorder scales. Note that €, and e, are also
readily recorded, for they differ from €z and €, only by simple scale
factors.

Load control of the fatigue experiment is also available, since the load
cell signal makes up part of the axial strain signal. It is only necessary to
remove the diametral strain signal from the computer and place the se-
lector switch in the total-axial-strain position. A simple modification of
the circuit would be needed to permit load control without removing the
diametral strain signal.

Bias-adjustment potentiometers found on the front panel of the com-
puter module serve the purpose of assuring a zero output from each of
the amplifiers when all inputs are zero. Adjustments are needed only
occasionally.

Stability Circuit

The computer module also contains a rate-fesdback stability circuit,
added to the control system of the fatigue machine to improve perform-
ance. Experience has shown that instability problems are sometimes en-
countered with high-gain servo systems when using hourglass specimens
and diametral-strain measurements as feedback signals. Certain combi-
nations of specimen material, temperature, strain amplitude, and strain
rate can result in unwanted strain excursions within each cycle.

To understand the reasons for such instabilities requires a brief dis-
cussion of the specimen as a component of the servo system. In order to
strain the specimen at a desired rate, the hydraulic actuator has to supply
both a variable force and a variable displacement. Unfortunately, the
force and displacement rates are not the same above and below the pro-
portional limit of the material. This nonlinear behavior can result in an
intracycle gain change of an order of magnitude or more. In addition, the
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E,
From error E,
amplifier To servo
amplifier
C
E,

trai
From strain Stability

amplifier
control

x

=2[Rr, +R,]CS R
R, - f
- E,-—F
(Ry+R)CS+1 R,

E. =

o

where R, =10KQ
R¢=1meg
R,+R,=50K Q
C=0.1pnf
FIG. 15—Stability circuit.

creep or relaxation characteristics of the specimen can introduce a time
effect which results in a lag in the system time response. These two ef-
fects can easily cause unstable system operation unless some type of
compensation is introduced.

The circuit shown in Fig. 15 and modifications thereof have been used
to minimize the effects of the specimen behavior on system stability. It
serves as a so-called derivative-lag network that consists of a feedback
loop around all system components, except the error amplifier and the
computer circuit. This technique of using an inner loop within a larger
system is a common means for minimizing the detrimental effects of a non-
linear element, in this case the specimen. The gain of this loop can be
adjusted by turning a potentiometer available as a front panel control on
the computer module. It should be noted that the values of the com-
ponents of the circuit of Fig. 15 are consistent with the components in the
authors’ control system and should not be assumed to be universal by any
standard.

Operating Procedure

In the case of axial strain control, programming the testing machine
requires the calibration of the computer to establish the proper values for
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K and v,. Four steps are needed to accomplish this for K, as follows:

1. Allow the specimen and servo system to reach equilibrium at the
test temperature of interest. During heating the specimen should be al-
lowed to expand freely and assume a steady-state temperature distribu-
tion. The electronic components must also be allowed to warm up and
stabilize.

2. Obtain closed-loop control of the machine in the diametral strain
mode (Switch S1 on TD).

3. Cycle the specimen within the linear, elastic range of the material.

4. Monitor the output signal of €;, with a high-gain recorder and ad-
just the compliance potentiometer on the computer panel to give a zero
readout. This procedure establishes the proper value of K in the system.

It should be noted that by this calibration procedure K is automatically
adjusted to its proper value, while no effort is made to determine its
actual value.

The value of v, is determined by recording e€;, versus F on an X-Y
recorder while the specimen is cycled in the elastic range, as in Step 3
above. The slope of the straight line so obtained gives e4/F, which in
turn yields v, through the relationship v, = — AFe,/F, where A and E
must assume the values applicable to the temperature of interest. A ten-
sion test is required to determine E.

In the case of diametral strain control, the analog computer is bypassed
when the selector switch S1 is in the T'D-position. Consequently, the
values of K and v, are not needed for controlling the machine in this
mode. In the case of plastic strain control, it suffices to establish only the
value of K. Inspection of the block diagram in Fig. 13 shows that once
the computer has been calibrated for K, a correct signal for e, is avail-
able for control purposes. Hence, tests with control of diametral strain
or plastic strain can be performed without knowledge of the elastic con-
stants of the material. Of course, it is good practice to obtain complete
calibration of the computer regardless of the desired mode of control,
so that all strain signals are available for recording purposes.

It was assumed above that the recording equipment is calibrated for
strain. For this purpose, the electronic control console contains a cali-
bration switch which can insert an artificial diametral-strain signal into
the system. Since it enters the computer network without a corresponding
force signal, it appears as all plastic strain. Consequently, the strain
equivalence of the calibration switch is twice as high for axial strain as
for diametral strain. The artificial diametral strain signal is set with the
aid of the calibration device shown in Fig. 8. Calibrating the recording
equipment for load is accomplished in a similar manner, that is, by means
of a switch that can insert an artificial load signal of known magnitude.
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The switches are located in the panel above the servo controller, as may
be observed in Figs. 1 and 12.

Once the computer has been calibrated, it remains to select a command
signal program, set timers for tests with hold times, and start the test.
Automatic shutdown of the equipment, including the heating system, is
accomplished when the system error signal exceeds a preset limit. The
limits are manually set by adjusting the limit switches on the meter relay
after the test is started.

Discussion

It is apparent from the experimental approach described in this paper
that the authors have a strong preference for using hourglass specimens
in their low cycle fatigue research at elevated temperature. This prefer-
ence originates from the advantages associated with this type of speci-
men, as discussed earlier. Many other investigators have used the hour-
glass specimens for the same reasons. In the past, however, testing of
hourglass specimens was generally executed with control of either load,
transverse strain, or actuator displacement. Because the axial strain is
usually the test parameter of primary interest, the authors pursued the
development of testing procedures that would permit programming of the
axial strain in the hourglass specimen, as described in the preceding
pages.

The purpose of this discussion is to review the benefits gained from
controlling axial strain rather than transverse or diametral strain. Before
proceeding with the review it is necessary to present several relationships
between the test parameters in the push-pull test. The relationship in-
volving the parameters o, €, and ¢, is expressed by the following equation:

e=(1 —v./v))o/E —€afvp. .o ¢))
This equation is readily derived by eliminating ¢, from the basic relations
€= €+ €, €4 = — vp€p — Vo and ¢ = FEe,, where v, = 0.5.

Denoting the maximum and minimum axial strain magnitudes by ¢, and
€, respectively, and subscripting the corresponding stress and diametral
strain magnitudes accordingly, one may write:

e = (1 —v/v)oi/E —€ar/vp..o ..o 2)
€ = (l - Ve/Vp) 0'2/E - Gdz/Vp ................. (3)
Now let Ac = |o1 — o2, Ae = |e; — ez, and Aeqs = |eq1 — eqa2|, Where A

denotes the range traversed by the associated parameter. Then, stress and
strain ranges are related as follows:

Ae = (1 — vo/vp) Ad/E + Aegfvy. oo ()
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Next, symbols R and R, are introduced to define test conditions encountered
when an alternating strain is superposed on a mean strain:

(] - Ve/vp) 0'1/E - edl/yp
(—ml—-Ve/vp)a'g/E——edz/vp'””“””“
Ry = enfeaz . ... ... 6)

With the aid of the above equations it is now possible to point to several
obvious advantages to be gained by programming the axial strain in an hour-
glass specimen:

R=e/e= (5

1. The wave form is programmed for the test parameter of primary
interest, the axial strain. Inspection of Eq 1 shows that programming e,
with a certain wave form would not result in the same wave form for e.
An illustrative example of the difference was shown in an earlier paper [2].

2. Many materials exhibit cyclic strain hardening or softening in strain-
controlled fatigue experiments. An example of such behavior is seen in
Fig. 16, taken from another paper [3]. The diagram shows a variation
in the stress range as the test progresses. Such a variation is accompanied
by a redistribution between elastic and plastic strain. Consequently, with
a fixed diametral strain range, the axial strain range increases with cyclic
hardening and decreases with cyclic softening. This observation may be
verified by inspection of Eq 4. Being able to program axial strain is
clearly advantageous when the materials tested exhibit cyclic hardening
or softening.

3. A given ratio of alternating axial strain and mean axial strain is
readily programmed. Tt can be deduced from Eqs 5 and 6 that this ratio
is not the same as the corresponding one for diametral strain. Therefore,
it is difficult with diametral strain control to select that value of R; which

psi Ae=1.77% kg/mm®
et BN NI 1[1[Hso
’ Ae = 1.33% w ‘

5 100,000 B r . [ H‘ ; H 70
g 111 Ae =0.91% Ll

] T | 60

g 80,000 e =0.71% ‘f L | _—L 6

\

e s [T 11 kg
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FIG. 16—Stress range versus loading cycles for AISI 316 stainless steel at 430 C
(axial strain rate 0.004 57*).
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will produce the desired value of R in the test. Also, with a fixed value
for R, cyclic hardening or softening would result in a variable value
for R.

4. At temperatures in the creep range, holds in the strain cycle result
in stress relaxation during the hold periods. Relaxation is accompanied by
a decrease in elastic strain and hence by an increase in plastic strain
when the total strain is held constant. It is apparent from Eqs 2 and 3
that a hold on diametral strain will not result in a true hold on axial
strain. A true hold on axial strain in the hourglass specimen can only
be obtained by programming the axial strain.

In conclusion, there is one additional testing consideration that deserves
to be mentioned, the manner of starting a test. Test results presented in
Table 1 show that in tests with large strain amplitudes, the fatigue life may
depend on whether the test is started in tension or compression. A simi-
lar finding was reported recently by Tilly [6]. As a matter of standard
laboratory practice, tests performed in the authors’ laboratory are always
started in compression [/—4].

TABLE 1—Fatigue test® results for annealed Type 304 stainless steel at 800 C.

Axial Strain Axial Strain  Stress Range

Range (Ae¢), Rate (¢), (Ao), Starting®  Frequency, Cycles to
% s~! kg/mm? Condition cycles/min Failure
30......... 3 X 103 36 c 3 265
31......... 3 X 1073 37 c 3 280
K78 3 X 1073 38 t 3 258
K75 D 3 X 103 37 t 3 241
1.6......... 3 X 103 39 c 6 683
1.6......... 3 X 1073 39 c 6 685
1.7......... 3 X 103 39 t 6 516
1.7......... 3 X 1073 38 t 6 545

@ Mode shape: triangular, with zero mean strain.
b Test started in compression (c) or tension (t).
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ABSTRACT: The purpose of this paper is to describe the equipment and pro-
cedures developed at the General Electric Research and Development Center for
testing and evaluating materials at elevated temperature under uniaxial con-
trolled cyclic strain. Items considered include specimen design and surface finish,
grip design and specimen assembly, extensometer design and operation, instru-
mentation, heating and temperature control, test operation, and failure interpreta-
tion and data reduction.

KEY WORDS: fatigue (materials), fatigue tests, low cycle fatigue, high tempera-
ture fatigue, mechanical tests, metals, high temperature tests

This paper presents information on the limit-controlled, uniaxial cyclic
strain testing procedures employed at the General Electric Research and
Development Center. These procedures have been and continue to be
evolutionary in nature and are subject to modification as improved tech-
niques, design, or instrumentation become available. The present report
describes the current status of these procedures as they exist in conjunc-
tion with screw-driven constant crosshead rate testing machines, but do
not reflect the methods introduced with the advent of servo-controlled
closed-loop testing machines in the authors’ testing activities.

The testing philosophy for which the experimental program was de-
signed was to provide basic material information on structural materials
useful for machines and components manufactured by the General Elec-
tric Co. and whose service requirements subjected them to low cycle
fatigue. The interest in these experiments was centered primarily on the
material rather than on the specific component, and, to make the work
of general interest, the conditions of the tests were such that the results
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could be applied to complex structural configurations through appropriate
engineering judgment. Hence the loading was uniaxial, such that the ap-
plied stress could be found at all times from the measured load and the
instantaneous specimen diameter.

Further, the experiments were conducted under controlled strain range
rather than the earlier and more common procedure of employing con-
trolled stress or load limits. This was done to relate the work more closely
to the real problem to which the results could be applied, as for example
where the cyclic conditions were primarily a result of thermal cycling or
of load cycling of elastic structure containing small local plastic regions
such as filets or other stress concentrations.

The limited life regime was of primary interest in the experimental
program. Fatigue failures of the test specimens were investigated in the
range of 1 to 10° cycles, or more generally, where measurable plastic
strain could be obtained on each cycle. In other words, the regime of
interest was when stress and strain were nonlinearly related.

Specimen shape is of considerable importance in these experiments
and more detailed information will be provided in the body of this re-
port. A primary purpose of the program is to provide information on
the cyclic strain and fatigue behavior of a specific material where failure
may result in a very few cycles. This requires sufficiently close monitor-
ing of the specimen deformation throughout its life such that the actual
stress and strain existing in well-defined locations can be measured and
controlled. In uniaxial loading this can only be done with the so-called
“hourglass” test specimen, in which only a small region at the minimum
diameter of the specimen is subjected to the maximum stress and strain
conditions. Control of strain range of this element is effected by con-
tinuously monitoring the minimum diameter of the specimen. In contrast
to the broad strain ranges to which the hourglass specimen can be em-
ployed, use of other specimen shapes, such as uniaxially loaded, uniform
gage length specimens, is limited to strain ranges where progressive local
shape changes in the gage length region do not give rise to erroneous
strain information.

Since material behavior at elevated temperatures is of prime impor-
tance to this program, means for producing and maintaining the desired
temperature constant in the test area of the specimen is a basic require-
ment. Measurement and control of temperature without compromising life,
such as by fatigue crack nucleation at thermocouples located in the test
region, require special attention. Also localization of the high temperature
to the general test area and away from the specimen grips and load cell
requires adequate water-cooling of the grips. It is particularly important
for reliable load measurement that the load cell remain under isothermal
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conditions during the life of the test. Careful control of temperature is
required to insure reliable load and strain records.

Diametral strain range control requires an extensometer whose prime
function is to indicate the diameter limits of the cycle for purposes of
reversing the direction of loading. Continuous monitoring of the diameter
change is highly desirable, so that, in conjuction with the instantaneous
load, hysteresis loops of load versus diameter change can be recorded
during the test. Until a suitable alternative can be devised, direct contact
of the extensometer with the surface of the specimen is necessary. The
localized contact pressure acting in conjunction with the applied cyclic
plastic strain can produce progessive indentation of the specimen espe-
cially for low strain hardening metals [/],2 and cause premature crack
initiation. Attention must therefore be given to minimizing the contact
pressure of the extensometer.

Under fully reversed strain conditions, compressive loads are encoun-
tered which are equal in magnitude to the tensile loads. Buckling of the
specimen is always a possibility and requires special attention. Particular
attention must be given to the shape and dimensions of the test specimen,
the initial alignment of the grips, and their movement during the test.
Features of the specimen and grip design and of the testing machine to
implement stability will be discussed.

Continuous recording of temperature, load and diameter change versus
time and the recording of load versus diameter change throughout a par-
ticular test give a complete picture of the material response to controlled
cyclic strain and serve as valuable tools in the interpretation of the test.
Additional observations such as surface changes in the specimen, crack
nucleation, and crack propagation can be made to suit the needs of the
investigation.

With these observations much can be learned regarding the cyclic
strain and fatigue response of metals. Several investigations of the authors
have been published [2-6] and these provide additional information on
testing procedures as well as on material behavior under conditions of
controlled cyclic strain applicable to the design of real structures.

Specimen Design

The general design of the hourglass specimen is based on the concept of
localizing the strain to the area where it can be controlled, while mini-
mizing the constraint effects of the notch arising from the hourglass shape,
consistent with resistance to buckling during the test. From experience
the specimen shape, defined in terms of the ratio of the radius of curva-

2 The italic numbers in brackets refer to the list of references at the end of this
paper.
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ture of the notch, r, to the minimum radius of the specimen, R, depends
on the maximum strain range required in a particular program. For ex-
ample, for diametral strain ranges not exceeding 0.02, the ratio, r/R,
employed was 12. For very large strain ranges, in the order of 0.2,
r/R =6.67.

Detailed dimensions of the test specimen most commonly used are
shown in Fig. 1. Figure 2 shows several typical test specimens used in
various experimental programs. Specimen 2 is that detailed in Fig. 1,
while Specimen 4 was designed for high buckling resistance where large
compression strains are encountered.

Specimen Preparation

Since test results are very sensitive to the surface of the specimen,
some detail is required of the method involved for surface finishing. The
specimen is first rough-finished in the hourglass region leaving 0.005 in.
on the minimum diameter. It is then mounted between centers in a cylin-
drical grinder. The wheel spindle is aligned at 90 deg to the specimen
axis and positioned at its mid-point. The specimen is rotated at 325 rpm
while its axis is translated back and forth in a direction perpendicular
to the wheel spindle. With a grinding wheel of appropriate radius oper-
ating at 5150 rpm, about 0.0002 in. is removed per pass until the finished
diameter 40.001 in. is reached.

The specimen is then mounted on ball-bearing fixtures and held against
a buffing wheel at a slight angle, about 10 deg, to the buffing wheel plane.
This imparts a rotating movement to the specimen which can be braked
by the operator with his thumb. Three different polishing wheels are used,
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FIG. 1—Standard low cycle fatigue specimen detail.
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FIG. 2—Various test specimen configurations.

each charged with the proper polishing agent to impart a surface finish
which is polished in appearance and measures on an average of a 3 to
4 pin. surface roughness. All the grinding lines and polishing marks are
longitudinal, and all circular machining marks are removed. A surface so
prepared minimizes any influence of specimen preparation on the test
results. '

Following this the specimen is degreased and then heat treated. The
heat treating is conducted in such a way as to avoid any surface damage
and a protective atmosphere is employed to eliminate surface oxidation.
The minimum diameter is then measured by optical means to eliminate
any contact and possible marking of the sample.

Two thermocouples are attached at a location %4 in. from the minimum
diameter. Ten-mil Chromel-Alumel wires are welded to form a 0.04-in.-
diameter bead which is pinched flat with pliers to about 0.015 in. and
then carefully spot-welded to the specimen. This procedure results in a
strong attachment that is highly resistant to mechanical failure, yet does
not influence the fatigue life of the specimen.

Grip Design

The grip assembly is shown in Fig. 3. Details of the design include
two pairs of split gripping collars which fit snugly to the specimen (two
styles are shown in the figure), two retaining rings, two water-cooled
grip housings, and pull-down bolts to clamp the split collars firmly to the
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FIG. 3—Section view of testing assembly.

housings. One housing is attached to the moving crosshead of the testing
machine, the other to a load cell coupling flange. Features of this design
include: rigid support of the test specimen against tensile and compres-
sive forces as well as bending movements, firm clamping of the specimen
and split collars to the housing for effective heat transfer in tension as
well as compression, precision in alignment, and ease in assembly.

Alignment is very important. Aside from careful machining of the several
parts described above, the following was done. An Instron GR? load cell
was made with a special spindle containing a pilot stud as an integral
part of the spindle. After installing and bolting the load cell in place, the
load cell coupling flange was attached and locked. Alignment was as-
sured by the pilot stud and by threading the coupling flange to the spindle
shoulder. The upper housing was then firmly bolted to this flange and
the lower housing was loosely mounted to the moving crosshead. Both
pairs of split couplings were bolted into their respective counter bores
without a specimen, the gap between them reduced to zero, and with one
retainer ring in place, the lower housing was moved about until the ring
slid easily from the upper to lower split coupling. At this point the lower
housing was firmly bolted to the moving crosshead. In the installation of
the specimen, care must be taken to prevent loading of the specimen
while tightening the pull-down bolts.

#20,000-1b reverse stress cell; Instron Corp., Canton, Mass.
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It should be understood that, prior to clamping of the specimen rigidly
in the machine, the load recording system must be calibrated by con-
ventional methods and the zero load point positioned mid-scale on the
recorder.

Extensometer

Figure 4 shows the diametral strain transducer. A structural frame of
Invar is balanced about a single fulcrum point screw. This frame provides
the support for two quartz gage rods that contact the minimum diameter
of the specimen at diametrically opposite points. A pivot point is at-
tached to the frame and the entire extensometer carefully balanced on
this point. This arranagement allows only very small restrictive forces to
be applied to the specimen. One gage rod is fixed in the frame assembly.
The other gage rod is movable and is supported by means of two thin
elastic phosphor bronze leaf springs. Attached to the transducer as-
sembly is a standard Instron (Catalog G-51-16) 1% in. gage length strain
gage extensometer. This extensometer measures the relative movements
of the two gage rods and hence the diameter of the specimen. The Invar
and quartz materials used in the transducer were chosen to provide good
dimensional stability independent of small ambient temperature changes.
In connection with elevated temperature experiments where a portion of
the gage rods are at specimen temperature, quartz offers the additional
advantage of oxidation resistance. The elastic leaf springs minimize fric-
tional effects that would otherwise lead to backlash in the performance
of the transducer. The contact pressure against the specimen is quite low.

a

i Gaaad

FIG. 4—Diametral extensometer.
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This was achieved by reducing the spring force to a few tenths of a
pound and by contouring the gage rod contacts more nearly to match
the curvature of the specimen.

Maximum sensitivity of the strain transducer is such that 0.0002 in.
of diameter change in the specimen is equivalent to full-scale deflection
of a strain recorder to be described later. In a specimen with a minimum
diameter of 0.25 in., a diametral strain of 8 uin./in. is then equal to 1
percent of full scale on this strain recorder. The transducer has been used
to control an experiment in which the diametral changes were as little
as =60 win. This was equivalent to a diametral strain range of 0.0008
in./in. in a specimen with a nominal diameter of 0.15 in. During several
days of continuous operation in conducting this experiment, stability
checks were made. No significant change in calibration, point of reference,
or controlled diametral range was observed.

Controlled Constant Strain Range Experiments

The electrical signal from the strain transducer is amplified and re-
corded by associated equipment. The equipment consists of a carrier
frequency amplifier and strip chart recorder. These components are lo-
cated in the diametral strain range control console shown in Fig. 5. Only
minor modifications to these componenis are required to facilitate cou-
pling them electrically to other equipment to be described.

Calibration of the overall measuring system is then made with a
Boeckeler Instrument Co. micrometer head which can be read to 10 win.
The extensometer is attached to the calibration stand such that the mov-
able end is displaced a known amount by the micrometer and the full
scale of the recorder so determined. The extensometer is then mounted
on the specimen such that it is carefully balanced at the minimum diam-
eter position. This position is determined on the recorder by applying a
small vertical oscillation to the extensometer. The recorder pen is then
centered on the chart.

When it is desired to conduct experiments in which the controlled
function is a constant diametral strain range, finite changes in diameter
may be specified by the following relationships:

Adc = d()[exp(l/QA(:d)— ]] ..................... (])
where:
Aeg; = diametral strain range,
dy = original specimen diameter,
Ad, = limiting specimen diameter change in compression, and

Ad, = limiting specimen diameter change in tension.
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FIG. 5—Diametral strain range control console.
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Two limit switches are installed in this strip chart recorder (hereafter
called “the diametral range recorder”). These limit switches are then
independently adjusted to settings equivalent to the values determined
by Eqs 1 and 2. When the test is in progress, these switches are alter-
nately actuated when the continuous specimen diameter indication equals
their settings. It is of importance to note that this control system regulates
machine loading direction from specified strain limits only. While the
true strain rate of the specimen is not controlled (crosshead rate is), a
fair approximation of its value may be determined from the data. Cross-
head rate is controlled independently by a selsyn control system incor-
porated in the Instron machine.

Heating System and Control

The specimen is heated by induction using a small water-cooled work
coil as shown in Fig. 6. Maximum temperature and its uniformity de-
pend on coil design and good coupling with the specimen. Although the
thermocouple wires were contained within the coil, experiments showed
that the radio frequency field (500 kHz) did not influence the tempera-

FIG. 6—View of test assembly with high temperature test in progress.
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ture measurements. Similarly, measurement of the vertical temperature
distribution revealed satisfactory uniformity of temperature in the test
region.

A 4-kW power supply was employed, installed with a variable cou-
pling feature for better coupling of a wide variety of test materials to the
heating system. Specimen temperature is maintained by a system con-
sisting of a three-action temperature controller, one thermocouple, and
the power supply. The other thermocouple is fed into a potentiometer
to establish the actual test temperature desired.

In bringing the temperature of the specimen up to the test conditions,
care must be exercised to prevent excessive compression of the specimen
as a result of differential thermal expansion. During this period the load
on the specimen is closely watched and the crosshead adjusted accord-
ingly to keep the specimen load near zero while equilibrium conditions
are being established. Details of this procedure may vary depending on
the discretion of the investigator.

Experience is required in achieving the best control of temperature.
It is highly desirable that temperature oscillations be minimized and that
the coupling between the specimen temperature and the system response
be very close. Observe that the temperature tends to vary with change
in load. This arises primarily because of variation in heat transfer in the
spec'men and grip connection between tension and compression. The
effect is minimized by firm clamping and rapid response in the control
system to temperature change.

Testing Machine

The testing machine used in these investigations was an Instron Model
TTD-L having a load capacity of 20,000 Ib. Crosshead rates could be
varied in steps from 0.0002 to 2 in./min. Range in the strip chart speeds
of all recorders was from 0.02 to 5 in./min and instruments were pro-
vided with event markers for close matching of load and diameter change
and for cycle determination in long tests.

Experimental Measurements and Automatic Operations

The useful data produced by this cyclic strain experimental equip-
ment include measurements of force, diameter, cyclic rate, time, tempera-
ture, and number of cycles. The values of some of these quantities for a
typical cyclic strain experiment (of constant strain range) appear in
various recorded combinations in the equipment, such as force time in
Fig. 7a, diametral range time in Fig. 7b, and temperature time. The
cross-plotting of force and diameter change on a Cartesian coordinate
graph displays in Fig. 7c the particular hysteresis loops selected for the
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L
FORCE

TIME

(@) Force time.
(b) Diametral range time.
(¢) Diametral change force.

FIG. 7—Typical cyclic strain data

experiment in progress. This is accomplished with a Model 7000 A
Moseley X-Y recorder also shown in Fig. 5. This particular model was
selected because it offers the advantage in this application of minimum
electrical circuit losses through its high signal input impedance.

In order to obtain representative hysteresis loops throughout a given
test without continuous writing of the X-Y recorder, an event program-
mer was built which actuates the stylus for the duration of one cycle.
Setting the programmer to a specific position determines the cyclic in-
terval between recorded hysteresis loops. The programmer is shown in
Fig. 5 to the left of the main chassis.

There are several automatic shutdown provisions available in the
equipment. At some point in the course of any type of experiment when
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the formation of a crack has reduced the cross-sectional area of the speci-
men, the force associated with the tensile half of a cycle will be some-
what less than that for the uncracked specimen. This low tensile force
then initiates an automatic shutdown by causing the moving crosshead
to be stopped. A “force level” switch is installed in the force-time re-
corder for this purpose. This force level switch is connected into the
moving crosshead reversing electrical control circuit. The reversing se-
quence is therefore interrupted at the Ad, limit when the tensile force
of the specimen is less than the selective value of the force level switch.
When the moving crosshead of the machine has been stopped for a selec-
ted period of time, a timer will then turn off the electrical power which
supplies the equipment, if desired. This set of shutdown provisions pro-
tects the specimen from the total separation and preserves it for further
study.

Facility Component Arrangement

The overall view of the cyclic strain test facility is shown in Fig. 8.
The diametral strain control console located to the left in the view con-
tains, in a top-to-bottom order, the temperature-time recorder, tempera-
ture reference supply, calibration controls associated with the total diam-

o -~ i

FIG. 8—Cyclic strain test facility.
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eter change-time recorder {7], the diametral range recorder, the Instron
a-c bridge amplifier associated with the diametral range recorder, the
cyclic strain programmer described elsewhere [7], and the shutdown
circuit controls. The force-diametral change recorder is on the left side
of the console. The testing machine straining frame with the test fixtures
installed is located in the center of the figure. The Instron machine con-
trol console is located farther to the right. The force-time recorder is a
part cf this console. The specimen heater-controlling equipment is not
included in this photograph.

Operation

Having stabilized the temperature such that there is no load or diam-
eter change response and with load and diameter change recorders cen-
tered and at appropriate scale span, the test can be started. Depending on
the crosshead rate, some overshooting of diameter change can occur at
the limit points and this must be carefully watched in the early stages of
the test. The limit positions are adjusted to insure that the diameter lim-
its remain constant during the test. Overshooting is a dynamic problem
arising both in the machine and the sample as the straining direction is
reversed. When tests are conducted in the creep range, overshooting in
diameter can also occur during holding or unloading because of creep
of the specimen under the applied load.

Fatigue Failure

Since fatigue crack initiation and propagation to failure are major con-
siderations in these tests, observations of these effects can be made in
many ways. In terms of the load versus time and load versus diameter
records, there are changes in pattern which are useful indicators of the
presence of a fatigue crack. With reference to Fig. 9, the effect is seen in
the load-diameter change record as a small cusp at the compression load
reversal point. This cusp grows in magnitude with continued cycling. At
the same time a small spike appears on the load-time curve which also
grows in intensity as cycling proceeds. These indications reflect the pres-
ence of a crack which is open except for the interval of the spike when
it closes to increase the net cross-sectional area of the specimen.

With further cycling the crack grows in size and the tensile load re-
duces in magnitude, slowly at first and then near the end of the test very
rapidly. It is in this region that the shutdown provision operates. By ad-
justment of the force level switch position relative to the maximum ten-
sile load carried by the specimen, the crack length can be made to be
small or large as desired.



143

LORD AND COFFIN ON HIGH TEMPERATURE MATERIALS

‘SPA0224 2ULI-2040f PUD 2EUDYD AI]2UIDIP-IILOf Ul $IBUDYD 24185248046 "DIA

JONVHD HILINVIQ
€000 2000 1000 0 1000- 20000~ €000~

”“.._ﬁ 53 18

_

e 009~

{o0b-

- 00

1009

o8




144  MANUAL ON LOW CYCLE FATIGUE TESTING

Data Reduction

Depending on the specific requirements of the test, reduction of data
can take a variety of forms. By way of illustration an example will be used
here which describes how the authors treat an elevated temperature, low
cycle fatigue test. The general procedure is to develop a program for a
time-sharing computer system such that test information can be fed into
the program and the tabulated results returned as output. Figure 10
gives the time-sharing program using “basic” language; definitions of the
symbols used are found in the appendix. Figure 11 gives the tabulated
output. Tabulated results are obtained from the indicated calculations
and include the true tensile stress (line 00260), the true compressive
stress (line 00280), the stress range (line 00300), the mean stress (line
00320), the longitudinal plastic strain range (line 00340), and the total
strain range (line 00360). For a specific test, the diameter limits as ob-
tained from the diameter change chart, the initial diameter, the elastic
modulus, Poisson’s ratio, the cycle number, the tensile load, and the
compressive load are inputs from which the stresses and strains can be
calculated. The load quantities are obtained by measurement from the
test records at the same cycle number for each test.

Additional input information includes the test number, test tempera-
ture, material, and crosshead rate. The program calculates the frequency
and period of the cycle when the maximum tensile load occurs. As a sep-
arate determination, the cycle when the tensile load has decreased to 75
percent of the peak value is obtained from a plot of tensile load versus
cycle number. This is the failure definition employed for this investiga-
tion, although other failure definitions can be introduced. The cycle for
failure so determined is tabulated in Fig. 11.
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00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00330
00390
00400
00410
00420
00430
00440
00450
00460
00470
00430
00490
00500
00510
00520
99999

READY

READ T»>H»D1,D2sXsD0sMsM1,FsF1sNsN15T1
LET K1=(¢LOG(1+(D2/D0)>=-LBG(1-(D1/D0)))/2

LET K1=INTC((K1+5E-TI*1E6)/1E6
PRINT

PRINT "TEST N@"T

PRINT

PRINT ™ NICKEL A AT"H"CENT"
PRINT " K1"K1

PRINT ™ X°HD RATE"X"IN/MIN"
PRINT ™ ORIG DIA"DO™IN"
PRINT ™ ELASTIC MODULUS*M
PRINT " POISSON RATIO"™M1

"PRINT

PRINT

PRINT TAB(7)3"PLASTIC"3 TABC(17)3“TOTAL"

PRINT -** CYC"3 TAB(7)3 "STRAIN™3 TABC17)3 "STRAIN"STABC27)3 “TEN"S
PRINT TAB(35)3"COMP"3 TAB(43)3 "STRESS"s TABCS1)3 "MEAN"
PRINT * NO"3sTAB(7)3 "RANGE™3 TABC17)3 “RANGE™s TABCRT) 3 "STRESS"s
PRINT TAB(35)3"STRESS™3 TABC43)3 "RANGE™)TABC51)3 *STRESS""
PRINT

F@R I=1 TO F

DIM N(50),T(50),C(50)

READ N(IJ»TCI)5C(])

NEXT I

FOR I=1 TO F

LET S1=TCE)/(C(DO*EXP(-K1))12)%+7854)

LET @1=INT(.1#(S1+5))*%10

LET S2=CCI)/((CDO*EXP(K1)) #2)%¢ 7854)

LET @2=INT(. 1%(S2+5))%10

LET S3=S1+S2

LET @3=INTL«1%(S3+5))%10

LET S=(S1-S2)/2

LET @7 INTCe 1%(S+5))%10

LET E3=4%(K1-M1%53/(24M))

LET @4=INT((E3+5E-6)*1ESY/1ES

LET E=E3+5S3/M

LET O5=INT((E+SE~6)*1ES)/1ES

PRINT NCI)3 TABC6)3043 TABC16)3853 TAB(26)3013

PRINT TAB(34)3023 TAB(42)3033 TABCS1)30

NEXT I

PRINT

PRINT

LET I=F1

LET S3=((TCI)/C(DOXEXP(-K1))¢2))+(CCI)/ ((DO*EXP(K1))t2)))/.7854
LET E3=(20(¢2xK1-M1%S3/M)>)/ (.5%T1)

LET 04=INTC(CE3+5E-T)*1E6)/1E6

PRINT "™ CYCLE N@ AT MAX TEN"N

PRINT " CYC N@ AT 75 MAX TEN'N1

PRINT * TIME/ACYCLE"T1"MIN"

PRINT " CYCLES/MIN™{1/T1

PRINT * PLASTIC STRAIN RATE™@4™IN/IN/MIN"
PRINT * GALC TOTAL TIME™NCID*T{"MIN"

END

FIG. 10—Data reduction computer program.
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SLIST *(9000N,90040)

08/11/69

90000
90010
90020
90030
90040

READY

SBASIC

DATA
DaTA
DATA
DATA
DATA

0OR/11/769 11

TEST N@ 965

11242

NICKEL A AT 750 CENT
K1 Ns01034a
X*HD RATE 0.05 IN/MIN

BRIG DIA 0.24a81
ELASTIC mMaDULUS

IN

15500000

POISSON RATIO 0.3

cyC
NO

90
110
125

PLASTIC
STRAIN
RANGE

0.04052
0.04038
N«04035
N. 04034
N«.NanN3a
0.04033
N.04033
0.04033
N.04032
NeNAD3t
0.04031
0. 04029
0.04029
004028
0.04027
0.04a027
0.04027
0.0402%8
N.04029
0.04034
0.04055
0.04093

CYCLE Ng AT MAX TEN 52

CYC N2 AT «75 MAX TEN

TBTAL
STRAIN TEN
RANGE STRESS
004192 10140
004201 12880
0. 04203 13300
0. 04204 13520
N.04204 13520
N+ 04205 13620
0+ 04205 13730
0.04205 13730
0.04205 13830
N« 04206 13940
0604206 14040
D.04207 14150
0.04207 14250
0. 04208 14360
0.04208 14470
0.04209 14570
0.04209 14570
0+0420% 14470
0.04207 14150
0.04204 12990
0.D419 9290
NeNDAa165 6550
101.5

TIME/CYCLE 0.936 MIN

CYCLES/MIN

1.06%38

Comp
STRESS

11650
12460
12760
12760
12870
12970
12970
12970
13070
13170
13170
13370
13370
13580
13580
13580
13580
13470
13370
13370
11650
4660

PLASTIC STRAIN RATE 0.086048 IN/IN/MIN

CALC TOTAL TIME aR.672 MIN

96557505« 002585« 0002555055+ 24815 155E5,3,22,17552,101+5, 936
054805575,1,610,6155,25 6305630, 3,640,630, 4,640,63555,645, 640
656505640,7265056405,9,655,645,11,660,650514,665,650,18,670,686
2356755660529,680,6705 36,685,670, 4656905670,52,6%90s670

6N, 685,665,75,670,660590,615,6605 110,440,575, 125,310,230

STRESS MEAN

RANGE

21790
25340
26070
26280
26380
26590
26690
26690
26900
27110
27210
27520
27630
27940
28040
28150
28150
27940
27520
26360
20940
11210

STRESS

~760
210
270
380
320
330
380
380
380
380
aa0
390
440
390
450
500
500
500
390

~190

-1180
940

FIG. 11—Typical tabulation of test results.
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APPENDIX

Definitions of Symbols Used in Fig. 10

C(I) Compressive force at Datum Point I, 1b
DO Initial specimen diameter, in.
D1  Limiting specimen diameter change in tension, in.
D2 Limiting specimen diameter change in compression, in.
E Total longitudinal true strain range, in./in.
E3 Plastic longitudinal true strain range, in./in.
F Total number of data points taken at various cycles
F1 Datum point number of cycle containing maximum tensile force
H Test temperature, deg C
I Index or datum point number
K1  One half of the diametral strain range, in./in.
M Elastic modulus, psi
M1 Poisson’s ratio
N Number of cycle containing maximum tensile force
N1  Number of cycle containing 75 percent of maximum tensile force
N({I) Cycle number at Datum Point I
0] Rounded-off value of S, psi
01 Rounded-off value of S1, psi
02  Rounded-off value of S2, psi
03  Rounded-off value of S3, psi
04  Rounded-off value of E3, in./in.
05  Rounded-off value of E, in./in.
S True mean stress, psi
S1 True tensile stress, psi
S2 True compressive stress, psi
S3 True stress range, psi
T Test number
T1 Time per cycle at maximum tensile force, min
T() Tensile force at Datum Point I, 1b
X Crosshead rate, in./min
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ABSTRACT: A method for conducting low cycle fatigue tests by reversed bending
is described. The advantages of bend (flexure) testing lie in its simplicity, speci-
men stability at high strain levels, and minimal equipment costs. Description of
the method includes (1) types of specimens, (2) equipment construction and opera-
tion, (3) stress and strain measurements, and (4) data output, presentation, and
analysis.
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Nomenclature

P Load, 1b

AP, Total load range, 1b

S Stress, psi

Sp  Load-based stress, psi

S.  Strain-based stress, psi

3 Strain, in./in.

Ae¢, Elastic strain range, in,/in.
A¢, Plastic strain range, in./in.
Ae¢; Total strain range, in./in.
E  Modulus of elasticity, psi

a Moment arm, in.

c Distance from neutral axis to outermost fiber, in.
1 Moment of inertia, in.4

N Number of cycles to failure
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Development Laboratory, Annapolis, Md. 21402.
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Over 95 percent of our knowledge of the fatigue behavior of materials
has developed from laboratory tests of relatively simple test specimens.
Some 200 laboratories in the United States are engaged in fatigue studies.
The number outside the United States is estimated to be even larger. In
spite of all the information developed, the fatigue behavior of metals is
not completely understood. The subject is highly complex and to a great
extent continues to remain empirical in nature.

A high percentage of the fatigue data developed in laboratory tests
is obtained under cyclic bending (flexural) conditions. The advantages of
flexure testing lie in its simplicity, specimen stability at high strain levels,
and minimal equipment costs. A disadvantage is that the stress and strain
are not uniform throughout the cross section and therefore not amenable
to rigorous analysis. Of particular concern is the finite life region wherein
specimen failure may entail plastic deformation in the test section. De-
spite these difficulties, information applicable to materials evaluation and
structural design can be developed from flexure tests. The procedure used
in carrying out low cycle flexure fatigue tests at the Naval Ship Research
and Development Laboratory in Annapolis, Md., will be described.

Specimens

The specimen selected was originally developed by Lehigh Univer-
sity [7]* for the study of pressure vessel steels. The dimensions of the
smooth specimen are shown in Fig. 1a. The short end of the specimen is
held stationary, while the long end is cyclically flexed. The maximum
stress or strain occurs in the reduced section in close proximity to the
minimum cross section. A biaxial stress of 2:1 ratio is produced in this
region. The design of the specimen effectively eliminates the formation of
corner cracks which frequently occur in rectangular specimens having uni-
form thickness throughout their length,

Modifications to the specimens may take the form of mechanical
notchies as shown in Fig. 15 or the introduction of weld metal as shown
in Fig. 2. The advantage of the longitudinal weld is that it simultaneously
subjects weld metal, base metal, and heat-affected zone to cyclic stressing.
The theoretical stress concentration factor K; for the notched specimens
can be estimated from tables and graphs derived by Neuber and published
on pp. 60 and 61 of Manual on Fatigue Testing, ASTM STP 91. The case
of a centrally located notch is not covered, but it can be assumed that the
results would be similar to the full-width surface notch. The estimated K,
for the notch dimensions shown in Fig. 1b is approximately 3.

2 The italic numbers in brackets refer to the list of references at the end of this
paper.
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LONGITUDINAL
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SECTION AA

(a) SMOOTH

@ LONGITUDINAL
STRAIN GAUGE
SECTION 8B SECTION CC

(b) V- NOTCH

FIG. 1—Low cycle fatigue specimens.
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(b) FINISHED SPECIMEN
FIG. 2—Welded low cycle fatigue specimens.

Test Machines

The flexural fatigue testing machines shown in Fig. 3 were designed
and constructed specifically for studying the behavior of materials when
subjected to cyclic strains in the low cycle region. Figure 4 is a schematic
drawing of one test machine. Figure 5 is a close-up view of the specimen
and some of the associated equipment. The short end of the test speci-
men is rigidly fixed to the base of the machine. A bending moment is
applied through a weighbar or load cell to the free end by a double-acting,
2-in.-stroke hydraulic cylinder. The direction of the cylinder is controlled
by a four-way solenoid reversing valve. The reversing valve is actuated
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either by electrical contacts or. by a timer, depending upon whether a
saw-tooth or a square-wave type of strain-time response is desired. The
control of the test machine will be discussed in greater detail in a later
section.

The speed of the test is about 5 cpm max and is regulated by the pre-
cision control valve visible in Fig. 5. Each cycle is recorded on an elec-
trical counter. Although each test unit is operated independently, hydraulic
pressure for all six machines is supplied by a single 1000-psi, 0.75-gal/
min hydraulic power unit. This unit is visible to the right of the machines
in Fig. 3.

Measurements

The cyclic strains developed in the test section of the fatigue specimens
are measured with resistance-type strain gages. Although various backing
materials and cements have been tried, the greatest success has been with
paperbacked foil gages similar to Baldwin-Lima-Hamilton Corporation
Type FAP-25-12 applied with SR-4 or Duco cement in accordance with
the manufacturer’s instructions. The SR-4 precoat is not generally used.
However, it is required for titanium specimens. Gages should be applied

LN

FIG. 3—Low cycle fatigue test machines.
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DEFLEGTION CONTROL
MICROME TER

PRECISION FLOW:
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_—— CYLINDER
|

FIG. 4—Low cycle fatigue test machine.

to the specimens well in advance of actual testing to permit complete
drying. In this connection the guick-setting Eastman 910 cement is not
satisfactory for low cycle fatigue work.

The FAP-25-12 is a 120-Q gage having V4-in.-gage length. The gages
are applied longitudinally with the transverse center line of the gage
located at the minimum cross section. Observations on smooth specimens
have shown that fatigue cracks do not occur at a precise location but
tend to fall in about a %4-in.-wide band extending across the specimen.
Elastic stress calculations show a variation of approximately 4 percent
in the maximum longitudinal stress in this region.

The strain gage is sometimes offset from the longitudinal center line
of the specimen to the extent shown in Section B-B in Fig. 2. Experi-
ments have shown no significant difference in longitudinal strain as a re-
sult of offsetting.
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The magnitude of the applied bending load is determined by resistance-
type strain gages attached to a weighbar. The dimensions and strength of
the weighbar selected should be such that only elastic strains occur with-
in the load range of the machine. Commercial load cells such as Series
22 of Transducers, Inc., have also been found to be satisfactory for the
purpose.

The strain measuring gage on the specimen and load measuring gages
on the weighbar are connected into separate Wheatstone bridge circuits
having a fixed shunting resistance for calibration. The load versus strain
hysteresis loop is plotted directly on a Moseley (Hewlett-Packard Corp.)
Model 2D-2 two-axis recorder.

-

- - .
- \\.\
A - Upper Deflection Control E - Counter
B - Lower Deflection Control F - Mechanical Stop
C - Control Grid G - Hydraulic Cylinder
D - Flow Valve

FIG. 5—Close-up view of specimen and controls.
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Operation

Control is maintained over the deflection of the movable end of the
specimen. As mentioned previously, this can be accomplished either by
electrical switching or mechanical stops. Figure 5 shows the electrical
contact type of control system consisting of two insulated micrometer
heads mounted in a supporting yoke. The yoke is supported by an arm
which is attached directly to the fixed end of the specimen. The setting
of the upper and lower micrometer heads establishes the control and
maximum deflection of the specimen. The electrical shock hazard is
eliminated by using an auxiliary 6-V a-c relay circuit to actuate the
110-V a-c reversing valve. Mechanical stops are used to back up the
electrical control in the event of circuit failure. When a square-wave type
of response is desired, these same mechanical stops are used to control
the deflection of the specimen. Reversal of the load is then accomplished
by an electrical timer inserted in the electrical control circuit.

One problem in testing flexure specimens at low cycling rates con-
cerns the definition of what constitutes failure. The problem arises from
the fact that stress and strain are not uniform throughout the cross sec-
tion. Accordingly, as the crack depth approaches the neutral axis, the
crack propagation rate decreases and the specimens tend to “hang on”
indefinitely. Therefore, complete fracture is not a satisfactory end point
at low cycling rates. In the case of smooth specimens, an arbitrary failure
criterion has been defined as the development of one or more surface
cracks 3/16 to 1/4 in. in length. In notched specimens, failure is de-
fined as one or more surface cracks 1/8 to 3/16 in. in length, extending
from the ends of the notch.

Using the above criteria it is possible to introduce an automatic shut-
down capability into the electric control circuit. This is done by cement-
ing a No. 36 polyvinyl formal insulated copper wire grid to the surface
of a smooth specimen as shown in Fig. 6. The grid consists of a series
of hairpin loops spaced about Y4 in. apart and extending across the test
section. Ordinary Duco cement is used to hold the grid in place against
the specimen surface. The grid is in series with the 6-V a-c control circuit
and thus the breaking of the grid as a result of a crack will stop cyclic
operation and the hydraulic cylinder will come to rest against one of the
mechanical stops. Only a single loop placed about Y& in. from each end
of the notch is necessary for shutting down the notch specimen.

It is often desirable to conduct rests in environments other than air.
In the case of saltwater environment, the salt water is dripped on the top
and sides of the test section at a rate of 2 or 3 drops per minute as
shown in Fig. 7. The bottom side of the test section and the remainder
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FIG. 6—Shutdown control grid cemented to specimen.

of the specimen are protected against the environment with 3M Brand
EC-612 putty. The automatic shutdown control described in the pre-
vious paragraph cannot be used under these conditions. Instead, the end
point of the test is determined by periodic visual examination of the test
surface.

Data Output

Although the outputs of the load and strain bridges can be indicated
and recorded in a variety of ways, relationships during the course of a
cycle are best depicted by an X-Y recording. When plasticity is present,
the output after the first cycle will take the form of a mechanical hys-
teresis loop as shown in Fig. 8. The parameters of major interest are the
total load range, AP,, and the total strain range, Ae;. One might think
that the plastic strain range, Ae,, could be obtained by measuring the
width of the loop in Fig. 8. This is not the case for flexure specimens
inasmuch as the surface strain is not necessarily zero when the applied
load is zero. This results from the development of a nonlinear strain
gradient through the specimen. This permits a residual strain to exist at
the surface when the applied load is zero.
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FIG. 7—Corroszon-fat1gue specimen.

The parameters in Fig. 8 undergo changes during the early stages -of
strain cycling. The magnitude and direction of these changes depend upon
the degree to which the material “cyclic strain hardens” or “cyclic strain
softens.” It has been observed that for cyclic strain ranges above 0.001
in./in., the shape and size of the loop tend to stabilize within 10 cycles.
For cyclic strain ranges below 0.001 in./in., however, complete stabili-
zation may not occur for 100 or more cycles. It is highly desirable to
have early stabilization inasmuch as the fatigue life of the strain sensing
gage may be quite short. To provide consistency, all of the parameters
are measured on the tenth cycle loop. In the case of saltwater tests, the
hysteresis loops are developed while the specimen is exposed to air. The
strain sensing gage is removed from the test surface before saltwater ex-
posure begins.

The stress amplitude for flexure specimens can be calculated from
either the load or the strain. We shall call the former “load-based stress
amplitude, Sp” and the latter “strain-based stress amplitude Se.” In simple
beam calculations using elastic formulas, Sp = ac AP;/2I, where AP, is
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the total applied range, a is the distance from the point of load applica-
tion to stress point, ¢ is the distance from the neutral axis to the outer-
most fiber, and I is the moment of inertia of the section. When plastic
yielding occurs, however, Sp becomes invalid because the outermost
fibers no longer resist a proportional share of the applied moment. As a
consequence, large increases in surface strain can occur with little increase
in nominal stress level. To overcome this difficulty, low cycle fatigue
data are frequently presented in terms of strain-based stress, using the
relationship Se = Ae.E/2, where Ae, is the measured total strain range
and E is the modulus of elasticity. The advantage of this approach is
that it permits the data to be presented as a “stress,” a term with which
designers are familiar, even though the parameter actually being con-
sidered is strain, It is obvious that in the presence of large strains, the
values of S. become fictitiously high.

AP,

—L&Aer ‘I—_’

FIG. 8—Typical mechanical hysteresis loop and parameters.
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Presentation and Analysis of Data

It is generally agreed that low cycle fatigue life is strain-range depend-
ent. Discussions do arise as to whether the plastic strain range Aep or
the total strain range Ae; is controlling. However, if one considers the
relationship Ae, = Ae, + Ae,, it is apparent that Ae, = Ae, in the very low
cycle region where Ae, >> Ae., and that Ae; = Ae. in the high cycle region
where Ae, =~ 0. It is apparent that Ae, is the sole parameter which has con-
tinuity over a broad spectrum of fatigue life. This is fortunate from a practical
standpoint inasmuch as Ae, can be directly measured by strain sensing devices.

Figure 9 shows a typical log-log relationship between Se and N ob-
tained from flexure specimens. The relationship is nearly linear over the
life range considered. Many investigators show a continuous curvilinear
relationship. For some materials, however, there is a question whether
Sc is in fact a continuous function of fatigue life. It is apparent that if
more than one basic mechanism can cause fatigue failure, then discon-
tinuities in the curve can exist. Wood et al [2] have identified several
mechanisms which produce discontinuities in the fatigue life curve. The
question of discontinuities is probably academic from an engineering
standpoint, but occasions do arise in the presentation of low cycle fatigue
data where a series of straight lines appear to provide a better fit to the
data.

1,000 -

~L

T T 1T T 11T

STRAIN-BASED STRESS AMPLITUDE, S¢ in Ksi

10 1 1 1 | | 1 | | T Y | - 1 11t
102 10° 10 103
NUMBER OF CYCLES TO FAILURE, N
FIG. 9—Flexural fatigue results for a 100-ksi yield strength steel.
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FIG. 10—Comparison of flexural fatigue results with best-fit curve developed by
Gibbons for 70-30 cupronickel. Taken from Ref 3.

The question naturally arises whether flexural fatigue tests and direct
stress fatigue tests provide a similar evaluation of materials. Insofar as
known, the answer is yes. On several occasions where the same materials
have been evaluated by both types of tests, the results have shown excel-
lent agreement, not only with respect to order of merit, but also with re-
spect to the amount of strain for a given life. For example, Fig. 10 shows
the best-fit curve determined by Gibbons [3] for 70-30 cupronickel based
on 33 direct stress fatigue tests. The points on the graph represent data
obtained on the same material using the flexure test method described
herein. It is apparent that the data obtained by the two methods are, for
all practical purposes, identical.

References 4 through & contain a substantial quantity of low cycle
flexural fatigue data for various metallic materials.
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ABSTRACT: A test method for performing uniaxial low cycle thermal fatigue tests
on ductile metals is described. The test method is built around the Instron? testing
machine. Both temperature and crosshead extension are programmed and the test
cycle can be designed for either tensile or compressive loading at the maximum
temperature.

The test method is described for hollow, tubular, threaded-end specimens,
resistance heating and compressed air cooling, linear heating and cooling rates, and
air environment. The stress dependence of the thermal coefficient of expansion
causes no special problem in the determination of the strain values.

A strain measuring system is described that eliminates the thermal component
of strain from strain record. Employment of such a system allows a direct recording
of load versus mechanical deformation. From these hysteresis loops the pertinent
information of the cycle can be determined.

KEY WORDS: thermal fatigue, thermal cycling, fatigue tests, strain measure-
ment, elevated temperature, test methods, fatigue (materials), temperature
measurement, tests

Nomenclature

E Modulus of elasticity

T Temperature

N; Cycles to failure

K Calibration constant of extensometer, 10—¢ in./in. mV
e Voltage output of extensometer, mV

R Ratio of plastic strain range to total strain range

W, Plastic strain energy

Normal stress
Normal strain
Poisson’s ratio (elastic strain only)
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u* Effective Poisson’s ratio

a Thermal coefficient of expansion

Cp,c Specific heat, heat transfer coefficient

T Time constant

AQ) Range of values

d,a Differential and partial differential operator
Subscripts

r,l Coordinate directions: radial, tangential, longitudinal

e,p,T,m Strain component: elastic, plastic, thermal, mechanical

Thermal fatigue, as defined herein, is that process by which cracks
originate and are propagated in materials that have both cyclic temper-
ature and cyclic mechanical strain at a critical location. Mechanical com-
ponents of strain are those which are associated with stress. They may be
elastic, inelastic, or viscoelastic, or all three. Both temperature and strain
vary with time in a thermal fatigue cycle. In 1952 Thielsch [/]® discussed
a number of factors related to the problem of thermal fatigue. At that
time no thermal fatigue test method was available to evaluate quanti-
tatively the thermal fatigue resistance of materials. It was not until 1954,
when Coffin and Wesley [2, 3] published the description of a test method,
that our understanding of thermal fatigue was to be empirically shaped.
The results of tests made on austentic steel presented a quantitative de-
scription of the material in terms of strain range versus fatigue life. Ac-
tually, no strain measurements were obtained. The calculations of strain
were deduced from the thermal cycle and the stiffness and geometry of
the system. The test method developed by Coffin was used extensively in
this country and abroad. Yen [4] and Glenny [5] published reviews of the
thermal fatigue literature in 1961. One of the severe criticisms of Yen’s
review was the deficiency of the available methods of strain calculations.
An analysis of the mechanics of the Coffin-type thermal fatigue test [6]
showed how a hysteresis loop of load versus multiple thermocouple out-
put could be used to better deduce the strain values. Later, strain meas-
uring techniques were employed [7, 8]. Other thermal fatigue test methods
have been developed using circular disks [9-12], thick-walled cylinders
[13], beams [14], thin plates [/5], and thin-walled tubes [/6, 17]. A sur-
vey of test methods was included in the London International Conference
in 1967 [18]. Two bibliographies on fatigue [/9, 20] also catalog numer-
ous references to thermal fatigue.

3 The italic numbers in brackets refer to the references at the end of this paper.
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Some of the recent thermal fatigue test methods require strain meas-
urements and some do not. One of the limitations of most of the refer-
enced test methods is their inherent inability to alter the stress tempera-
ture arrangement of the fatigue cycle. Some of the stress-temperature
arrangements of the thermal fatigue tests are shown in Fig. 1. The stress-
temperature cycles of ¢, d, e, and f of Fig. 1 require two separate and
synchronous programs: one of temperature and one of deformation. The
cycles of e and f require that load or strain be held constant with con-
stant temperature during part of the cycle. One advantage of such a
thermal fatigue test facility is versatility: one disadvantage is complexity
and cost.

The purpose of this paper is to describe one of the test methods that
can be used to study the uniaxial thermal fatigue of ductile metals. The
test method is one which has two programmed variables: (1) crosshead
extension and (2) specimen temperature. The test method allows flexi-
bility in the selection of the stress-temperature-time cycle. A unique
strain-measuring system is used to allow a strain output that is indepen-
dent of the thermal component of strain. The primary limitations of the
test method are: (1) sheet and thin plate materials cannot be tested, (2)
only low cycle frequencies can be used (0.02 Hz or less), and (3) very
high strain levels are generally accompanied by tendencies toward geo-
metric instability.

COFFIN-TYPE FORREST-ARMSTRONG
ISOTHERMAL THERMAL FATIGUE THERMAL  FATIGUE
I S AN
+ |
¥ I T ¥ T <> l T
(a) (b (e
RELAXATION CYCLE CREEP CYCLE
RAPID CYCLE €1oLp = CONSTANT OnoLp * CONSTANT

+
+

/A .
/ T ﬂ T ;/
(d) ()] (f)
FIG. 1—Stress-temperature cycles for several types of thermal fatigue test methods.
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Test Method
The test method described in this paper allows the selection of one of

three stress-temperature arrangements: positive, negative, or isothermal.
The stress-strain and stress-temperature paths for these fatigue cycles are

a ¢ TMIN a

7

MIN
(@). POSITIVE (B)NEGATIVE  (c) ISOTHERMAL
g G

%o NGy
VAN

FIG. 2—Stress-temperature cycles for the thermal fatigue test method of this paper.
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FIG. 3—Schematic of the elements in the thermal fatigue test facility.
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shown in Fig. 2. The positive loop means that the stress is changing in a
positive (tensile) sense when the temperature is increasing. The converse
is true for the negative-type test. Hold time under constant load or con-
stant extension can be programmed into the cycle.

A schematic of the test system is shown in Fig. 3 and photographs of
the Instron test facility are shown in Figs. 4 and 5. Two extensometers are
used: (1) a longitudinal strain extensometer, and (2) a diametral strain
transducer, A temperature program control and feedback system com-
prises the thermal system. As a backup, an optical pyrometer is used for
temperature measurement. A hollow tubular specimen is heated by the
use of a low voltage welding transformer; compressed air is used to cool
the specimen. An X-Y recorder is used to obtain hysteresis loops.

| i B Pana
FIG. 4—Thermal fatigue test facility. Load cell calibration weights are visible.
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FIG. 5-—Section of apparatus in vicinity of test specimen and grips.

Specimen and Gripping Arrangement

Typical specimen dimensions are shown in Fig. 6. Other specimen de-
signs can be used but hollow specimens are required for the present
method of cooling. Numerous tests have been performed with hollow
specimens using wall thickness from 0.020 to 0.120 in. To obtain small
radial temperature gradients, thin-walled specimens are preferred. For
maximum stability the larger wall thicknesses are preferred. A good com-
promise is obtained if the wall thickness is between 0.030 and 0.060 in.
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FIG. 6—Thermal fatigue test specimen dimensions.

The stability of the specimen is not necessarily improved when solid
hourglass specimens are used. Materials that are susceptible to cyclic
instability in the thermal fatigue test using hollow tubes are also unstable
in the solid specimen geometry. As a proof of this statement observe the
three specimens shown in Fig. 7. A sample of Hastelloy N and of stain-
less steel were subjected to a large thermal cycle. The Hastelloy N speci-
men grew a little in the middle but the fracture occurred in this volume
of deformed material. The stainless specimen, however, greatly increased
in diameter, formed two necks, and failed one of the necks.

Because the specimens are resistively heated the gripping system must
be water-cooled and designed to carry several thousand amperes of cur-
rent. A schematic of the gripping system is shown in Fig. 8. Because of
the heating method several factors must be given special consideration.
The gripping system must be electrically isolated from the rest of the
testing machine. This is accomplished by insulation (I in Fig. 8) on both
the upper and lower grip. Because a threaded-end specimen, 7, is used,
special precautions must be taken to reduce the electrical resistance of
the threads and to insure against a differential thermal expansion that
would loosen the connection. A cylindrical insert of copper, 5, works well.
The copper has good conductivity, can mate with the bottom of the grip
and the bottom of the specimen, and has a higher thermal expansion than
either the grip material or the specimen. This differential thermal ex-
pansion guarantees a large locking force on the threads, decreases the
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|

FIG. 7—Three 0-gage-length (solid) specimens: (left) 304 stainless (badly deformed);
(center) virgin sample; (right) Hastelloy N (slight bulge). The two failed samples were
tested at strain levels of greater than 10 percent per cycle.

electrical resistance between the specimen and the grip, and provides a
good heat conduction path from the specimen to the heat sink.

Large water-cooled copper connections form the electrical connection
and the heat sink. (These, with the electrical leads, can be seen in Fig.
9.) The cooling air enters a hole in one grip, 3, passes through the speci-
nien, 7, and exits through a connection in the other grip. The lower grip
is attached to the crosshead, 8, by passing a 1-in.-diameter rod through
the crosshead. When the lower locking nuts, 9, are removed and the cross-
head is moved down, the specimen is free to expand and contract under
no load. The total thermal expansion of the specimen and grips is meas-
ured by a dial gage. The dial gage is attached to the Instron frame and
touches the bottom of the lower grip rod, 10.

For alignment the whole system is assembled and attached to the
Instron crosshead, while the load cell is disconnected from the machine
frame. Pieces of shim stock are placed underneath the load cell at 90
deg locations. The crosshead is moved down until the load cell output
indicates a slight load (20 lb). The shims are examined for tightness.
When the load cell can be brought against the testing machine frame and
all of the shims remain equally tight, the load cell is then bolted to the
frame. After this initial alignment only the lower grip is disconnected from
the testing machine.
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FIG. 8—Schematic of gripping system. See text for description of numbered ele-
ments.
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FIG. 9—Thermal fatigue test specimen. A ¥2-in. gage length extensometer is on the
left. Part of the diametral extensometer is visible in the upper left.

During assembly the specimen is threaded into the upper grip against
the copper insert, and the specimen lock nut, 6, is tightened. The lower
grip is threaded onto the specimen and the lower nut, 6, is tightened. The
strain and temperature measuring devices are mounted and the specimen
is ready for test.

The calibration of the load cell is accomplished by using dead weights
and two aluminum I beams to span the specimen grip regions. The beams
rest on the upper collar of the specimen grip (see Fig. 4). Half of the
weights are visible, the other half are not. The lower specimen grip must
be disconnected from the crosshead for calibration.

Thermal Cowmiponents

A schematic of the thermal components of the system are shown in
Fig. 10. The temperature control system consists of a program device,



CARDEN ON THERMAL FATIGUE EVALUATION 173

a feedback element, and a controller. Resistance heating of the specimen
is used for several reasons. To obtain strain and temperature measure-
ments a number of items must be mounted physically on the outer sur-
face of the specimen. An open space on the specimen surface is required
for viewing with the optical pyrometer. When induction heating is used,
there is usually a skin effect to the heat generation; also, the induction
coil must be located around and in close proximity to the specimen sur-
face. The presence of the induction coils greatly hinders the mounting
of the strain and temperature transducer elements.

The power transformer shown in Fig. 10 is an 8-kVA welding trans-
former. A 220-V a-c primary circuit and a 3-V secondary circuit are
common values for this transformer. Because large currents are gener-
ated in the secondary circuit, it is necessary to use large flexible copper
cables for the transmission lines and joints. These cables must be joined to
the secondary circuit and to the specimen grips with large clamping
forces. All contact surfaces must be kept clean. It is also necessary to in-
sulate electrically the top and bottom grips from the testing machine to
prevent a parallel path for the current (see Fig. 8). Actually, only one
grip needs to be insulated, but the additional effort to insulate the other
grip is worthwhile.

The temperature program and control depend on the program device,
a specimen temperature feedback element, and a control facility (see
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FIG. 10—Schematic of the thermal components of the thermal fatigue test facility.
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FIG. 11—Schematic of thermocouple location. This scheme is used only when
welding the thermocouple to the specimen is detrimental to the fatigue behavior.

Fig. 10). A Data-Trak* with a program profile drawn on a metalized
sheet and mounted on a rotating drum is used. The feedback element is
the thermocouple. A Leeds and Northrup® CAT (current adjust type)
control unit is the temperature controller. The d-c current from the
Leeds and Northrup CAT unit controls a silicon controller a-c power
regulator (LABAC)*. The power regulator supplies the primary voltage
for the power transformer.

The primary temperature measurement is obtained by small thermo-
couple wires that are either welded to the specimen surface or attached
by specially prepared thermocouple wires wrapped helically around the
specimen and pulled taut. The junction of the helically wound thermo-
couple is in close proximity but is not truly at the specimen surface (see
Fig. 11), causing a greater dynamic response problem. The limitation of
low cycle frequencies and the attendant low heating and cooling rates
are necessary in order to minimize these dynamic errors.

On materials that show a deterioration of fatigue resistance when the
thermocouple is welded to the surface (that is, when the crack originates
at the weld region) the thermocouple junction first must be formed and
the junction must be placed at the specimen surface. The intrinsic
(welded) junction gives far superior response but sometimes it is ex-
cluded because the welding operation impairs the fatigue behavior. An-
other potential source of thermocouple error results when the small
Chromel-Alumel wires (0.008-in.-diameter wire) are used at 1600 F or
above for an extended time. At 1800 F for about 100 h a complete de-
terioration of the couple occurs. When the helically wound thermocouple

4 Research, Inc., Minneapolis, Minn.
5 Leeds and Northrup Co., North Wales, Pa.
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is used there is no problem in changing the thermocouple, but there may
be a significant layer of oxide between the new thermocouple and the
metallic surface. The present technique is to use two junctions in parallel
for control and another for auxiliary recording (see Fig. 10). The result
well justifies the expense and trouble. The auxiliary thermocouple can
show differences, if any, and the two thermocouples in parallel are good
insurance against loss of control due to a thermocouple failure. The time
constant, 7, of the junctions is defined as the time to reach 63 percent of
the temperature difference between the junction and the source tempera-
ture, where

_ (mass of junction) (C, of TC material)
= (area of junction for heat transfer) (C)’

C is a heat transfer coefficient, and C, is the heat capacity of the thermo-
couple material. The time constant (and the lag of the junction output
relative to a dynamic temperature) can be minimized by reducing the
numerator and increasing the denominator.

Thermocouple Manufacture

Reducing the time constant is accomplished by proper design and
manufacturing techniques. Small thermocouple wires are flattened be-
tween two hardened blocks in a testing machine. These flattened regions
are cut and the two dissimilar materials are laid one on top of the other.
An energy discharge weld joins the two regions. The flat portion is placed
in intimate contact with the specimen surface, which maximizes the area,
and the wires are pulled taut, which maximizes the conduction mode of
heat transfer. The wires are as small as practical, initially, to minimize
heat storage in the junction (see Fig. 11). This technique may sound com-
plicated but it is considerably easier to master than, say, cementing strain
gages on flat surfaces.

The optical pyrometer is an auxiliary instrument for temperature
measurement. The pyrometer is a solid state infrared system and has rela-
tively high response. The transducer in the pyrometer is a photon de-
tector and has a time constant of less than 2 us. The emissivity of the
specimen surface, however, must be set into the pyrometer. With some
materials the value of the emissivity changes with surface oxidation and
stress. For this reason the pyrometer readings are usually only relative
temperature measurements. With proper calibration and use the absolute
readings can be obtained, but their accuracy is lower than comparable
thermocouple readings. The cycle-to-cycle repeatability is certainly use-
ful information, especially at the maximum temperature. The system,
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when properly calibrated, will show less than *5-F variation at a peak
temperature of, say, 1600 F.

The specimen does not follow exactly the command signal. This dy-
namic response of the system is not severe if the heating and cooling
rates are low. For a heating rate of about 20 F/s the lag in temperature is
about 5 F.

The most severe temperature gradient in this type of test is longitudi-
nal. The effect of temperature gradient on the strain measurement is not
severe if the extensometer gage length is small. The calculations of strain
obtained from load, temperature, and longitudinal strain (Y2-in. gage
length or less) show little differences from those obtained from load,
temperature, and diametral extensometers. In fact, diametral transducers
at the center and at the upper end of a Y4-in. gage length have been used
to observe the longitudinal distribution of strain. For most nickel-base
alloys the strains are very uniformly distributed.

The longitudinal temperature gradient can cause significant problems
in relaxation cycling. The temperature system controls the temperature at
only one point, that of the thermocouple junction. Under a temperature
cycling program, the specimen temperature profile is dynamic. If the
specimen is brought to a hold condition of temperature, the longitudinal
temperature profile will continue to change for about 60 s [8]. The in-
crease of the thermal lengih of the specimen during temperature holds
means that for tests that have constant crosshead positions there will be
a tendency for the specimen to be loaded or unloaded, depending on
whether the specimen is held at a compressive or tensile load during this
period. The thermal length of the specimen can be controlled, approxi-
mately, if numerous thermocouples are placed along the length of the
specimen, connected in parallel, and used as the control feedback signal.
The specimen length should be divided into several segments, each having
the same length. A thermocouple is placed in the center of each of these
segments and is used to indicate the temperature of that segment. When
this technique is used the average temperature of the specimen is pro-
grammed, not the maximum temperature.

Within the limitations stated above, almost any temperature program
can be drawn on the Data-Trak program paper and synchronized with
the crosshead program of the testing machine.

Synchronization of the Thermal and Extension Program

The Instron machine has a constant crosshead speed which is selected
through change gears and a variable speed drive. Limit switches on the
extension cycling cams are used to reverse the direction of loading. Timers
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are available so that a number of possible extension, load, creep, and re-
laxation cycles can be programmed into the crosshead cycle. Relays in
the Instron are relied upon to activate the temperature program on each
cycle of loading. The temperature program is obtained from the Data-
Trak drum rotation. A limit switch is set to stop the drum rotation at
the end of each cycle. The drum rotation stops until the Instron relay
contacts and indicates the initiation of a new cycle and a secondary cir-
cuit activates the continued rotation of the drum.

Determination of the Mechanical Extension of the Specimen

Prior to the clamping of the specimen to the crosshead the thermal
cycle is operated, and although the crosshead is operated, it is mechani-
cally disconnected from the specimen. The operation of the testing ma-
chine crosshead during the “free-cycling” period is required because of
the dependence of the Data-Trak rotation on crosshead operation. A dial
gage is used to determine the amount of total thermal expansion in the
specimen grip assembly. The amount of deformation sustained by the
specimen in the form of mechanical loading will be the difference between
this thermal expansion and the extension range of the Instron crosshead.
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FIG. 12—Schematic of crosshead and specimen-thermal displacements. Crosshead
displacement shown here is for a positive-type thermal fatigue cycle.
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When the two displacements are exactly equal and in phase, the specimen
thermally cycles without sustaining any load. A schematic of the displace-
ments (specimen-thermal and crosshead versus temperature) and of the
two programs (temperature and crosshead) as functions of time are
shown in Fig. 12. Thus, with this test method the maximum and minimum
temperatures can be kept constant while the deformation range is varied
from test to test. The deformation range is the difference of the specimen-
thermal deformation range and the extension range of the crosshead.
This is called “effective deformation range.” When the maximum and
minimum temperatures and the specimen geometry are kept constant, a
log plot of “effective deformation range” versus cycles to failure will
give a smooth curve and can be used to select crosshead extension ranges
for specified (expected) life values. As already defined, when the Instron
extension is greater than the thermal expansion range, the specimen is
placed in tension at the maximum temperature. A schematic of the three
types of thermal-mechanical cycles was shown in Fig. 2. When the test
conditions are changed from one type of cycle to another (positive, neg-
tive, or isothermal) an appropriate change in the relationship of effective
deformation versus cycles to failure can be expected.

Strain Measurements and Hysteresis Loops
Extensometers

Drawings of the longitudinal and diametral extensometers are shown
in Figs. 13 and 14. A linear variable differential transformer (LVDT) is

|
| LVDT l

' SHIM STOCK
HINGE

J&DIA
! CERAMIC
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@
¢
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|

FIG. 13—Schematic of longitudinal extensometer.
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FIG. 14—Schematic of diametral extensometer.

"

used for displacement measurements. The choice of the particular LVDT
(Atcotran 6233A)° and signal conditioning equipment (Atcotran 6101E)
was based on the following requirements: high strain sensitivity (10—
in. or better), stable zero setting, light weight, small size, and excitation
and demodulation system that would allow cancelling of the strong 60-
cycle signal induced by the heater current, and an infinitely variable
attenuation setting. Two 0.3-in. gage length extensometers mounted on
opposite faces of the specimen are shown in Fig. 15. These two extensom-
eters have shorter gage lengths and give greater output than the one
shown in Fig. 9.) Two extensometers average the strain on the two sides
of the specimen.

With a properly designed extensometer the fulcrum plates must be
frictionless, the clamping force for each ceramic rod must be small and
colinear with the rod axis, the weight must be counterbalanced, the
ceramic rods must be sharp, there must be no drag of the LVDT core
on the transformer housing, and the strain transfer device must have no
nonlinearities. In the vertical mounting position gravity is usually suffi-
cient to maintain the core extension rod against the opposite lever arm.
In the horizontal position (Figs. 15 and 16) a small spring is required to
maintain contact.

§ Automatic Timing and Control Co., King of Prussia, Pa.
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FIG. 15—Twin 0.3-in. gage length extensometers. In this test facility the specimen
is horizontal. The diametral extensometer rods are oblique to the specimen axis.

Strain Measurement

The calibration data of the transducers and the setting of the attenu-
ator on the exciter-demodulator unit can be used to set the condition for
eliminating the thermal component from the recorded value of strain.
The equations for the output of the two transducers measuring strain be-
tween two points on a hysteresis loop are:

K;el = Aéel + Aepl + OclAT ................... (1)
KoEo = —u A€ — %Aepl + (onT ................ (2)

Note that the difference of the two transducers is
Klel - KoEo = Aeel(l + u) + Aepl(l.S) + ((xl — (xo)AT ....... (3)

If the thermal expansion coefficients are equal and if the two calibration
constants of the two transducers are equal, then the expression is

K, —e) = Aen(1 + W) (1 — R+ 15R]............(4
where R = (Aepy/Aemr)
and letting
A+ =[14+w( =R +15R..............(5
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FIG. 16—Twin 0.3-in. gage length extensometers. The helically wound thermo-
couple leads are partly visible.

then
Keei,—e) =04+ uMAemt....................(6)
Hysteresis Loops

A plot of load versus the difference-of-transducer output will be anal-
ogous to a stress-mechanical strain hysteresis loop. The output of the
difference of transducers is not strain directly but must be divided by
(1 + p *) as shown by Eq 6. The value p* takes values of from p to
0.5 and the values of (14 p *) vary linearly with R from values of
(1+ p) at R =0 (elastic strains only) to 1.5 for R = 1.0 (fully plastic
case). A typical value of p for the elastic strain component at elevated
temperature is 0.3. Measurements over large temperature changes do not
show p (based on the definition of Poisson’s ratio determined from elastic
strain only) to be temperature dependent. For the Eqs 4 and 6 to be
true, there must be a uniform distribution of strain and temperature in
the longitudinal and circumferential directions. If there are highly local
phenomena, then the values obtained are only average values.

A typical hysteresis loop taken from a thermal fatigue test is shown in
Fig. 17. This plot, load versus difference-of-transducer output, is for a
negative-type loop of 1600 to 600 F. The temperature points (100-F in-
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FI1G. 17—Typical load versus difference-of-transducer hysteresis loop, 1600-600
F, negative-type loop.

crements) are marked around the loop. The curvature of the elastic un-
loading line is due to the change of modulus of elasticity during cooling
and heating. The plastic strain range (at the zero load location) is: (the
output in millivolts times the calibration constant) =+ 1. The value
of (1+ p*) is 1.5 because the two points on the hysteresis loop have
no elastic strain content. The R value for the extreme points is about
0.24 (the ratio of a to b), which gives a value of 1.35 for (1 -+ p*). The
calculations for the pertinent values of this loop are summarized as:

Ae,, = 0.0138,
Ae, = 0.0029,
Ae, = 0.0109,
Ag = 167 ksi

Ag/Ae, = 15.3 (108 psi),
do/de (at ¢ = 0) = 18.9 (10° psi, and
W, in-1b/in.? = 187 (compressive), 277 (tensile).

The hysteresis loops of Figs. 17 and 18 were obtained from a plot
of load versus transducer-difference output. The numbers indexed around
the loop are indications of hundred-degree-F temperature points. The
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FIG. 18-—Load versus difference-of-transducer hysteresis loop, 400-1800 F, posi-

tive-type thermal fatigue cycle. This loop and the one shown in Fig. 19 were obtained
from the same test.

400 F,

loops are not symmetrical with regard to the zero-load abscissa. Strain
hardening is evident during the loading period at the minimum tempera-
ture, while strain softening is observed at the other extreme (Fig. 18
only). The maximum tensile stress in one of the loops occurs prior to the
end of heating-and-extension cycle. The specimen passes through zero
load at temperatures above the mean temperature of the cycle. The lack
of symmetry does not imply a mean strain. Technically, there is a mean
stress, but this inequality of stress is required for no mean plastic strain
because of the difference in strength at the two temperature extremes. The
integration of the area inside the hysteresis loop will be proportional to
the plastic work per cycle.

In contrast to this method of strain measurement, consider the load
versus diametral strain loop of Fig. 19. The loops of Figs. 18 and 19
were taken from the same test. Note the following facts related to the
kind of loop shown in Fig. 19: The internal width of the loop is not pro-
portional to the plastic strain range; the external width of the loop is not
proportional to the mechanical strain range; the integration of the area
within the loop is not proportional to the plastic strain energy of the
loop; strain hardening is not discernible from the shape of the loop; and
although the strain output is positive for increasing stress, the diametral
elastic and plastic strains are negative.
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FIG. 19—Load versus diametral extensometer hysteresis loop.

The primary advantage of the foregoing technique for eliminating the
thermal component of strain is that the most urgently needed data can
be directly recorded. An appreciation for the amount of data reduction
saved by this method of strain measurement can be obtained by con-
sidering the amount of calculation required to transform the loop of
Fig. 19 to a load versus mechanical component of strain loop. The third
variable of temperature must be precisely known and the mechanical
properties of modulus of elasticity, Poisson’s ratio, and thermal coeffi-
cient of expansion must be known as functions of temperature. Further
consideration of this problem will also reveal the great sensitivity of the
resulting transformation to the accuracy of the temperature measurement.

Recording of Data

A number of the test parameters are recorded as functions of time
throughout the test: load, temperature (both thermocouple and optical
pyrometer measurements), and possibly strain. Periodically the load is
plotted as a function of the strain transducer output on an X-Y recorder.

The load-difference-of-transducer output record is the primary record
of the test. If sufficient numbers of these records are collected during the
test, strain hardening, creep (during periods of constant load), or relax-
ation (under periods of constant crosshead extension) can be observed.
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Definition of Failure

With regard to crack detection and a definition of failure, failure is
defined as the condition where a crack propagation occurs over one half
of the periphery of the specimen. We have no automatic crack detection
device but if possible we like to terminate the test before the specimen
is completely fractured.

Analysis of Thermal and Mechanical Cycling

A number of questions can be raised with regard to the definitions of
the thermal and mechanical components of strain during thermal-me-
chanical loading. Semantics, perhaps, have caused some of the misunder-
standing. Let us assume that strain is a function of stress, time, and tem-
perature, and possibly other variables. For the uniaxial loading case the
normal strain in the longitudinal direction is

a=Fo,T,t, ......).....................(7
The total differential of the strain is

dey = (9¢/d0) do + (3e/dT)dT + (de/dD)dt. . ......... ... .. ¥)
where:

(9¢/d0) do = elastic,
(90/9T) dT = thermal, and
(9e/d1) dt = time.
or
de= (1/E)do + odl + &dt................... )]

The first partial derivative is the reciprocal of the modulus of elasticity,
the second is the thermal coefficient of expansion, and the third is the
creep coefficient. The modulus of elasticity, creep coefficient, and thermal
expansion coefficient are temperature dependent. What additional strain
components will accompany a change of temperature besides the value
represented by ad7? Taking the partial derivative of the elastic com-
ponent (uniaxial) with respect to temperature and multiplying this value
by the differential change in temperature gives

(8/3T) (3¢/da) = (—1/E?) (dE/AT). ... ..........(10)
and
(3/9T) (e.) dT = —(¢/E®) (dE/AT)AT.. ......... . .(11)

Thus this component of strain (and it is properly called a thermal com-
ponent) occurs when there is an elastic component of strain, when the
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modulus of elasticity is temperature dependent, and when there is a tem-
perature change. If the difference of this component of strain is needed
between two points on a stress-temperature excursion, the term on the
right of Eq 11 can be integrated, keeping in mind that the stress, the
value of the modulus of elasticity, and its temperature derivatives are
functions of and change with temperature and must be explicitly shown
before integration. Thus, if the time dependent component of strain is
neglected, the elastic, thermal (ordinary), and thermal (stress dependent
part) components of strain are

de; = (do/E) + odT — (o/E?) (dE/dT)dT............(12)

or for a range of values

2 dg 2 2 g(d
= — — — — N ¢ |
[Aeh—s ﬁ E + ] o dl ﬁ E2<d5> dar (13)

The sum of the thermal and the elastic strain components is independent
of the path taken. The individual values of these components, however,
are path dependent.

The amount of elastic or thermal strain change observed on unloading
from one point of stress and temperature to another cannot be deter-
mined without specifying the path of unloading. The semantics are con-
fusing. Even though the term shown in Eq 11 is truly a thermal com-
ponent it represents the change of the elastic strain during a temperature
change (because E changes). The common name given to this effect is
“the stress dependence of the thermal coefficient of expansion” [21].
The name implies that the effect is tied to stress rather than strain. If
a bi-axial stress case is selected for discussion it is obvious that the effect
just described is not present in some situations, even though there are
stresses present. Note the case where the circumferential stress is equal
to the longitudinal stress divided by Poisson’s ratio. The elastic strain
component in the longitudinal direction is

e = [(uoo)/E] — (W/E)(00)................... (14)

where ¢; = uop and o, = 0. On heating there will be no longitudinal
thermal component except for [adT because there is no elastic strain com-
ponent in this direction. The general form of this effect can be described [22]
but has no particular use for uniaxial loading.

For practicality, all of this discussion can be summarized by the fol-
lowing. The sum of the elastic and thermal strain components is inde-
pendent of the path taken. A bar loaded and heated is the same length
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as that of an identical one heated and then loaded, or of another loaded
and heated simultaneously (assuming the same temperature change and
no plastic or viscoelastic strain components are present). For low cycle
thermal fatigue the stress dependence of the thermal expansion coeffi-
cient causes no problem in the determination of the strain values.

Summary

A thermal fatigue test method has been described that has the capa-
bility of several stress-temperature-time cycles for thermal fatigue studies.
Strain measurements were obtained from the specimen and although the
temperature was found to vary in the cycle, one method of strain meas-
urement allowed direct recording of the mechanical component of strain.

Reasonably precise temperature measurement was obtained without
welding a thermocouple to the specimen. The stress dependence of the
thermal expansion coefficient caused no great problem in the determi-
nation of the strain.
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Line 1:—List the PARENT ORGANIZATION.

Line 2:—If applicable, list the FACILITY which will HOLD THE MEMBERSHIP.

Line 3:—Beginning in 8th position, list LAST NAME, FIRST NAME and MIDDLE
INITIAL of the OFFICIAL REPRESENTATIVE who will exercise membership
privileges.

Line 4:—TITLE of the Official Representative and DEPARTMENT

Line 5:—STREET ADDRESS or P. O. BOX for the MEMBER FACILITY

Line 6:—CITY (leave 1 space) STATE (leave 2 spaces) ZIP CODE

OO wWwhN=

Major Product. . ... i e e
(Or service performed by firm or organization)

Representative’s Major Field of Inferest. .. ............ ... ... ... oo,
Examples: chemical research/civil engineering

Specific Application of Effort. .. .. it ittt i ittt e

Examples: polymer plastics/construction
ASTM MEMBERSHIP POLICY — The development of organization memberships and manage-
ment understanding are vital to the Society’s ability to serve the economy effectively in the
future. The Society hopes that major organizations will help support its activities with one
or more Sustaining Memberships. ASTM also offers inexpensive Industrial and Institutional
memberships, providing substantial publications and participating benefits, to help small
organizations or subdivisions benefit from affiliation with ASTM.

Each company, should be concerned with the number and the classes of membership it
maintains. Memberships should be located as needed to take optimum advantage of ASTM's
activities. Also, the combination of memberships selected should tend to keep the organiza-
tion’s annual subscription to the Society in line with regard to the benefits it derives from
ASTM (in terms of standards, committee participants, etc.) and with the organization’s stature
in the economy.

Therefore, except for those organizations the Society recognizes as “sister’” societies and
the agencies of the United States government (each of which may participate on ASTM's
Technical Committees with or without a membership in the Society), each organization or
major subdivision desiring to obtain publications of the Sotiety at membership prices, or
to share in the activities of the Society, should maintain at least one membership in the
Society in the name of the organization. The organization’s membership may be supple-
mented by Personal and Associate Memberships as desired.

NOME i e et e e e,

LT T
Address . ... i e i e e e e e e e,
SEE REVERSE SIDE FOR DUES AND BENEFITS OF MEMBERSHIP

MAIL TO: American Society for Testing and Materials,
STP 465 1916 Race St., Philadelphia, Pa. 19103



Application form on reverse side
INFORMATION ON ORGANIZATIONAL MEMBERSHIP FOR 1970

Extract From Charter: The corporotion is formed faor the promation of knowledge of the moteriols of
engineering, ond the standardization of specifications and the methods of testing.

Extract From Bylaws: ARTICLE 1. Members and Their Election

Sec. 1. .. ... The rights of membership of Insfitutionol, Industrial, and Sustoining Members shall be
exercised by the individuol who is designated os the official representative of that membership.

Sec. 3. An Insfitutional Member sholl be a public library, educatianal institution, o nonprofit profession-
al, scientific or technical society, gavernment department or agency at the federol, state, city, county ar
township level, or separate divisions thereof, meeting the qualifications established by the Board of
Directors for this classification.

Sec. 4. An Industrial Member shall be o plont, firm, corporation, partnership, or ather business enter-
prise, or separate divisians thereof, trade association, or research institute meeting the qualificotions
estoblished by the Board of Directors for this classification.

Sec. 5. A Sustaining Member shall be o person, plant, firm, corporation, society, department of govern-
ment or other organization, or seporote divisions thereof, electing to give greater support to the
Society’s activities through the payment of larger dues,

SCHEDULE of DUES and BENEFITS of MEMBERSHIP for 1970

INSTITU-
Class of Organizational Membership . ........... .. SUSTAINING INDUSTRIAL TIONAL
Annual Dues! ... .. ... e e $500 min.2 $125 $35
Participants Allowed on ASTM Technical
Committees ...... ... No Limit No Limit No Limit
33.part ASTM Annual Book of Standards
Free Parts Allowed (Maximum)® ......... 33 Parts 6 Parts 2 Parts
Sets or Parts Available at Discount® . .. ... No Limit No Limit No Limit
Other Publications (Listed with Member Prices)
Available at Discount® ... ............. No Limit  No Limit No Limit
ASTM Year Book (Abridged Copy to New
Members) ... ....... ... ... e 1 Free 1 Free 1 Free
Annual ASTM Proceedings . ... .......... $12.00 $12.00 $12.00
Annual Subscriptions to:
Materials Research and Standards® ... ... 6 Free® 1 Free 1 Free
ASTM News Bulletin® ... ............ See Limit See Limit See Limit
Journal of Materials . ................. $12.00 $12.00 $12.00

! Membership yeor shall commence on the first day of January. Dues are payable in advonce. The

dues payment retrocictive to 1 January must be received to complete o membership. An election to
membership shall be voided if poyment is not made within three manths of notification of election
to membership.

Organizations wishing to provide increased support for the operations of the Society may supple-
ment the minimum Sustaining Membership dues by an additional amount in the form of annual
payments in such amounts and for such periods as the organization may choose or in the form of
o lump sum in anticipation of annual payments of such additional dues.

FREE PARTS of the Book of ASTM Standards are for shipment only to the Official Representative.
They must be requested on the copy of the request form provided with the nofification of election,
and each year thereafter.

Discount on sets or parts of the Back of ASTM Standards approx. 45% off list price. {Discount on
other ASTM publications listed with member prices, opprox., 20%.) QUANTITY prices are available
on request. The member DISCOUNT is ollowed ON REQUEST, if the current DUES payment has been
received, if the MEMBERSHIP NUMBER is identified, and calls for shipment and billing to, the
MEMBERSHIP ADDRESS. An appropriate HANDLING and SHIPPING charge is opplied to each order,
EXCEPT for the annual pre-publication order for sets or parts of the Book of ASTM Standards on
which the PAYMENT in advance ACCOMPANIES the ASTM ORDER FORM (supplied to the Official
Representative when the annual dues payment is received).

The ASTM News Bulietin is combined with Materials Research & Standards for distribution to the
Official Representative and those designated to receive the allowed subscriptions of MR&S. The
ASTM News Bulletin is distributed to the additional individuals the organization designates as its
representatives in ASTM's Committee octivities, Of the Annual Duss, $5.00 is ollocated for each
annual subscription to Materials Research & Standards, and $1.00 for each annual subscription to
the ASTM News Bulletin for every person designated as eligible to receive copies of one or both
magazines, including representatives to the respective committees, (Not deductible.)

ONE subscription to the Official Represenfuﬁve. FIVE subscriptions an request—identify recipients.
NOTE: Benefits of membership and prices of publications are subject to change without notice.

SELECTION OF AN OFFICIAL REPRESENTATIVE: Careful ottention should be given the selection of the
OFFICIAL Representative of an orgonizational membership. He should be qualified to exercise the rights
and privileges of membership to enhance the overall interests of the organization. This would involve
balloting on highly technical matters, and might include participation on technical committees, and
selection of other participants for committee work. The Official Representative of an Organization's
membership in the Society may be changed os needed.

VOTING RIGHTS: The Official Representative of each organizational membershi  shall be privileged to
cast one bollot in Society matters,

~
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APPLICATION FOR 1970 ASTM INDIVIDUAL MEMBERSHIP

Extracts from Charter and Bylaws and Dues Schedule on REVERSE SIDE of this application
The undersigned hereby applies for membership in the Americon Society for Testing and
Moterials in the class of (check one):

] PERSONAL MEMBER [ SENIOR ASSOCIATE MEMBERI J ASSOCIATE MEMBER
and if elected the applicant agrees to be governed by the Charter and Bylows of the Society,
and to further its objectives as laid down therein. (This membership includes: opportunities
for the participation of the member in the general and District activities of the Society, and
for him to make application for participation on its technical committees; subscription to Ma-
terials Research & Standards; member discounts on publications; and other benefits and
privileges.)

FORMAT FOR LISTING THE ASTM MEMBERSHIP

Please complete the grid below. PRINT or TYPE. Leave a space between words.
Use no punctuation marks or special characters, except the ampersand (&). Use
initials and abbreviations where necessary.

Line 1:—List your LAST NAME, FIRST NAME and MIDDLE INITIAL
Line 2:—Beginning in 8th position, your TITLE and DEPARTMENT
Line 3:—List your PARENT ORGANIZATION (or self-employment)
Line 4:—If applicable, list the FACILTY in which you are EMPLOYED.
Line 5:—COMPANY street address or P. O. BOX

Line 6:—CITY (leave 1 space) STATE (leave 2 spaces) ZIP CODE

Line 7:—ADDRESS FOR MAIL (if OTHER than above)

Line 8:—CITY (leave 1 space) STATE (leave 2 spaces) ZIP CODE

Line 9:—LEAVE BLANK (for use by the Society)

1
2
3
4
5
6
7
8
9
Major Product. . . ... e e e et et
(Or service performed by your organizotion or you, if self-employed)
Major Field of Interest. ... ... ... it ittt iiaieanns
Examples: chemical research/civil engineering
Specific Application of Effort. ... ... ... .. . . . . i i,

Date of Birth: Month................. Day............ Year............
ASTM MEMBERSHIP POLICY — The development of organization memberships and manage-
ment understanding are vital to the Society’s ability to serve the economy effectively in the
future. The Society hopes thot mojor organizations will help support its activities with one
or more Sustoining Memberships. ASTM also offers inexpensive Industrial and Institutional
memberships, providing substantial publications and participating benefits, to help small
organizations or subdivisions benefit from affiliation with ASTM.

Each company should be concerned with the number and the classes of membership it
maintains, Memberships should be located as needed to take optimum advontage of ASTM's
activities. Also, the combination of memberships selected should tend to keep the organiza-
tion’s annual subscription to the Society in line with regard to the benefits it derives from
ASTM (in terms of standards, committee participants, etc.) and with the organization’s stature
in the economy.

Therefore, except for those organizations the Society recognizes as "sister’” societies ond
the agencies of the United States government (each of which may participate on ASTM's
Technical Committees with or without a membership in the Society), each organizotion or
major subdivision desiring to obtain publications of the Society ot membership prices, or
to share in the activities of the Society, should maintain at leost one membership in the
Society in the name of the organization. The organization’s membership may be supple-
mented by Personal and Associate Memberships as desired.

Applicant’s Signature. . ... ... .. . i e et e
IPlease attoch an outline of your prior ASTM affiliation.
SEE REVERSE SIDE FOR DUES AND BENEFITS OF MEMBERSHIP
MAIL TO: American Society for Testing and Materials,
STP 465 1916 Race St., Philadelphia, Pa. 19103



Application form on reverse side
INFORMATION ON INDIVIDUAL MEMBERSHIP FOR 1970

Extract From Charter:
The corporation is formed for the promotion of knowledge of the materials of engineering,
and the standardization of specifications and the methods of testing.

Extract From Bylaws:

ARTICLE 1. Members and Their Election
Sec. 2. A Personal Member shall be a person meeting the qualifications established by the
Board of Directors for this classification. (“The basic qualification . . . shall be that he is
interested in the Society’s field of activities.””)

Sec. 6. An Associate Member shall be a person less than thirty years of age. He shall have the
same rights and privileges as a Personal Member, except that he shall not be eligible for
office. An Associate Member shall not remain in this category beyond the end of the calendar
year in which his thirtieth birthday occurs.

Sec. 8, A Senior Associate Member shall be a person who is fully retired from his regular
employment, who has been a member of the Society and/or a participant in an activity of the
Society for a total of ten years or more, not necessarily continuously, and who elects to con-
tinve his association with the Society through the payment of reduced dues. He shall have
the same rights and privileges as a Personal Member, except as may be limited by the
Board of Directors for this classification,

SCHEDULE of DUES and BENEFITS -of MEMBERSHIP for 1970

. SENIOR
Class of Individual Membership PERSONAL ASSOCIATE ASSOCIATE
Annual Dues' . ....... ... .. ... ... ... ... $20 $10 $10
Member’s Participation on ASTM Technical
Committees . ...................... No Limit No Limit No Limit
33-part ASTM Annual Book of Standards
Free Parts Allowed2? ... ............. .. 1 Part None None
Parts Available at Discount (Maximum)3 2 Parts 2 Parts 2 Parts
Other Publications (Listed with Member Prices)
Available at Discount3 .. ... ... .. ..... No Limit No timit No limit
ASTM Year Book (Abridged Copy to New .
Members) .......... . ... . ... . ... ... 1 Free 1 Free 1 Free
Annual ASTM Proceedings . ... .. ... ... $12.00 $12.00 $12.00
Annual Subscriptions to:
Materials Research & Standards® . ... ... 1 Free 1 Free 1 Free
ASTM News Bulletin® . .. .. ... ... ... ... 1 Free 1 Free 1 Free
Journal of Materials .. ... ... ... .. ... $12.00 $12.00 $12.00
Registration (badge and program) at ASTM
Free

National Meetings ... ...............

! Membership year shall commence on the first day of January. Dues are payable in ad-
vance. The dues payment retroactive to 1 January must be received to complete a mem-
bership. An election to membership shall be voided if payment is not made within three
months of notification of election to membership.
The FREE PART of the Book of ASTM Standards must be requestéd on the copy of the
request form provided with the nofification of election and each year thereafter.
3 Discount on the two PARTS of the Book of ASTM Standards, approx. 45% off list price.
(Discount on other ASTM publications listed with member prices, approx. 20%.) The two
PARTS can be obtained at member prices ONLY if ordered on, and paid for with the
ASTM ORDER FORM (supplied to the member when the annual dues payment is received).
The member DISCOUNT is allowed ON REQUEST, if the current DUES payment has been
received, if the MEMBERSHIP NUMBER is identified, 9nd calls for shipment and billing to,
the MEMBERSHIP ADDRESS. An appropriate HANDLING and SHIPPING charge is applied
to each order, EXCEPT for the annual pre-publication order for parts of the Book of
ASTM Standards on which the PAYMENT in advonce accompanies the ASTM ORDER
FORM.
The ASTM News Bulletin is combined with Materials Research & Standards for distribution
to the individual members of the Society. Of the Annual Dues, $5.00 is allocated for
each annual subscription to Materials Research & Standards, and $1.00 for each annual
subscription to the ASTM News Bulletin. (Not deductible.)
NOTE: Benefits of membership and prices of publications are subject to change without notice.
VOTING RIGHTS: Each member shall be privileged to cast one ballot in Society matters, and
may apply for participation in any of the Technical Committee activities of
the Society. Individual memberships in the Society are non-transferable.
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