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Foreword 

The Symposium on Application of 2'/4Cr-lMo Steel for Thiclt-Wall 
Pressure Vessels, sponsored by the Metal Properties Council, was held in 
Denver, Colorado, on 19-20 May 1980. G. S. Sangdahl, Chicago Bridge & 
Iron Company, and M. Semchyshen, Climax Molybdenum Company, served 
as symposium chairmen and also edited this publication. 
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STP755-EB/Jan. 1982 

Introduction 

The symposium on which this volume is based derived from an activity of 
Subcommittee 1 on Engineering Properties of Boiler and Pressure Vessel 
Materials (Dr. M. Semchyshen, chairman) of the Metal Properties Council 
(MPC). This work was started in response to industry's stating to MPC the 
need for more information about the properties of Z'ACr-lMo steel in heavy 
sections. The principal driving forces are the considerable benefits which 
may be realized. A Task Group was formed under G. S. Sangdahl to in
vestigate this subject and, if need be, to develop a program to provide the 
necessary data. The symposium was a key stage in the development of the 
program. This volume now serves to provide the state-of-the-art basis for 
future activities. 

MPC now has three subgroups working under Mr. Sangdahl's task group. 
These are Mechanical Properties, led by Dr. R. A. Swift; Fabrication and In
spection, led by A. G. Imgram; and Environmental Effects, led by A. R. 
Ciuffreda. Participation by industry in these subgroups and the task group 
has been outstanding. As a result, there is better understanding of the 
capabilities of chromium-molybdenum steels, wider interest in this impor
tant subject, and a sharper focus on future activities. 

Some thoughts on these activities have been provided by the subgroup 
chairmen: 

Mechanical Properties (R. A. Swift, chairman)—This symposium was 
held to have public discussions of the properties of heavy-gage 2'/4Cr-lMo 
steel and potential problems that may occur during fabrication and opera
tion of pressure vessels. The sessions were well attended, attesting to the 
great interest in this subject. Authors came from France, Mexico, Switzer
land, and the United States, and represented plate and casting manufac
turers, forging and vessel fabricators, private research laboratories, and uni
versities. The presentations ranged from research on new modifications to 
2'/4Cr-lMo to fabrication and inspection of heavy-wall vessels. 

It was interesting to note the varied points of view expressed by the 
authors. The major differences of opinion were in the areas of microstructure 
and silicon control. Several authors presented data showing that fully 
bainitic structures could be obtained at the centerline of 500-mm-gage plates 
or forgings without the addition of hardenability improvers such as vana
dium or boron. Others, equally convincing, showed that proeutectoid ferrite 

1 
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2 APPLICATION OF 2V4Cr-1Mo STEEL 

forms in plates as light as 260 mm. This topic, needless to say, was a priority 
discussion at the panel session which followed. 

The second area of controversy was the need for silicon control as a means 
of improving the resistance to temper embrittlement. Again, equally convinc
ing data were presented on both sides of the argument. In addition, factors 
such as the possible loss in elevated temperature strength and resistance to 
tempering that low silicon (<0.10 percent) might have on 2'/4Cr-lMo steel 
were addressed. This also was hotly discussed in the panel session. 

The symposium was a very refreshing experience to all concerned. There 
was a great deal of information on topics such as welding and fabrication, 
casting, forging, plate production, and material properties. The greatest 
contribution of this session, however, is that the conflicting data presented 
will be subject to intense scrutiny. It is hoped that test programs will be ini
tiated to clear up these areas. In the final analysis, the producers and users of 
2'/4Cr-lMo steel will profit more from this than from a session in which all 
participants agree. 

These informative papers will aid one in weighing all the factors affecting 
material properties and future specifications. Finally, new ideas for research 
may also be generated as a result of these papers. 

Fabrication and Inspection (A. G. Imgram, chairman)—It is envisioned 
that very large reactor vessels, weighing as much as 3000 to 4000 tons, will be 
required for the most economic commercialization of coal liquefaction pro
cesses. The field fabrication techniques described by J. E, Bonta of Chicago 
Bridge & Iron will be a very important factor for obtaining these large 
vessels. It appears that shop fabrication will be impractical because of the 
considerable difficulty of transportation and erection. However, plant 
operators must be assured of the same high integrity for safe operation as ob
tained with shop fabrication. 

Higher speed welding processes, such as electroslag discussed by G. R. Ed
wards of Colorado School of Mines and electron beam detailed by W. J. Far-
rell of Sciaky and C. M. Weber of Babcock & Wilcox, offer considerable 
potential for increasing the efficiency of large vessel fabrication. Reduced 
welding time will reduce the cost of vessels fabricated in a shop. Rapid 
fabrication will be very important if the vessels are fabricated in the field in 
order not to obstruct other construction at the plant site. The high-
temperature strength of weldments produced by newly developed welding 
processes must be verified before they can be used for vessel fabrication. 

Research for low-alloy steel pressure vessel technology is currently being 
concentrated upon the requirements for coal liquefaction and gasification 
processing. It should be recognized that the resulting advancements in 
technology will also significantly benefit high-temperature/high-pressure 
petroleum refining processes. 
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INTRODUCTION 3 

Environmental Effects (A. R. Ciuffreda, chairman)—Hydrogen attack of 
steels has traditionally been avoided by application of the empirical Nelson 
curves during the material selection process. Nelson curves describing the ac
ceptable limits of temperature and pressure for each class of steel are period
ically revised if experience reveals the occurrence of potentially destructive 
methane bubbles following hydrogen service. The Nelson curves have served 
industry well; however, the next generation of vessels is pushing them to their 
extreme limits into a range in which there is little support for the suitability 
of even 2'/4Cr-lMo steel, one of the alloys most resistant to fissuring by 
methane formation. 

Surprisingly little is understood about the effects of hydrogen on the car
bides present in these alloys. In addition, carbides change during welding, 
heat treatment, and exposure in service. The papers in this symposium in
dicate there are important environmental effects, but they are not well 
understood. Programs to systematically examine the effects of hydrogen on 
carbides are needed. Long-term creep-rupture tests should be performed at 
realistic stress levels for times to 20 000 h or beyond. Current MPC studies 
involving exposure of 2'/4Cr-lMo and 3Cr-lMo steels for times beyond 8000 
h demonstrate the value of the long-time, low-stress approach. 

There may be benefits of stainless steel clad or overlayed layers in retard
ing hydrogen degradation. Work needs to be done to establish under what 
conditions a measure of protection against hydrogen degradation can be 
reliably obtained. 

The symposium committee extends acknowledgments to the authors and 
reviewers of the papers presented and to the ASTM staff for their help in con
ducting the symposium. Particular thanks are due Martin Prager of the 
Metal Properties Council for his tireless efforts in the organization of the 
symposium. 

G. S. Sangdahl 
Senior Metallurgical Consultant, Chicago 

Bridge & Iron Company, Oak Brook, III. 
60521; symposium co-chairman and co-
editor 

M. Semchyshen 
Vice-President. Metallurgical Development, 

Climax Molybdenum Company, Ann Ar
bor, Mich. 48106; symposium co-chairman 
and co-editor 
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T. E. Scott^ 

Pressure Vessels for Coal 
Liquefaction—An Overview 

REFERENCE: Scott, T. E., "Pressure Vessels for Coal Liquefaction—An Overview," 
AppIiculUm ofl'ACr-IMoSteeljor Thick-Wall Pressure Vessels. ASTM STP 755. G. S. 
Sangdahl and M. Semchyshen, Eds., American Society for Testing and Materials, 1982, 
pp. 7-25. 

ABSTRACT: The existing world economic and political climate has intensified the need 
for a domestic source of liquid fuels. With dwindling crude oil reserves the need for alter
native sources of liquid fuels has become pressing. Coal-derived liquids can be an impor
tant substitute for crude oil. A key component of process plants designed to liquefy coals 
is the "reactor". Coal liquefaction pressure vessels (reactors) for anticipated commercial 
operations are large by conventional standards. They must maintain a high level of 
reliability for lifetimes from 20 to 30 years while operating at temperatures near 425°C 
(800°F) and while containing a variety of sulfurous species and hydrogen at pressures up 
to about 28 MPa (4000 psi). This paper attempts to emphasize the role of reactors in the 
coal liquefaction process and to point out potential life-limiting aspects that must be con
sidered in the design, construction, and operation of these large, thick-walled pressure 
vessels. 

KEY WORDS: pressure vessels, coal liquefaction, coal conversion, materials, 2'/4Cr-
IMo steel, corrosion, hydrogen attack, weld overlay, temper embrittlement 

The Arab embargo on oil in 1973 and dwindling domestic petroleum 
resources have served to emphasize the need for an alternative to crude oil for 
liquid fuel and petrochemical feed stocks. Coal liquefaction provides an at
tractive alternative. 

Coal liquefaction is not a contemporary concept; its beginnings can be 
traced back 120 years. Germany fueled its military machines with synthetic 
fuels derived from coal during World War II, and South Africa has been op
erating a commercial coal liquefaction plant (Sasol I) since 1953. Sasol I is an 
indirect liquefaction process requiring an intermediate gas-production stage 

Senior Technical Supervisor, Alcoa Technical Center, Alcoa Center, Pa. 15069; formerly 
Professor and Metallurgy and Ceramics Program Director. Ames Laboratory, Iowa State 
University, Ames, Iowa 50011. 
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8 APPLICATION OF 2V4Cr-1Mo STEEL 

before liquid fuels can be made. The viability of coal-derived liquids as an 
alternative to petroleum is largely a question of economics. In the United 
States, direct liquefaction appears more competitive, economically, than in
direct liquefaction. Consequently, most of the second-generation processes 
being developed are in the direct liquefaction category called hydroliquefac
tion. These include (/) direct, noncatalytic processes such as SRC-I, SRC-II, 
and UOP extraction; (2) direct, catalytic processes such as H-Coal and Con
oco Zinc Halide Hydrocracking; and (J) indirect, donor solvent processes 
such as the Exxon Donor Solvent (EDS) process. 

Four of these hydroliquefaction processes in advanced stages of develop
ment are SRC-I, SRC-II, EDS, and H-Coal. These processes form the basis 
of this paper. Figure 1 is a block flow diagram indicating the general com
ponents of all four advanced liquefaction processes. For the SRC-I process a 
product solidification step should be added following the solvent separation 
stage. For the purposes of this paper, attention is focussed on the Reactor-
Dissolver and the Gas Separation stages which involve the critical pressure 
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FIG. 1—Generic block flow diagram for advanced hydroliquefaction processes. 
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s c o n ON PRESSURE VESSELS FOR GOAL LIQUEFACTION 9 

vessels. A materials-oriented discussion of the overall liquefaction process 
may be found in an earlier paper [/J.^ 

The fundamental process of making syncrudes from coal is that of increas
ing the hydrogen to carbon (H/C) ratio. Hydrocarbons of interest have H/C 
ratios ranging from something less than one for coals to that of methane, 
namely, four. Between these extremes are crude oil, gasoline, and fuel oil 
with respective H/C values of 1.5, 1.8, and 1.9. It is clear, then, that to make 
liquid fuels from coal, a means must be found to increase its hydrogen level. 
Consequently, the more advanced U.S. liquefaction processes involve a 
chemical transfer of hydrogen from a donor solvent. Rehydrogenation of the 
solvent donors requires catalysis by one means or another. It is essentially the 
variation in schemes used to rehydrogenate the solvent that distinguishes the 
hydroliquefaction processes being developed. During liquefaction, temper
atures are maintained somewhat below 499°C (930°F) [usually ~445°C 
(~825°F)] to avoid thermal cracking of liquid-size molecules because this in
creases the gas yield and the hydrogen consumption (methane consumes four 
hydrogens per carbon). Economics demands that hydrogen consumption be 
kept as low as liquefaction permits because the cost penalty for hydrogen 
production is high. During liquefaction, oxygen is removed from the coal by 
reacting with hydrogen to form HjO and some of the sulfur is removed as 
HjS. Nitrogen, which is in the organic rings, apparently can only be reacted 
to NH, in the presence of a catalyst; otherwise it concentrates in the char or 
heavy-liquid product. The primary liquefaction reactions occur in the 
"dissolver" or "reactor-dissolver". All other phases of a coal liquefaction 
process scheme are either for the preparation of the dissolver components or 
for separating the products generated in the dissolver. 

Role of Pressure Vessels in Coal Liquefaction and Pilot-Plant Experiences 

The "heart" of all advanced hydroliquefaction processes for coal conver
sion is the "dissolver" or reactor vessel. While partial dissolution of coal takes 
place in preheaters, the function of the reactor is to provide the mixture of 
coal slurry and high-pressure hydrogen sufficient residence time to permit 
the dissolution reactions to approach completion. Although the coal dissolu
tion reactions are complex and ill understood, it is believed that thermal 
cracking of coal molecules is accompanied by stabilization of the lighter mol
ecules by hydrogen donated by the solvent. Hydrogenation of the solvent re
quires a catalyst. The EDS process provides a separate solvent hydrogenation 
step into the process, while the H-Coal process adds catalyst to the dissolver 
and the SRC processes rely on minerals (ash) in the coal to catalyze solvent 
hydrogenation in the dissolver. Pressure, temperature, and residence time in 

The italic numbers in brackets refer to the list of references appended to this paper. 
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10 APPLICATION OF 2V4Cr-1Mo STEEL 

the dissolver depend on the type of coal, the catalyst, and the end-product 
desired. 

Another critical vessel in advanced hydroliquefaction processes is the high-
temperature—high-pressure flash drum. This vessel, which receives the ef
fluent from the dissolver, serves as a gas-liquid separator. It keeps the ef
fluent slurry at sufficiently high temperatures and pressures to maintain its 
fluidity and to prevent repolymerization before the more volatile components 
have been separated adequately. Downstream from the high-pressure flash 
drum, in both the overheads and bottoms (slurry) streams, are additional 
pressure vessels that can employ lower-grade steel shells because the oper
ating conditions of temperature and pressure are less severe. Typical oper
ating conditions and some structural characteristics of the reactor vessel and 
high-pressure flash drum are shown in Figs. 2 and 3, respectively. The 
operating conditions shown in these figures include the ranges for all advanced 
liquefaction processes. Structural characteristics are based on the SRC-Ft. 
Lewis pilot plant; except for size, they are expected to be similar in other 
pilot plants and commercial-size plants. 

Operating experience with coal hydroliquefaction plants has been limited 
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in 2 Hrs 
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FIG. 2—Reactor vessel conditions and characteristics. 
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SCOTT ON PRESSURE VESSELS FOR COAL LIQUEFACTION 11 

(Contents) 
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FIG. 3—High-pressure flash drum (gas-liquid separator) conditions and characteristics. 

to pilot plant (SRC process) and smaller scale units. Rather serious problems 
have been encountered with pumps and let-down valves (erosion) and frac
tionation columns (corrosion); however, no operation-limiting problems have 
occurred in the reactors or high-pressure flash drums. Cracks have been 
noted in the stainless steel overlay near the bottom of the SRC-Ft. Lewis 
reactor vessel but they, apparently, have not penetrated to the underlying 
shell material (2'/4Cr-lMo steel) [2]. It is believed that the small-size vessel 
made weld overlaying difficult and the cracks were probably a result of un
satisfactory welding. Other minor degradations include general corrosion of 
the 347 stainless steel overlay and the formation of a feathery carbide struc
ture which suggests that carbon penetrated into the stainless overlay. The 
high-pressure flash drum exhibited transgranular (probably chloride) and in-
tergranular (probably polythionic) cracking of the 304 stainless steel clad
ding. Neither type of crack had penetrated to the 2'ACr-lMo shell. In one in-
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12 APPLICATION OF 2V4Cr-1Mo STEEL 

stance, substantial base metal (2V4Cr-lMo) was lost to corrosion under a 
cracked breather ring. These observations were made during routine exami
nation and were not the cause of a shutdown. Nevertheless, it must be recog
nized that operating time of pilot plants has been short compared with the 
operating lives commercial plants will have to survive for coal liquefaction to 
be economically feasible. It would be unwise to assume, at this time, that the 
reasonably satisfactory experience with the key pressure vessels is an indica
tion there will be no problems with commercial-size pressure vessels for this 
application. 

Since economics mitigates against numerous process streams when resi
dence times are long, such as the 30 to 90 min required in reactor vessels, 
there is a strong motivation to use single streams with large vessels. Reactor 
vessels having diameters on the order of 4.6 to 7.6 m (15 to 25 ft) and heights 
ranging from 24 to 40 m (80 to 130 ft) with wall thicknesses of 25 to 40 cm (10 
to 16 in.) are being considered [3.4]. Forced plant shutdown for extensive 
repair or replacement of one of these vessels would require months or years at 
immense cost. For example, it is estimated that unscheduled downtime of a 
petroleum refinery pressure vessel considerably smaller than those antic
ipated for commercial hydroliquefaction of coal can cost in excess of $50 000 
per hour [5]. Clearly, reliability of the reactor vessel and high-pressure flash 
drum must be assured if coal hydroliquefaction is to become a significant liq
uid fuel alternative to petroleum. This means that every effort must be made 
to anticipate potential pressure vessel materials problems and to conduct 
well-conceived evaluations of each anticipated problem. 

Applicability of Refinery Experience to Coal Liquefaction 

In the absence of a long-term experience base in coal liquefaction process
ing, valuable guidance can be obtained from refinery processing experiences. 
For a perspective on the relevance of experience with materials in refinery 
processes, a brief description of some factors which parallel those in coal liq
uefaction processes is in order. 

As shown in Fig. 2, the operating conditions for coal liquefaction 
reactor pressure vessels include temperatures ranging from 399 to 482°C (750 
to 900°F) and pressures in the range of 6.9 to 28 MPa (1000 to 4000 psi). Ta
ble 1 reveals that several petroleum refining process pressure vessels ap
proach these conditions, especially the hydrocrackers [6]. Many petroleum 
processing materials problems stem from sulfur in the crude, and it is antici
pated that such problems would appear in coal processing. Sulfur concentra
tions in crude oils from major sources in the world are given in Table 2 [7]. 
Generally the sulfur content is less than one percent, but concentrations of 
sulfur in the range of 2 to about 5 weight percent exist. By comparison, run-
of-the-mine Illinois No. 6 seam coal contains more than 10 weight percent 
sulfur. On the other hand, Pennsylvania anthracites generally have less than 
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SCOTT ON PRESSURE VESSELS FOR COAL LIQUEFACTION 13 

TABLE 1—Operating conditions for petroleum refining pressure vessels |6]. 

Operation 

Catalytic cracking 
Hydrocracking 
Catalytic reforming 
Hydrogen treating 

Temperature Range 

°C 

449 to 565 
205 to 482 
427 to 538 
205 to 427 

(°V) 

(840 to 1050) 
(400 to 900) 
(800 to 1000) 
(400 to 800) 

Pressure Range 

MPa (psi) 

0.05 to 3.1 (7 to 450) 
0.7 to 28 (100 to 4000) 

0.35 to 5.2 (50 to 750) 
0.1 to 10 (15 to 1500) 

TABLE 2—Crude oil sulfur analyses [ 7). 

Source 

Africa: Algona, Egypt, Gabon, Libya 

Middle East: Iran, 

Indonesia 

Europe 

Canada 

Mexico 

South America 

United States: 

Nigeria 

Iraq, Kuwait, Saudi Arabia 

^ 

Sulfur (wt %) 

most 0 to 0.5 

most 1 to 3 

most 0 to 0.5 

most 0 to 1 

most 0.1 to 0.55 
some 3.38 

range 0.06 to 5.38 
most 1.75 

most above 2 

range 0.02 to 3.25 
Colorado, Florida, 
Louisiana, Montana, 
Oklahoma, New Mexico, 
Utah, Pennsylvania 
Texas 
Wyoming 

below 1 

0.05 to 2.40 
0.1 to 3.25 

one weight percent sulfur [8]. In view of the sulfur concentrations cited above, 
coal liquefaction processing pressure vessels may be subjected to more exag
gerated sulfur-based degradations than their counterparts in crude refining. 
Furthermore, it has been suggested that coal liquefaction process streams 
will contain NH3, COS, and particulate matter, components not generally 
found in crude refining [9]. In summary, there is much similarity between 
coal liquefaction and refining processing conditions, but the differences 
should alert us that refinery experience may not be adequate for coal lique
faction materials considerations. 

Potential Pressure Vessel Problems 

Abrasion 

The term abrasion encompasses gouging, grinding (high stress abrasion), 
erosion (low stress abrasion), erosion-corrosion, and erosion-cavitation. Vir-
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14 APPLICATION OF 2V4Cr-1Mo STEEL 

tually all of these forms of abrasion occur in the overall coal liquefaction pro
cess. However, no form of abrasion has been reported for the critical pressure 
vessels. If abrasion occurs in the reactor vessel or high-pressure flash drum it 
probably will be of the erosion or erosion-corrosion type because the fluid 
velocity in these components will be low [about 0.9 to 2.7 m/s (3 to 9 ft/s)]. 
Although the total solids loading of the slurry that enters the preheater prior 
to entering the reactor vessel is expected to be 20 to 35 weight percent, the 
solid content will be reduced substantially by dissolution of the coal in the 
preheater. In the reactor vessel, the solids loading will be about 10 to 15 
weight percent and consist of coal minerals and some undissolved coal. 
Typically, the coal minerals will consist of inorganic sulfides and oxides such 
as N a p , KjO, CaO, MgO, Fe203,Ti02, P P s - SiOj, A i P j , and SO, [10]. 

No basis exists for the prediction of long-term erosion or erosion-corrosion 
effects in the pressure vessels of concern. Thermocouple wells or other intru
sion of the vessel wall where turbulent conditions could occur are the most 
susceptible sites for erosion in the pressure vessels. Several models or theories 
of erosion have been proposed [11-19] but none seems capable of predicting 
erosion behavior in the regime of particle types and sizes (1 to 75 /nm) and 
fluid velocities (0.9 to 2.7 mps) pertinent to coal liquefaction pressure vessels. 
Furthermore, most experimental studies have employed fluid or particle ve
locities about 50 times greater than expected in the reactor vessel. Abrasion-
resistant coatings, if they can be applied in the field, might be a realistic 
preventative for large pressure vessel walls. 

Corrosion 

Organic sulfur compounds are the primary cause of corrosion during sour 
crude processing. This form of corrosion occurs at temperatures generally in 
the range of 288 to 454°C (550 to 850°F) with the maximum rate of attack 
occurring near 370°C (700°F) [5]. Attack of steels in H2S-H2 mixtures oc
curs at temperatures above 370°C (700°F). Corrosion by organic sulfur com
pounds and by HjS-Hj is adequately resisted by austenitic stainless steels 
and a few other alloys with high chromium content. Consequently, petroleum 
processing pressure vessels are internally clad with stainless steel to prevent 
corrosion caused by the presence of sulfur. However, even these steels have 
been observed to corrode at a rate greater than 0.254 mm/year (10 mils/year) 
at 427°C (800°F) when the partial pressure of H^S exceeds 0.07 MPa (10 psi) 
[9]. For the higher sulfur coals, the partial pressure of HjS may be suffi
ciently high to cause excessive wastage of a stainless steel cladding or overlay 
in coal liquefaction pressure vessels operating at high total pressures. 

Naphthenic acid is a potentially strong corrodent of stainless steels [20]. It 
is most active between 221 to 399°C (430 and 750°F), but it is not corrosive in 
the vapor state. Consequently, it is most troublesome if it can vaporize and 
concentrate by condensation. Therefore high pressures such as those existing 
during coal liquefaction reactor operation, might be expected to mitigate 
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SCOTT ON PRESSURE VESSELS FOR COAL LIQUEFACTION 15 

naphthenic corrosion. A particularly troublesome aspect of this form of cor
rosion is the fact that it does not form protective films because the corrosion 
products are soluble in hydrocarbons. 

Chloride and polythionic acid stress corrosion cracking (SCC) of stainless 
steel cladding have occurred, as mentioned earlier, in coal liquefaction pilot 
plant pressure vessels. However, these two forms of SCC are most likely to oc
cur during shutdown. Chloride SCC generally is most prevalent below the dew-
point of water, and polythionic acid SCC, an intergranular process requiring 
the steel to be sensitized, is formed by the interaction of sulfidic scale, 
moisture, and oxygen at ambient temperatures [21]. Interestingly, 347 
stainless steel weld overlay metal has never exhibited polythionic acid SCC, 
even under conditions where the acid should have formed. This behavior has 
been attributed to the rapid cooling of the weld metal as it is laid down [22]. 

Conditions existing in a coal liquefaction reactor vessel present the poten
tial (carbon potential and temperatures above 400°C) for dusting and car-
burization or both [21\. However, sulfur tends to reduce the tendency for 
these phenomena to occur. 

In addition to the known or potential corrodents just cited, there are many 
other possible species in coal liquefaction pressure vessels that may cause 
corrosion. Several of these are listed in Table 3; there may be more. A major 
deterrent to predictability, or even laboratory evaluation, of corrosion in the 
coal liquefaction reactor vessel is the absence of chemical analyses under 
operating conditions of pressure and temperature. 

Cladding Integrity 

Since the main function of the stainless steel overlay or cladding (Figs. 2 
and 3) is to protect the less corrosion resistant steel used for the structural 

TABLE 3—Possible reactor vessel chemical species. 

H2 
H2S 
H20 
HCN 
HCI 
NH, 
CH4 
CO, 

co' 
COS 
s 
CI 
NH4CI 
NH4CN 
NH4HS 
(NH4)2S 
(NH4)2CO, 

ammonium polysulfides 
ammonium thiocyanates 
aliphatic mercaptans 
aromatic mercaptans 
naphthenic mercaptans 
aliphatic sulfides 
aromatic sulfides 
cyclic sulfides 
aliphatic disulfides 
aromatic disulfides 
polysulfides 
naphthenic acid 
polythionic acid 
sulfuric acid 
sulfurous acid 
hydrocarbons 
coal minerals 
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16 APPLICATION OF 2V4Cr-1Mo STEEL 

shell of the reactor or the high-pressure flash drum, it is important to an
ticipate phenomena that might compromise the cladding integrity during a 
20 to 30 year operating life. Several degrading phenomena are listed in Table 
4. Most of them require no comment; however, the cladding adherence and 
hydrogen embrittlement require amplification. Hydrogen embrittlement of 
347 stainless steel weld metal has been noted and attributed to embrittlement 
of the sigma phase transformed from delta-ferrite in the weld metal [23,24]. 
Cracking due to this embrittlement would only occur during cooldown be
cause the brittleness is not significant at operating temperatures. Loss of ad
herence of 347 stainless steel weld overlay has been reported by Japanese in
vestigators [25.26]. De-bonding occurred subsequent to air cooling from 24 
h, high-pressure hydrogen exposures. Frequently, several hours elapsed after 
air cooling before de-bonding was revealed by ultrasonic nondestructive 
evaluation (NDE). Temperature-pressure exposure conditions that led to de-
bonding are shown in Fig. 4. Perhaps other weld overlay alloys and improved 
overlay techniques should be considered. 

TABLE 4—Potential causes of cladding degradation. 

Microstructural or phase changes including sensitization 
• embrittlement (for example, a or x phases) 
• loss of corrosion resistance 

Low-cycle fatigue cracking (thermally induced) 
• fatigue cracks into base metal 

Composition changes due to environment 

• carburization and subsequent sensitization 

Loss of adherence 

Hydrogen embrittlement of the weld overlay 
• during shutdown 

Corrosion 

500 

475 

o 
— 450 
CE 

^ 4 2 5 
tn 
UJ 

1400 
UJ 

375 

350, 

HOLDING TIME. 24HR, COOLING A.C, 

O 
(35) 

O NODE-BOND 
» LIGHT DE-BOND 
• SEVERE DE-BOND 
( )HYDROGEN CONTENT ppm 

10 15 20 25 30 35 40 
HYDROGEN-PRESSURE (MPa) 

FIG. 4—Pressure-temperature boundary for overlay de-bonding of 347 stainless steel [25]. 
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SCOTT ON PRESSURE VESSELS FOR COAL LIQUEFACTION 17 

Pressure Vessel Shell Reliability 

Since pressure vessels for hydrotreating and similar processes in the petro
leum refining industry are designed to the ASME Boiler and Pressure Vessel 
(Unfired) Code (Section VIII, either Division 1 or Division 2), it is expected 
that this will be the applicable code for coal liquefaction pressure vessels. Di
vision 2 is more stringent in its design and inspection requirements than Divi
sion 1, but Division 1 has a lovi-er allowable stress. It has been suggested [4] 
that the criticality of these high-hydrogen pressure vessels would necessitate 
the use of Division 1 allowable stress while applying Division 2 requirements 
to fabrication for adequate reliability. However, the large size of these vessels 
imposes certain difficulties that must be overcome in order to meet the Code 
requirements. For example, heat treating thick sections (0.3 m) to achieve re
quired properties at quarter thickness will demand water quenching rather 
than air cooling. Furthermore, it has been indicated [27] that the Charpy 
V-notch toughness requirement of Section VIII of the Code may not be ade
quate for 0.3 to 0.4 m (12 to 16 in.) thick sections which would allow critical 
crack sizes to be attained in materials that meet the 14 to 27 J (10 to 20 ft- lb) 
requirement at ambient temperature. Even when the as-constructed 
toughness requirements are met, time-dependent processes acting over the 
20 to 30 year operating lifetime of one of these pressure vessels can degrade 
the material properties and seriously compromise the toughness and strength. 
Several potential degrading phenomena are listed in Table 5; there may be 
others. 

TABLE 5—Potential pressure vessel 
shell problems. 

Microstructure and phase stability 
• strength 
• toughness 
• H2 attack 

Temper embrittlement (shutdown) 
• toughness 
• H2 embrittlement 

Hydrogen embrittlement (shutdown) 
• sulfide stress cracking 
• toughness 
• slow crack growth 

Environment-assisted crack growth 
• toughness 
• flow localization 
• fatigue crack growth rate 

Corrosion 

Hydrogen attack 
• strength and creep-resistance 
• toughness 
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18 APPLICATION OF 2V4Cr-1Mo STEEL 

Field Fabrication and Heat Treatment 

The complexity of field fabrication by welding and associated Code-re
quired stress-relief treatment has already been stated succinctly [4], Table 6 
illustrates the incredible time it would take to fabricate large coal liquefac
tion pressure vessels and emphasizes the gains to be made if welding tech
niques such as narrow-gap, electroslag, or electron-beam can be developed. 
Additional gains would accrue if heat treatments or alloys can develop suffi
cient strength in small section thicknesses. For stress relief after welding 
2V4Cr-lMo (P5 grade) steel, the Code requires heating uniformly to a 
minimum of 677°C (1250°F), holding for 140 s per millimetre of thickness 
(1 h/in.) for the first 127 mm (5 in.) and 35 s per each additional millimetre 
(15 min/in.), then cooling uniformly. This procedure may have to be repeated 
several times during fabrication and erection of a large vessel [4], Such 
treatments might reduce the strength of 2'/4Cr-lMo to below Code specifica
tions. 

Inspection 

Field inspection of thick-wall vessels presents additional difficulties be
cause the ASME Code demands pressure vessel shell welds to be radio
graphed. To accomplish this in the field would be a herculean task. An alter
native would be to develop NDE technology to the level of sophistication 
needed to quantitatively characterize flaws in three dimensions. This would 
avoid the problems associated with the construction of a field-based linear 
accelerator for radiography. In fact, there are several aspects of pressure 
vessel reliability that could benefit greatly by advances in NDE capability. 
The potential exists for monitoring (continuously by permanently mounted 
ultrasonic transducers if necessary) changes in the structure of materials, in
tegrity of cladding or overlay, residual stresses, porosity, and weldments. De
velopment of noncontact transducers (EMAT) would alleviate the problems 
of NDE at hot walls. Clearly, there is much incentive for advancing the 
technology of NDE. 

TABLE 6—Pressure vessel weldments [4]." 

Welding Procedure Vertical (Person-Hours) Girth 

Conventional submerged-arc 2880 8640 (63 000)'' 
Electroslag 864 
Narrow gap . . . 5760 
Electron beam 117 240 

"Based on 4.9 m (16 ft) inside diameter by 39.6 m (130 ft) high by 0.4 m (16 in.) 
thick wall or 119 m (390 ft) of vertical seams for plate-formed rings and 16 girth 

seams 
Girth welds if sections in vertical position; manual submerged-arc welding. 
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Temper Embrittlement 

Although not a problem at operating temperatures, temper embrittlement 
results in an upward shift in the ductile-brittle transition temperature and, 
sometimes, a reduction in the upper-shelf toughness of ferritic steels. Conse
quently, failures due to temper embrittlement may occur during shutdown. 
Mechanistically, this phenomenon is caused by segregation of certain im
purity elements to grain boundaries when ferritic steel is held in, or slowly 
cooled through, a critical temperature range that encompasses the liquefac
tion reactor operating temperatures. It is an insidious problem in the sense 
that several years of operating time can pass before the degree of embrit
tlement becomes critical. The propensity of a steel to temper embrittlement 
can be minimized by controlling impurities and specific alloy elements that 
act synergistically with impurities to promote grain boundary segregation 
[28]. One of the purposes of the molybdenum in 2'/4Cr-lMo steel is to sup
press temper embrittlement. Apparently molybdenum scavenges phospho
rous and prevents it from segregating to grain boundaries, whereas chro
mium promotes the phosphorous segregation [29\. However, because of its 
greater stability, molybdenum-rich M2C precipitates at the expense of chro
mium-rich M7C3. This change in carbide species removes molybdenum from 
solution where it scavenges phosphorous and increases the availability of 
chromium, thus altering the resistance of the alloy to temper embrittlement. 
It is evident that heat treatment and welding can alter the types of carbides 
present and hence the resistance to temper embrittlement. 

Hydrogen Embrittlement 

Hydrogen embrittlement is a well-documented phenomenon. It is charac
terized by slow strain-rate enhanced embrittlement that is most severe near 
ambient temperature. Sulfide stress cracking, a petroleum industry term, is 
a hydrogen embrittlement phenomenon in which the source of hydrogen is 
YijS. Industry combats hydrogen embrittlement by controlling the hardness 
or strength level of the structural steels. Typically, hardness is kept below a 
Rockwell C of 20 to 22, and the yield strength is generally specified to be less 
than 552 MPa (80 000 psi). In this respect care must be taken with weld-
ments where postweld cooling rates can induce locally hard regions with in
creased hydrogen embrittlement susceptibility. In terms of the pressure 
vessel, hydrogen embrittlement is a potential problem only when the vessel is 
cooled to ambient temperature. Whether or not the cladding is breached, 
hydrogen will diffuse into the structural steel at the pressure and temperature 
of operation. Solubility of hydrogen in ferritic steel decreases sharply with 
decreasing temperature and pressure (Fig. 5a). Depending on the cooling 
rate during shutdown relative to the diffusion rate of hydrogen out of the 
steel, more or less hydrogen will be effectively quenched into the steel at am
bient temperature. Furthermore, fracture toughness decreases with increas-
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FIG. 5—Dissolved hydrogen concentration (a) as a function of pressure and temperature 
(labeled on curves) and (b) its effect on fracture toughness of I'ACr-lMo steel of various tensile 
strengths (labeled on curves) [30]. 

ing concentration of dissolved hydrogen (Fig. 56) [30]. To avoid delayed 
cracking, the cooling rate should be controlled during shutdown to enable 
hydrogen outgassing to occur before ambient temperature is reached. Thick-
section pressure vessels, especially with a sound stainless steel cladding 
(lower hydrogen diffusivity), will require extended cooling times to avoid 
"quenching in" more hydrogen than is compatible with the fracture tough
ness required by design. Such procedures are costly in terms of lost 
productivity. A better alternative would be an improved low-cost steel. The 
cost benefits to be derived from the development of a low-cost steel with 
higher hardness (R"C" > 25 to 30) and higher strength [yield strength 862 
MPa (125 ksi)], but sufficient toughness to tolerate the presence of residual 
hydrogen would be enormous. 

Environmental-assisted crack growth, in fracture mechanics terminology, 
is the reduction of the critical stress intensity {Kyc) by the environment. Al
though many gases or liquids are possible crack growth assisters, the effec
tive component is frequently hydrogen. The phenomenon of hydrogen-as
sisted crack growth or external hydrogen embrittlement is most commonly 
observed at near-ambient temperatures, but it can appear at elevated tem
peratures. It is important to design hydrogen-containing pressure vessels so 
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that the stress intensity does not exceed the critical stress intensity for the op
erating hydrogen service conditions. However, many factors involved are yet 
to be defined, quantified, or both. 

Hydrogen Attack (HA) 

This may be the most obvious potential materials problem associated with 
hydroliquefaction processes. Petroleum refinery engineers, who are keenly 
aware of HA, circumvent the degradation it causes by employing Nelson 
curves [31] for materials selection or for defining operating limits. These 
experience-based curves (Fig. 6) have served a very useful function in the 
petroleum and petrochemical industries. However, they entail several uncer
tainties: 

1. The position of the curves changes with experience, always downward. 
For example, recent Russian work [32,33] lowered the Nelson curve for plain 
carbon steel. While the change was only about 25°C (45°F) on the tempera
ture scale, the corresponding pressure decreased by about 5.5 MPa (800 psi) 
(Fig. 7). 

2. They do not represent weld metal or heat-affected zone (HAZ) behav
ior. It has been shown [34] that O.SMo steels (with carbon greater than 0.20 
percent) experienced HA in the HAZ at temperatures about 39°C (70°F) 
below the appropriate Nelson curve. 

3. Potential effects of other gaseous components are not identifiable or ac
countable from the Nelson curves. For example, no HA of 1020 steel was found 
at temperatures 259°C (460°F) above and pressures of 2.1 MPa (300 psi) 
above the Nelson curve when 10 percent H2S was added to H2 [35]. This is a 
positive observation but not well understood. Other species might have 
negative effects. 

4. Methane blisters have been nbted by Merrick and McGuire [36] at con
ditions well below the Nelson curves. The phenomenon they described is close 
enough to HA that the adequacy of the curves is questionable. 

5. Nelson curves are based on experience with steels used in accordance 
with earlier design codes that specified annealed material. The curves may 
not represent the behavior of quenched, or normalized, and tempered steels 
selected for higher stress applications; thus, they may not be sufficiently con
servative for ASME Section VIII, Division 2 structures. Moreover, there are 
no data points for 2'/4Cr-lMo steel in any heat-treated condition. 

6. Effects of impurities, inclusions, and manufacturing processes (for ex
ample, cold work) are not accounted for or predictable from the curves. 

7. Conditions under which HA will occur in new steels cannot be predicted 
from the Nelson curves. 

All these points, and possibly others, indicate that a mechanistic under
standing of HA is needed. Otherwise hydrogen-service designers will remain 
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FIG. 7—Russian modification of Nelson curve [33]. 

committed to older types of steel and, by implication, to overdesign in terms 
of materials, dimensions, or both. Or, they will be forced to limit process con
ditions. Such design constraints increase the initial cost of pressure vessels. If 
they choose not to overdesign, the reliability of the vessel is jeopardized. Re
cent progress to develop mechanistic models of HA is encouraging 
[33.37-41]. 
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DISCUSSION 

p. E. Dempsey^ {written discussion)—Professor Scott referenced work 
done by the Japanese P.V. Committee, wherein stainless steel overlay on 
I'ACr-lMo backing had delaminated in laboratory tests. These tests were 
performed by heating and holding a sample in hydrogen at very high pressure 
and then removing and air cooling. This is intended to call attention to the 
fact that such a test does not even approach actual pressure vessel perfor
mance for the following reasons: 

(/) The sample is subject to hydrogen saturation from all sides. It can en
ter from the carbon steel side. There is no escape route. In service, the hydro
gen must pass through the overlay at a mobility rate much slower than its 
escape rate through the carbon steel. Therefore the concentration of hydro
gen at the interface is an order of magnitude lower than the Japanese test in
dicates. 

(2) The rate of cooling in the coal liquefaction heavy-wall pressure vessels 
is nowhere near the cooling rate that was used. Thus the hydrogen would 
have more time to escape in real service cooldown. 

This discussion is very important to the technology because it borders on a 
proposed test which this author has planned as chairman of a performance 
task group on the subject. It is the object of the proposed work to test the 
reported conditions under conditions that are much more closely related to 
service conditions. 

T. E. Scott {author's closure)—Mr. Dempsey's comments are correct. The 
writer was only pointing out, however, that delamination of stainless steel 
overlay from the 2'/4Cr-lMo backing was a reality under appropriate condi
tions. Moreover, any voids at the backing/overlay interface would trap 
hydrogen and negate his relative diffusion rate argument. Also, the cooler 
outer zones of the 2V4Cr-lMo backing would reduce the hydrogen escape 
rate. Finally, large blisters or delaminations of stainless steel overlay in an 
operating refinery pressure vessel were reported at this symposium. Conse
quently, although Mr. Dempsey's criticisms are valid, delamination has oc
curred under service conditions. 

'Steams-Roger Engineering Corporation, Denver, Colo. 80217. 
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H. C. Lueling,' Karl Achtelik, ^ and J. M. Motz^ 

Internal Properties of 2V4Cr-1Mo 
Cast Steel for Heavy Castings 

REFERENCE: Lueling, H. C , Achtelik, Karl, and Motz, J. M., "Internal Properties of 
2V4Cr-lMo Cast Steel for Heavy Castings," Application of I'ACr-IMo Steel for Thick-
Wall Pressure Vessels, ASTM STP 755, G. S. Sangdahl and M. Semchyshen, Eds., 
1982, pp. 26-45. 

ABSTRACT: This paper describes research on 2 'ACr-lMo steel using a heavy test block 
[weight approximately 4540 kg (10 000 lb)] having wall thicknesses of 15, 30, and 50 cm 
(6, 12, and 20 in.) (solidification moduli of 5.5, 9.5, and 13.1 cm, respectively). 

The relation of solidification and secondary structures (surface, transition, and center 
area) versus mechanical properties after normalizing and tempering as well as in the 
quenched and tempered condition were studied. ISO-V-notch energy between --60 and 
+ 100°C ( — 76° and 212°F) at surface and center areas of the three wall thicknesses was 
determined. 

Results of fracture toughness /fi,. (ASTM E 399) and crack-opening displacement 
(COD) (ASK-AN-220, 1976) are given. Furthermore, results of fatigue crack growth tests 
using specimens from the 30-cm (12-in.) casting in the oil-quenched and tempered condi
tion are given. 

KEY WORDS; 2'/4Cr-lMo cast steel, heat treatment, microstnicture, mechanical prop
erties, fracture toughness, fatigue, fatigue crack growth rate 

This paper deals with the application of 2'/4Cr-lMo steel castings with 
heavy cross sections. The applicable documents in the United States are 
ASTM Specifications for Martensitic Stainless Steel and Alloy Steel Castings 
for Pressure-Containing Parts Suitable for High-Temperature Service (A 217-
80, Grade WC9), for Heavy-Walled Carbon and Low-Alloy Steel Castings for 
Steam Turbines (A 356-77, Grade 10), and for Ferritic and Martensitic Steel 
Castings for Pressure-Containing and Other Applications for Low-Tempera
ture Service (A 757-79, Grades DlQl , D1Q2, and D1Q3). Table 1 shows 
chemical composition, tolerable residual elements, and tensile requirements. 
For the impact properties some regulations are given in the ASME Boiler and 
Pressure Vessel Code in Section I (Power Boilers), Section IV (Heating 

'Dipl.-Ing., George Fischer Limited, Schaffhausen, Switzerland. 
2Dipl.-Ing., Stahlwerke Bochum AG, Bochum, Germany. 
3Dr.-lng., Thyssen Giesserei AG, Mulheim/Ruhr, Germany. 
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28 APPLICATION OF 2V4Cr-1Mo STEEL 

Boilers), and Section VIII (Pressure Vessels). Further requirements are sub
ject to agreement between manufacturer and purchaser. 

There are indications that the application of this alloy has been limited by 
the unavailability of adequate data. Specifically there was a lack of data 
describing the internal properties of heavy castings with wall thicknesses in 
excess of 25.4 cm (10 in.). 

Some data on forged or rolled steel types with wall thicknesses exceeding 
1(X) mm are available. Kalwa and Schnabel [/]'' give some properties of pipe 
parts up to a section size of 150 mm (0.12 percent carbon). After heat treat
ment at 960°C, air cooling, and tempering at 760°C, the highest toughness 
values could be observed within wall thicknesses of less than 100 mm. In 
greater sections increasing amounts of ferrite had a harmful influence on the 
toughness properties. Marandet and Sanz [2] investigated steel plates (0.11 
to 0.14 percent carbon) with wall thicknesses of 110 and 170 mm. The stan
dard heat treatment consisted of an annealing at 925°C with a subsequent 
water quench. The tempering treatment was varied between 600 and 700°C 
in steps of 20 degrees centigrade. The results of tensile tests, V-notched bar 
impact tests, and compact tensile tests (fracture toughness) were discussed. 
Increasing tempering temperature up to 640°C raised the fracture toughness 
of the steel. Tempering at higher temperatures had an insignificant influence 
on the results. A close relationship could be found between the temperatures 
of the 28-J impact values and the 3160 N mm~^^2 values (100 MPa-m''-^) 
for Kic-

When dealing with 2'/4Cr-lMo cast steel, three investigations should be 
considered. Haines [3] approved this steel with about 0.18 percent carbon for 
use as castings within Section III (Nuclear Vessels) of the ASME Boiler and 
Pressure Vessel Code. He used cast plates with 200 and 560 mm wall thick
nesses and after two different heat treatments, normalizing at 930°C or water 
quenching from 930°C and subsequent tempering at 700°C, tensile and 
Charpy-V-notch specimens were taken out of the different zones of the plate 
castings and tested. He recommended a vacuum-degassing treatment of the 
melt, and concluded that the cast steel then met the requirements of the 
Code. 

A further investigation of fracture toughness of cast 2V4Cr-lMo steel was 
performed by Bamford [4] with 50- and 100-mm compact tension test 
specimens. Achtelik and Motz [5] summarized the internal properties of dif
ferent cast steel grades, including 2'/4Cr-lMo steel in the quenched and 
tempered condition of wall thicknesses above 100 mm (4 in.). 

History of the Investigation 

Research started in 1972 with the investigation of the internal properties of 
quenched and tempered cast test blocks of great section thicknesses. This co-

''The italic numbers in brackets refer to the list of references appended to this paper. 
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LUELING ET AL ON INTERNAL PROPERTIES 29 

Operative project of four German and two Swiss steel foundries was coor
dinated by the German Foundrymen Association (VDG = Verein Deutscher 
Giessereifachleute, Dusseldorf). Ten different steel grades commonly used in 
Europe differently heat treated were investigated. The work was finished in 
1977 with the completion of the SEW Standard Specification "Stahl-Eisen-
Werkstoffblatt No. 515" designated "Quenched and Tempered Cast Steel 
for Castings of Wall Thicknesses above 100 mm." 

The procedure applied for the production of the test blocks, the heat treat
ment, the sampling of the test bars, and the testing methods were preserved 
for the present work. Additionally, core samples were also taken out of actual 
heavy-walled production castings and tested in order to complete the infor
mation about the properties. 

Experimental Conditions 

Production of the Test Block 

The steel was melted in a basic-lined arc furnace. After meltdown, the 
minimum carbon content was kept higher than 0.65 percent in order to 
guarantee a sufficiently intense boiling period. After the refining period the 
deoxidation was performed by the addition of calcium-silicon and alumi
num. Depending on the nitrogen content of the melt, more or less aluminum 
was added. The specified composition and the results of the chemical 
analysis from the test block itself are given in Table 2. 

With a pouring temperature of about 1550°C the steel was cast into a resin-
bonded sand mold. The dimensions of the test block, weighing approxi
mately 2800 kg, are given in Fig. 1. The block consists of three steps, with 
150, 300, and 500 mm cross sections. The dimensions of the sections have 

TABLE 2—Specification and chemical composition of the casting. 

Chemical Composition 

Minimum 
Maximum 
Heat 6165-4 

c, 
% 

0.15 
0.22 
0.18 

Si. 
% 

0.30 
0.50 
0.48 

Mn, 
% 

0.60 
1.00 
0.63 

P, 
% 

0.025 
0.004 

S, 
% 

0.015 
0.007 

Cr, 
% 

2.00 
2.50 
2.25 

Mo, 
% 

0.90 
1.10 
1.02 

Ni. 
% 

0.4 
0.13 

Residual Elements 

Cu, Sn, As, Al, N, Sb, V, 
% % % % % % % 

Maximum 0.25 0.025 0.025 
Heat 6165-4 0.12 0.025 0.026 0.033 . . . 0.004 0.01 
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30 APPLICATION OF 2V4Cr-1Mo STEEL 

Casting System 
Riser insulated _ * 6 0 0 

* 600x700 ' ^ _ ^ 

Sampling of Test Bars 

Temperature 
measuring 
points 

Solditication 
Modulus 

= 13,1 cm 

M = 5,5 cm 

Weights: 
Casting ~2800 kg 
Riser -^1900 kg 
Total: ~4700kg 

S= Cut 
=-^ Bloc sampling 
=== Plate sampling 

Measurements in millimeter/centimeter 

FIG. \~Test block. 

been chosen to cover those solidification moduli that are encountered in all 
heavy-walled production castings. The overall weight, including the in
sulated riser, is nearly 5000 kg. The first heat treatment of the test block was 
an annealing treatment at 920°C with subsequent furnace cooling. After that 
treatment the riser was burned off. 

By a carefully performed nondestructive examination, such as ultrasonic 
and radiographic testing, the integrity of the three test block thicknesses was 
proved to be satisfactory. 

Heat Treatment and Sampling 

The three sections of the block were cut off. Each part was annealed at 
920°C for 12 h and oil quenched. This hardening procedure was registered 
by introduced thermocouples. One was inserted into the center, the other was 
placed 20 mm deep under the surface near the edge. In this manner the cool
ing rate range could be determined for each section. 

Subsequently the wall sections were tempered at 650°C and furnace cooled. 
A center plate taken out of the three sections (Fig. 1) was cut off and divided 
into two parts. One half was further divided. One of these parts was again 
tempered for 4 h at 680°C and furnace cooled (investigation of retention of 
hardness and improvement of elongation and impact ISO-V at 20°C by 30°C 
higher tempering). The second half-part of the center plate was used for air 
cooling and tempering. Because of the reduced mass compared with the 
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original test block dimensions, the cooling rate was simulated. The test speci
mens were again annealed at 920°C for 4 h and cooled under controlled con
ditions in a special heating-cooling equipment. Between the range of 800 and 
200°C the cooling rates were kept constant: 

section thickness, mm 150 300 500 

simulated cooling rate in air, °C/min 4.2 2.4 1. 

The plates were then tempered for 4 h at 650°C. 
After normalizing, the different types of test bars were taken out of the 

plates (Fig. 2). Three different zones were distinguished. From the surface 
and from the center zone tensile and ISO-V-notch test specimens were ma
chined. Additionally, the center was the position for rotating-bending fatigue 
test bars. From the transition zone of the 300 and 500 mm sections only ten
sile test bars were machined. In this investigation the definition of the transi
tion zone did not agree with the T/4 regulation that is given as an ASME rec
ommendation. But the position at face-sides of plate was fixed in agreement 
with the determination of the macrostructure at the cut surface. Addition
ally, samples for a metallographic inspection were taken from all positions. 

The remaining pieces of the 300-mm-section compact tension test bars 
(CT2, CT3, and CT4) were taken in such a manner that the position in the 
test block was near the middle, close to the center plate from which the ten
sile and impact test specimens had been cut off. 

Z = Tension specimen 
B 12x60 

K = Impact specimen 
ISO-V 

U = Fatigue test specimen 
witiiout notch 

1 = Surface 
2 = Transition 
3 = Center 

Left side: 
Normalized+tempered 
(simulated) 

' Riqtit side: 
! Workshop heat treatment 
i liquid quenched+tempered 

Measurements 
in millimeter 

FIG. 2—Order of removal of test specimens. 
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32 APPLICATION OF 2V4Cr-1Mo STEEL 

Results 

Microstructure 

After the heat treatments the microstructures were determined in the sur
face region and in the center of the different section plates. Only ferrite and 
bainite could be observed (Table 3). There was a close relationship between 
the cooling conditions and the microstructure (Fig. 3). 

After oil quenching the 150- and 300-mm sections the lower-bainite was 
the predominant matrix. With lower cooling velocity this structure was more 
and more replaced by upper-bainite and ferrite. The transformation behav
ior of the cast 2'/4Cr-lMo steel itself is one subject of a paper by Trautwein 
et al.^ Microsegregation could be observed especially in the center of the 
plates after the normal nital etching procedure (Fig. 4). 

Tensile Properties 

After heat treatment the tensile properties were determined in the different 
zones of the three sections. Usually four test specimens (10 mm diameter) 
had been pulled for one value. The average results are given in Fig. 5. 

Close relationships could be observed between the microstructure and the 
tensile properties. If lower-bainite was the structure before tempering, a ten
sile strength of approximately 800 N/mm^ and a yield strength of approxi
mately 600 N/mm^ could be measured. This was, for instance, a typical 
result after oil quenching and 650°C tempering treatment in the smaller sec-

TABLE 3—Survey on microstructure in walls of 150, 300, and 500 mm after heat treatment 
(secondary structures) (2'/4Cr-IMo cast steel. Heat 6165-4). 

Liquid Quenched and Tempered 

150 mm 

Center 

Bainite 

300 mm 500 mm 

Surface Center Surface Center 

Bainite Bainite Bainite Bainite 
10% Ferrite 10% Ferrite 20% Ferrite 

Normalized and Tempered 

150 mm 

Center 

Bainite 
20% Ferrite 

300 mm 500 mm 

Surface Center Surface Center 

Bainite Bainite 
• ' 40% Ferrite ' ' ' 40% Ferrite 

^This publication, pp. 189-207. 
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FIG. 3—Cooling rates of the section centers and microstructure. 

FIG. 4—Microsegregation in the center of the 150-mm section (nital etched). 
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FIG. 5—Tensile properties of I'ACr-lMo cast steel. 

tions. Upper-bainite with increasing amounts of ferrite led to lower strength 
values. 

The higher tempering temperature of 680 °C lowers the tensile strength 
and causes an equalizing of all tensile and yield values. This effect was nearly 
independent from the quenched structure before the tempering treatment. 
The results were similar to those obtained by normalizing and tempering 
treatment at 650°C. 

The data summary (Fig. 5) shows that rather uniform high-strength values 
are obtained independently of section size. The tensile strength value de
creased only slightly to the center but less than the yield strength. Each sec
tion size when properly processed will exhibit a specific microstructure. 

In the case of medium or lower strength, nearly no influence of the position 
and the section thickness on the ductility could be measured. But the elon
gation and particularly the reduction of area had a marked decrease from the 
surface to the center after oil quenching and 650°C tempering. The reason 
seemed to be in the inhomogeneity of the structure in the specimens. Den
drites with lower alloy content transformed presumably into softer upper-
bainite and ferrite. The segregated interdendritic zones formed a lower-
bainitic matrix of a higher hardness. During the tensile tests the elongation 
started in the dendritic zones. In these micro-areas the strain was hindered 
by the harder regions. The result was a nonuniform distribution of strain that 
especially limited the reduction of areas. After equalizing the properties 
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either by the higher tempering temperature or by the normalizing treatment 
this effect was eliminated and constant ductility values could be observed. 

The improvement of the 30°C higher tempering on the elongation are evi
dent. The differences are given in Table 4. Particularly in the center of the 
greater sections the ductility values increased approximately 40 to 110 per
cent. 

Impact Properties 

The results of the impact investigation on ISO-V-notched test bars are 
summarized in Fig. 6. The range covers the test temperatures from —60 to 
+ 60°C. Figure 6 is split into three diagrams each for the different section 
thicknesses. Within each diagram are distinguished the surface area (open 
signs) and the center (full signs) and each different heat treatment (different 
signs). 

TABLE 4—Improvement of elongation and impact ISO-V at 20°C by 30°C higher tempering 
(2'/'iCr-lMo cast steel: Heat 6165-4: cross sections of 150. 300. and 500 mm). 

Tempering 
Temperature, 

°C 

650 
680 
A30 
Improvement % 

Tempering 
Temperature, 

°C 

650 
680 
A30 
Improvement % 

Tempering 
Temperature, 

650 
680 
A30 
Improvement % 

Elongation 

15 
21 

6 
40 

Elongation 

19 
22 

3 
16 

Elongation 

18 
21.5 
3.5 

20 

Oil Quenching 150 

Surface 

% 

Si 

% 

SI 

% 

ISO-V at 20°C 

44 
65 
19 
43 

Oil Quenching 300 

jrface 

ISO-V at 20°C 

47 
137 
90 

190 

Oil Quenching 500 

urface 

ISO-V at 20°C 

61 
125 
64 

105 

mm Wall Thickness 

Center 

Elongation % ISO-V at 20''C 

17 37 
22.5 39 

5.5 2 
32 5 

mm Wall Thickness 

Center 

Elongation % ISO-V at 20°C 

16 99 
22 128 

6 29 
37 29 

mm Wall Thickness 

Center 

Elongation % ISO-V at 20°C 

11 76 
23.5 105 
12.5 29 

113 38 
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150mm SECTION 300mm SECTION 500mm SECTION 

-60 -20 0 '20 '60 -60 -20 0 '20 '60 -60 -20 0 '20 

TEMPERATURE [X ] 
920°C/0IL QUENCH /650°C 

o • A SURFACE REGION 
am 920°C/OIL QUENCH/6B0°C 

A 4 920'C/AIR COOLING/650°C • • A CENTER OF THE CASTING 

FIG. 6—Impact properties of I'ACr-IMo cast steel with targe section thickness. 

The lowest impact-temperature curves were obtained from the 150-mm 
section and the surface area of the 300-mm plate after the oil-quench and 
tempering treatment at 650°C. There is a good correlation with the high ten
sile properties, as mentioned before. The tempering at 680°C was followed 
by a clear increase of the absorbed energy at all temperatures (Table 4). 
When the values between surface and center were compared, no significant 
differences could be observed if the level of the tensile strength and the 
microstructure were equal and the center region was correctly fed. Conse
quently the opinion is not valid that the impact properties in the center of 
heavy castings are generally lower than those of the surface region. 

The normalizing treatment caused the steepest impact-temperature curves. 
This means that at room temperature high-energy values could be obtained, 
but with decreasing temperatures the loss of toughness is greater. This fact 
can easily be explained by comparing the transition temperature curves, 
where it is defined that the transition is equal to an absorbed energy level of 
27 J. Table 5 presents this transition temperature for all conditions. The re
sults of the oil-quenched and at 650°C tempered 300- and 500-mm sections 
are of special interest because the tensile test results showed a sharp drop of 
the reduction of area and the elongation (Fig. 6) with increasing distance 
from the surface. The comparable impact-temperature curves give no indi
cation of any embrittlement. Indeed it can be supposed that the interden-
dritic hardened zones of the microsegregation can limit the tensile ductility 
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TABLE 5—Impact transition temperatures of 2'ACr-IMu cast steel." 

Heat Treatment at 920°C 

Oil Quench 
Simulated Air Cooling 

Tempering at 
Tempering at 

650°C 680°C 650°C 

Section, 
mm 

150 
300 
500 

Surface, 
°C 

+ 4 
- 5 

- 2 5 

Center, 
°C 

+ 4 
- 3 2 
- 1 5 

Surface. 
°C 

- 1 5 
- 4 7 
- 5 3 

Center, 
°C 

+ 4 
- 4 3 
- 5 0 

Surface, 
°C 

- 1 3 
- 1 8 
- 2 5 

Center, 
°C 

+ 2 
- 2 0 
- 4 0 

"The transition temperature is equal to ISO-V = 27 J. 

values. But during impact load the tough and softer dendrites may act as 
crack arrestors. In steel castings no close relationship between the reduction 
of area and the impact energy values seems to exist (Fig. 7). A more com
prehensive investigation of this subject is presented by Trautwein et al.^ 

Properties of Actual Production Castings Determined with Core Sampling 

Table 6 shows the mechanical properties determined in core samples taken 
from wall thicknesses from 180 to 340 mm in comparison with properties of 
attached test coupons with cross sections of 80 by 80 mm. The castings with 
weights ranging from 18 000 to 23 000 kg were heat treated as follows: 950°C 
quenched in oil and tempered at 700°C with a subsequent furnace cooling. 
These data were gathered by the Kraftwerk Union AG, Mulheim (Germany). 
They illustrate clearly the close correlation between the test block and actual 
production casting data. 

Fracture Toughness 

The compact tension test bars were tested in accordance with ASTM E 399 
(since discontinued; available from the American Welding Society). Addi
tionally some further procedures were applied during the investigation. The 
crack-opening displacement (COD) was measured by four strain gages in
serted into the notch. The beginning of stable crack growth was determined 
by acoustic emission. 

If no valid A'jc-result could be determined because either the size of the 
test bar was too small or the testing temperature was too high, then, besides 
COD, a /"ag-value was measured by acoustic emission. This result was regis
tered beside that of the /^Q-load. 
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HEAT TREATMENTS 
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FIG. 7—No close correlation between reduction of area and impact in the center of steel castings. 

The investigation was performed in the temperature range between —60 
and +50°C (Table 7). It was completed by values that were received from 
cast-on-samples of heavy castings. The heat treatment of these parts con
sisted of an oil quench from 950°C and a tempering treatment at 720°C. The 
testing was performed at temperatures lower than — 40°C (information given 
from Kraftwerk Union AG, Erlangen/Germany). The results are presented 
in Fig. 8. 

Up to about — 60°C linear elastic behavior was registrated. At higher tem
peratures the crack growth was increasingly elastoplastic. This can be proved 
by the COD results (Fig. 9). Increasing plastic deformation at the tip of the 
notch could be correlated with higher temperatures. Observing the fracture 
surfaces of the test bars these results can be clarified (Fig. 10). At —59°C, 
only at the starting zone near the notch and at the end of the crack can 
greater deformations be observed. At 0°C, two thirds of the fracture area is 
already ductile, and at 50°C an overall ductility is evident. 

Fatigue Tests 

The fatigue performance in the center sections of the three wall thicknesses 
has been determined by rotating-bending test bars with constant amplitude, 
test frequency 100 Hz, stress ratio ^ = — 1, and with a run-out of 10 X 10^ 
cycles at room temperature in air (testing machine RAPID 1). The test speci
mens had a diameter of 6.74 mm (normalized and tempered) and for the oil-
quenched and tempered conditions additionally a cylindrical length of 24 mm. 
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40 APPLICATION OF 2V4Cr-1Mo STEEL 

TABLE 7—Results of tests with samples > CT3 that gave no valid Kic-value 
[2l/4Cr-!Mo cast steel: wall thickness 30 cm (12 in.)]." 

Temper
ature, 

"C 

- 5 9 
- 1 

0 
+ 22 
+50 
+51 

Type 
of 

Sample' 

CT3 
CT3 
CT4 
CT4 
CT3 
CT4 

Wall 
Thick
ness, 
mm 

300 
300 
300 
300 
300 
300 

PQ 

^niax 

LO 
0.70 
0.77 
0.67 
0.52 
0.50 

KQ, 
N mm 3̂ 2 

3090 
3530 
4080 
4270 
3480 
3460 

J^Q(ae), 
N mm^^'2 

3090 
4370 
5300 
6380 
6030 
6920 

COD, 
mm 

0.09 
0.22 
0.18 
0.32 
0.49 
0.61 

Kc 
(COD), 

N mm-3/2 

4270 
5490 
4950 
6620 
6670 
7460 

"Carried out by Sulzer Brothers Ltd., Winterthur, Switzerland. 
* Sample CT3 has a sample thickness of 75 mm; Sample CT4 has a sample thickness of 100 mm. 
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FIG. &—Fracture toughness of I'ACr-lMo cast steel of 30 cm (12 in.) wall thickness. 

The evaluation (Fig. 11) shows a systematic correlation of the endurance 
limit in the three wall thicknesses with decreasing bending stresses. In the 
most thoroughly investigated quenched and 680°C tempered condition, be
tween the 300 and 500 mm section, considerably increased scatter could be 
observed. 

The verification of the fracture surfaces of the rotating-bending test bars 
confirmed that the fatigue failures usually started from one or several small 
microshrinkage voids. There seems to be a close relationship between the 
portion of the microporosity and the development of the solidification of the 
different wail thicknesses. 
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FIG. 9—Crack-opening displacement (COD) ofthe2'ACr-!Mo cast steel in the 300-mm section. 

Fatigue Crack Growth Rate 

Two compact tension test bars (CT2) were machined from the 300-mm-
section center that was 920°C oil quenched and tempered at 680°C. The load 
range between 3000 and 33 000 N was cyclic alternated with a frequency of 
approximately 150 Hz. At room temperature the crack growth was mea
sured. Figure 12 presents the relationship between the stress-intensity factor 
range and the crack growth rate. According to the approximation given by 
Paris and Erdogan [6]: 

da/dN = CiAK)"' 

the two constants can be calculated. 
With the factors m - 2.95 and C = 1.58 • IQ-'^ (A/S: in N mm" 

results are in good agreement with comparable cast or forged steels. 

•3/2 )the 

Discussion 

Some further items of general interest should be briefly mentioned and 
discussed: 
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42 APPLICATION OF 2V4Cr-1Mo STEEL 

1. The somewhat higher carbon content (0.18 percent) of the cast steel 
proved to be useful in large sections in order to delay the precipitation of pre-
bainitic ferrite during slower cooling rates. Moreover, this ferrite has a fine-
grain structure that increases ductility. 

2. The macrostructure tested over the entire center plate (Baumann-Print) 
shows visually in all three wall sections neither inhomogeneities nor macro-
segregation. Microsegregation can affect the reduction of area and the elon
gation values. 

3. The quench and 680°C temper treatment seems to be more suitable 
than normalizing and tempering for the properties within heavy castings. 

4. To ensure high values of the reduction of area (Z > 50 percent) in the 
center of the castings, the heat treatment should be performed so that no 
great differences of strength can occur between dendrites and interdendritic 
zones of microsegregation. 

5. Owing to the existence of some micropores in the center regions, the 
scatter of the fatigue test results is somewhat greater than that of wrought 
steel. 

Conclusion 

The properties determined in the large test block and in actual heavy-
walled castings hardened and subsequently tempered at 680°/700°C are in 
agreement with the standard specification summarized in Table 1. Only the 
higher strength grades D1Q2 and D1Q3 (ASTM A 757) should be excluded 
here. They were not the subject of this investigation. There is a good corre
lation with the results given by Haines [3]. However, his conclusion that a 
vacuum degassing of the melt should be applied is incorrect. The use of 
modem melting and foundry techniques is sufficient to obtain the required 
results. It is well known that the larger the contoured cross section in a de
sign, the smaller will be the wrought effect to the originally cast structure. 

The results of all measured internal properties show in general a high de
gree of reproducibility in the different section thicknesses if the cooling rates 
after austenitizing at 920°C can be kept in narrow limits. 

Summarizing critically the internal properties of I'ACr-lMo cast steel the 
following facts seem to be remarkable for quenched and tempered condition. 
For heavy cross sections, the normalized and tempered condition is not rec
ommended. 

Tensile Strength/Yield Strength—There is only a slight decrease in tensile 
strength between surfaces and center in all three section sizes. A similar 
characteristic can be noted for the yield strength. 

Elongation/Reduction of Area—If tempered at 680°C practically no loss 
of elongation and reduction of area can be found between surface and center 
even in the 300 and 500 mm wall. A tempering temperature of at least 680°C 
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FIG. 11—Fatigue test under rotating bending toads (scatterband) versus wall thickness. 

should be considered a minimum for 2V4Cr-lMo cast steel to meet the 
ASTM requirements. 

Impact Properties versus Temperature—In the oil-quenched and tem
pered (680°C) condition a rather small scatterband can be noted between 
surface and center in all three wall thicknesses. The difference of tempering 
temperature between 650 and 680°C on the impact-V-notch energy is re
markable. The reasons for the generally lower impact values in the 150-mm 
wall compared with the 300- and 500-mm walls are explained by Trautwein 
et al.^ Generally, after oil-quench and 680/700°C tempering ISO-V impact 
values of more than 40 J at room temperature can be achieved within heavy 
castings. 
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FIG. 12—Fatigue crack growth rate of 2'/4Cr-lMo cast steel of 30 cm 112 in.) wall thickness 
(dynamic stresses). 

Fatigue Performance—A close relationship exists between the endurance 
limit and the tensile strength. The ratio is about 0.30. 

Fracture Toughness/Fatigue Crack Growth Rate—The fracture toughness 
behavior of cast steel is comparable with that of wrought steel. The same 
statement can be made for the crack propagation rate under cyclic load. 
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Fatigue Crack Propagation Beliavior 
of 2V4Cr-1l\/lo Steels for Thick-Wall 
Pressure Vessels 

REFERENCE: Suresh, S., Zamiski, G. F., and Ritchie, R. O., "Fatigue Crack Propaga
tion Beliavior of 2V4Cr-lMo Steels for Thick-Wall Pressure Vessels," Application of 
2'ACr-lMo Steel for Thick-Wall Pressure Vessels. ASTM STP 755. G. S. Sangdahl and 
M. Semchyshen, Eds., American Society for Testing and Materials, 1982, pp. 49-67. 

ABSTRACT: The fatigue crack propagation behavior of a series of thick-section [20.3 
cm (8 in.)] 2'/4Cr-lMo steels has been investigated in environments of gaseous hydrogen 
and ambient temperature air over a wide range of growth rates from near-threshold levels 
(10"" m/cycle) to 10"'' m/cycle, as part of a program to characterize potential 
materials for coal gasification pressure vessel applications. Normalized bainitic-ferritie 
microstructures (ASTM A 387, Class 2, Grade 22) have been compared with quenched 
and tempered fully bainitic (ASTM A 542, Class 3) and fully martensitic (ASTM A 542, 
Class 2) microstructures, representing a range of yield strengths from 290 to 769 MPa. 
Although growth rates above 10""* m/cycle are largely unaffected by microstructure and 
strength level, at near-threshold growth rates there is a marked deterioration in crack 
propagation resistance with increasing strength which becomes accentuated for tests in 
hydrogen environments. Further, the influence of gaseous hydrogen on fatigue crack 
propagation rates is found to be particularly severe at stress intensities far below A'l̂ .̂̂ ., 
the threshold for hydrogen-assisted growth under sustained loading. At near-threshold 
levels ("true corrosion fatigue" regime) the presence of hydrogen gas enhances growth 
rates by up to two orders of magnitude compared with air, without a significant change in 
fracture mechanism. At higher growth rates ("apparent stress-corrosion fatigue" 
regime), a second acceleration in growth rates (up to 20 times compared with air) due to 
hydrogen is observed above a critical A'^^^-value, which is both sensitive to frequency and 
load ratio and is associated with a predominately intergranular fracture mode. The 
characteristics of these distinct regimes of hydrogen-assisted fatigue crack propagation in 
2'/tCr-lMo steels are discussed in the light of the potential use of these steels for coal 
conversion pressure vessel construction. 

KEY WORDS: fatigue (materials), crack propagation, near-threshold, load ratio, mi
crostructure, hydrogen embrittlement, stress corrosion, fracture, intergranular, trans-
granular, crack closure 

The present unceilainty in oil supplies to this country has spurred renewed 
interest in coal as a viable major energy source. Although the technology for 
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50 APPLICATION OF 2V4Cr-1Mo STEEL 

extensive utilization of this coal is rapidly emerging, materials-related prob
lems cause us to persist in the search for less-expensive materials capable of 
improved performance in the presence of mechanically and chemically hos
tile environments [1,2].^ Coal conversion processes require, for example, 
massive welded steel pressure vessels, as large as 60 m high, 6 m in diameter, 
with 300 to 400 mm wall thicknesses, to operate continuously, economically, 
and above all safely at high pressures (up to 20 MPa) and temperatures (450 
to 10(X)°C) in the presence of erosion-producing solid particles and chemi
cally aggressive atmospheres including H2O, H2, H2S, etc. [2]. The vessel 
wall, although insulated from the reaction processes by a refractory lining 
and an additional stainless steel weld overlay, may be expected to be in con
tact with these gas mixtures at operating temperatures up to 450°C [/]. 

Material requirements for the pressure vessel include homogeneous, 
tough, weldable steels having yield strengths in excess of 350 MPa, with good 
resistance to creep, fatigue, and environmental degradation (that is, 
hydrogen embrittlement and hydrogen attack). Prime candidates for this ap
plication are the 2V4Cr-lMo low-alloy steels. Considerable effort has been 
directed towards characterizing the fabrication and mechanical and en
vironmental properties of 2V4Cr-lMo steels (as evidenced by the papers in 
this volume), and background information on the use of such steels in thick 
sections is available from hydrocarbon processes, and fossil energy and 
nuclear technologies. However, one area which has received relatively little 
attention is the fatigue crack growth of small incipient flaws at growth rates 
less than lO *̂" mm/cycle, approaching the so-called alternating threshold 
stress intensity, AKQ, below which cracks remain dormant or propagate at 
experimentally undetectable rates. In coal conversion service, such growth 
may arise from high-cycle, low-amplitude stresses generated from small 
pressure and temperature fluctuations ("operational transients") which are 
expected to occur during "steady state" operation as a result of real varia
tions in coal feed rate, "clusters" of pulverized coal, combustion instabilities, 
and pressure fluctuations in feed and discharge lines for gases. 

The object of the present work is to study the near-threshold fatigue crack 
growth behavior of several thick-section 2'/4Cr-lMo steels, with yield 
strengths ranging from 290 to 769 MPa (42 to 112 ksi), in environments of 
moist air and dry gaseous hydrogen. Influences of load ratio, strength level, 
microstructure, and environment on near-threshold growth rates and 
threshold ATfo-values are investigated, and the role of hydrogen in ac
celerating crack propagation is specifically examined. 

Materials and Experimental Procedures 

Three heats of 2y4Cr-lMo steels were obtained: (/.) a 184-mm-thick plate 
of normalized and tempered ASTM Specification for Pressure Vessel Plates, 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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Alloy Steel, Chromium-Molybdenum (A 387-79b), Class 2, Grade 22, (2) a 
175-mm-thick plate of quenched and tempered ASTM Specification for 
Pressure Vessel Plates, Alloy Steel, Quenched and Tempered Chromium-
Molybdenum (A 542-79), Class 3, and (3) a 25-mm-thick plate of quenched 
and tempered ASTM A 542, Class 2. These steels are hereafter referred to as 
SA387, SA542-3, and SA542-2, respectively. Chemical composition, heat 
treatment, and as-received mechanical properties are listed in Tables 1 to 3. 

Owing to differences in cooling rates following austenitization, microstruc-
tures and properties in the thick-section plates varied with through-thickness 
position (Table 4). In normalized SA387, samples cut from surface layers 
showed yield strengths of 390 MPa, with a bainitic microstructure (approx
imate grain size 40 /̂ m) containing roughly 10 percent free polygonal ferrite. 
At midthickness ('/2-T), however, yield strengths decreased to 290 MPa, con
sistent with an increase in proportion of ferrite in the microstructure to 
almost 40 percent (Fig. la). Microstructures and properties in quenched and 
tempered SA542-3 varied only marginally with thickness, the structure being 
predominately bainitic (less than 3 percent ferrite at midthickness) with a 
yield strength of 485 to 500 MPa (Fig. lb). Microstructures in the 25-mm-
thick plate of SA542-2 were fully martensitic with an as-received yield 
strength of 769 MPa (Fig. Ic). 

Fatigue crack propagation tests were performed with 12.7-mm-thick com
pact test pieces {T-L orientation) using servo-hydraulic testing machines 
operating under load control at 50 Hz frequency (sine wave) with load ratios 
(R = A'niin/^max) between 0.05 and 0.80. Tests were conducted at ambient 
temperature in environments of moist air (30 percent relative humidity) and 
dehumidified gaseous hydrogen (138 kPa pressure). Crack growth monitor
ing was achieved using d-c electrical potential techniques capable of detect
ing changes in crack length on the order of 0.01 mm [3]. Near-threshold 
growth rates (below 10"* mm/cycle) were measured under both load
shedding (decreasing stress intensity) and increasing stress-intensity condi
tions, with the threshold AKQ defined in terms of a maximum growth rate of 
10~^ mm/cycle. Higher growth rates above 10"* mm/cycle were measured at 
constant load amplitude. Full experimental details have been described 
elsewhere [4-8]. 

Results 

Effect of Load Ratio 

The variation in fatigue crack propagation rate, da/dN, with alternating 
stress intensity, AK, for Vi-T samples of normalized SA387 as a function of 
load ratio, R, is shown in Figs. 2 and 3 for environments of moist air and dry 
hydrogen gas, respectively. Whereas growth rates above 10"^ mm/cycle are 
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TABLE 2—As-received heat treatments of 2'/4Cr-lMo steels. 

SA387 Class 2. Grade 22 Steel (section thickness 184 mm) 
Normalize 
Temper 
Stress relieve 

51/2 h at 954°C 
8 h at 691 °C 

15 h at 593°C 
22 h at 649°C 
18 h at 691°C 

SA542 Class 3 Steel (section thickness 175 mm) 
Austenitize 51/2 h at 954°C 

accelerated fan air cool 

water quench 
Temper 8 h at 663°C 
Stress relieve 15 h at 593°C 

22 h at 649°C 
18 h at 663°C 

SA542 Class 2 Steel (section thickness 25 mm) 
Austenitize 1 h at 900 to 927°C water quench 
Temper l'/2 h at 638°C water quench 

relatively unaffected by either load ratio or environment,^ at near-threshold 
levels growth rates become strongly sensitive to load ratio, and are increased 
by up to an order of magnitude with increase in R from 0.05 to 0.80. The 
variation of threshold stress intensity, AKQ, with load ratio (Fig. 4) indicates 
that A/ffl-values are decreased markedly with increasing /? up to a critical 
load ratio, whereupon the value of AKQ remains constant. Similar increases 
in near-threshold growth rates (and reduced A ATQ-values) with increasing 
load ratio are seen in the higher strength quenched and tempered 2'/4Cr-lMo 
steels, as shown in Fig. 5 for fully bainitic SA542-3 and in Fig. 6 for fully 
martensitic SA542-2. Fractographically, fatigue surfaces consisted of a fine-
scale transgranular mode with evidence of intergranular facets (Fig. 7). The 
proportion of intergranular facets was negligible close to AKQ, rising typi
cally to approximately 40 percent at around a K^^^-value of 20 MPaVm, 
before being reduced to zero above a AT âx"value of 30 MPaVm."' 

Effect of Gaseous Hydrogen 

In both SA387 (Figs. 2 and 3) and SA542-3 (Fig. 5), the presence of dry 
hydrogen gas can be seen to have little effect on growth rates above 10"^ 
mm/cycle, yet results at near-threshold levels show a marked deterioration in 
crack growth resistance. Compared with behavior in air, growth rates are 
enhanced by up to two orders of magnitude, and threshold AATo-values de
crease by as much as 32 percent. The effect, however, is surprisingly confined 

•'At lower frequencies ( < 5 Hz), marked hydrogen-assisted growth can occur above lO'^mm/ 
cycle, and correspondingly strong effects of both load ratio and environment are observed in 
these steels 17-11]. 

''Extensive measurements on SA387 tested in air indicated that the proportion of intergranu
lar facets was solely a function of K^^^ [5]. 
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56 APPLICATION OF 2V4Cr-1Mo STEEL 

FIG. 1—Microstriictiires of as-received 2'ACr-lMo steels ('/2-T secliunsl showing (a) duplex 
hainitic-ferritic structure in SAJK7. (b) fully haiiiitic structure in SA5'i2 Class 3. and (c) fully 
marlensitic structure in SA542 Class 2 12 percent nilal etch). 

to low load ratios (for example. Figs. 4 and 5). behavior above R = 0.5 being 
essentially similar in both air and hydrogen. Microscopically, fracture modes 
at near-threshold levels were identical for both environments, being predomi
nately transgranular in nature (Figs, la and Id). There was no evidence of a 
characteristic fracture mode for hydrogen-assisted growth below 10 *> 
mm/cycle, although above lO "̂̂  mm/cycle, for load ratios exceeding 0.3 (at 
50 Hz) where a small hydrogen-assisted contribution to growth is evident 
(Fig. 3), fracture surfaces in hydrogen became predominately intergranular 
(Figs. Ic and Id). 

Effect of Microstriictiire and Strength Level 

A comparison between near-threshold crack growth behavior in SA387, 
SA542-3. and SA542-2 steels tested in moist air at R = 0.05 and at 0.75 to 
0.80 is shown in Fig. 6. It is apparent that an increase in strength level (that 
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0.2 0.4 0,6 

LOAD RATIO, R = K„,n /K„ 

FIG. 4-~Varialii>ii of threshold stress iiileiisilies. AK/,, with load ratio, R, for 2'ACr-IMo 
steels tested at 50 Hz in air and hydrogen gas. 

is, a yield strength increase from 290 to 769 MPa) results in faster near-
threshold crack propagation rates and a reduction in AA'o-values from 9.0 to 
7.1 MPaVm (at R = 0.05). This implies that lower strength ferritic-bainitic 
microstructures offer better resistance to near-threshold crack growth than 
fully bainitic and fully martensitic structures in 2'/4Cr-lMo steel (Table 4). 
This is supported by the general trend of data in the literature, as shown in 
Fig. 8 for steels ranging in strength from 200 to 1800 MPa, compiled from 
results listed in Refs 12 to 14. Not only is there an overall trend of increasing 
thresholds with decreasing strength, but at given strength levels, bainitic 
structures are generally superior to martensitic structures and, with few ex
ceptions, ferritic and peariitic structures appear superior to primarily 
bainitic structures. 

Discussion 

The present work has shown that near-threshold fatigue crack propagation 
in a range of 2'/4Cr-lMo steels is strongly sensitive to load ratio and strength 
level, with the greatest resistance to near-threshold growth occurring at low 
load ratios with lower strength bainitic-ferritic microstructures. In addition, 
for steels generally regarded as being relatively immune to hydrogen embrit-
tlement based on their high A'|,,̂ .(,-thresholds for hydrogen-induced failure 
under sustained loading, significant accelerations in growth rates by up to 
two orders of magnitude are apparent for crack propagation in dry gaseous 
hydrogen at stress intensities far below Ki^^^.. In the current study, where a 
frequency of 50 Hz was used, the principal regime of hydrogen-assisted 
growth is clearly below 10"^ mm/cycle. Parallel studies in these steels [7-9| 
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AIR HYDROGEN 

neor 
threshold 

AK= ^_ 
20MPo-/m 

iPM^' 
FIG. 7—Mechanisms of fatigue crack propagation in 2'ACr-IMo steels tested at 50 Hz in air 

and hydrogen at K = 0.3. showing (a) and (c) near-threshold surfaces in SA.K7. and (b) and (d) 
surfaces in SA542-3 where crack growth rates are greater than 10^^ mm/cycle. 

at lower frequencies down to 0.5 Hz, however, have shown the existence of a 
second regime, typically above 10~^ mm/cycle, where abrupt accelerations 
in growth rates (by up to 40 times) can occur above a critical A'̂ .i^-value in 
hydrogen gas relative to air. Unlike behavior at near-threshold levels, such 
hydrogen-assisted growth generally involves a fracture mode transition to 
predominantly intergranular fracture (for example. Fig. Id) and is strongly 
sensitive to frequency [8,9\. At 50 Hz, the effect is small and only seen above 
a load ratio of 0.3, as shown for SA387 above 10^^ mm/cycle (Fig. 3). Exten
sive kinetic studies by Wei and co-workers [9] have revealed that rate-
limiting steps for such hydrogen-assisted growth may be the chemi-sorption 
of hydrogen at the crack tip, and the effect has been generally attributed to 
hydrogen embrittlement mechanisms.^ 

At near-threshold levels in steels, however, hydrogen embrittlement 

^^Although precise mechanisms of hydrogen embrittlement are unknown, particularly in lower 
strength steels, we imply here mechanisms by which hydrogen can enter the iron lattice and lead 
to a degradation in resistance to fracture. 
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FIG. ^—Variation of threshold AK ;̂ values at R ~ 0 to 0.05 with yield strength for a wide 
range of steels [12-14] showing present data for 2'/4 Cr-1 Mo pressure vessel steels. 

mechanisms have recently been questioned as the explanation for the ac
celerating influence of hydrogen [6,8,15]. This is because enhancements in 
growth rates due to hydrogen below 10~* mm/cycle are seen to predominate 
only at low load ratios and in lower strength steels. Tests on high strength 
300-M and NiCrMoV steels, which are extremely susceptible to hydrogen 
embrittlement, have shown near-threshold growth rates and AA'o-values to 
be relatively unchanged in air and hydrogen [8,15], Accordingly, a new 
model for environmental effects near threshold has been proposed based on 
the concept of "oxide-induced crack closure" [6.8,15]. According to this 
model, near-threshold growth rates are enhanced in dry hydrogen gas 
because of an absence of moisture compared with air. Moist atmospheres 
result in the formation of oxide films at the crack tip, which are thickened at 
low load ratios by "fretting oxidation" [6.15.16], that is, a continual break
ing and re-forming of the oxide scale behind the crack tip due to the 
"smashing" together of crack surfaces as a result of plasticity-induced crack 
closure.^ Such oxide debris, which is much less predominant in dry hydrogen 
atmospheres or at high load ratios (where there is no plasticity-induced 
closure), can result in higher closure loads and a corresponding reduction in 

''Here we refer to crack closure generated as a result of residual plastic deformation left in the 
wake of the crack, as originally described by Elber [17]. 
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the effective AA" at the crack tip. This effect can be appreciated by realizing 
that oxide films, which are clearly visible as corrosion bands on near-thresh
old fracture surfaces [6,8,12,16], are typically several submicrons thick^ in 
near-threshold cracks where near-tip cyclic crack opening displacements 
(ACTOD) would be expected to be of the same size scale (Table 4). 

The role of hydrogen in accelerating near-threshold crack growth rates 
(and reducing AKQ) in low strength steels with respect to moist air can thus 
be interpreted in terms of reduced oxide-induced crack closure, consistent 
with oxide debris observations [6], that the effect on AKQ is most pronounced 
at low load ratios (Figs. 4 and 5) and that there is no characteristic hydrogen 
fracture mode (Fig. 7). The influence of load ratio on threshold values (Fig. 
4) also follows from such closure concepts [6,18], since above a critical load 
ratio, where the crack is fully open during the complete loading cycle, no fur
ther change in AÂ o would be expected with increase in R. The fact that this 
critical load ratio is lower in hydrogen compared with air (Fig. 4) is indicative 
of lower closure loads in the drier environment [6]. Finally, the reduction in 
threshold AAo-values with increasing material strength (Fig. 6) and the lack 
of an effect of hydrogen in ultra high-strength steels [8,15] may also be con
sistent with this model, since plasticity-induced crack closure would be ex
pected to be reduced in higher strength materials and, further, fretting 
damage from oxide debris would be somewhat less severe on the harder frac
ture surface. 

Verification that the role of hydrogen on near-threshold crack growth is 
not primarily associated with hydrogen embrittlement mechanisms was pro
vided by testing SA387 in dry argon gas [6]. The results indicate that argon 
accelerates near-threshold growth rates relative to moist air with a corre
sponding reduction in AK(j (Fig. 9). The fact that dry argon behaves like dry 
hydrogen is clearly inconsistent with any hydrogen embrittlement mecha
nism, yet is totally in accord with concepts of oxide-induced closure. This lat
ter experiment emphasizes the fact that inert gas and high vacuum environ
ments may be very different "reference environments" for near-threshold 
fatigue crack growth. Generally, threshold A/^o'^alues measured in vacuo 
are higher compared with those measured in air [14,19,20], a result which 
may be more a consequence of mechanisms such as crack tip rewelding, 
rather than the elimination of environmentally assisted growth. 

In summary, marked influences of load ratio, strength level, and environ
ment have been presented for near-threshold fatigue crack propagation in 
I'ACr-lMo steels, and have been rationalized in terms of a new model based 
on oxide-induced crack closure. It is difficult, however, to further predict in 
the light of such concepts the effect of multicomponent gaseous atmospheres, 

'Auger measurements using Ar^ sputtering indicate that the oxide film thickness at 5 X 
10~^ mm/cycle (moist air, R = 0.05) in SA387 is about 30 times thicker ( -0 .2 iim) than at 
10~' mm/cycle [6]. 
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especially those typical of coal conversion processes. Suffice it to say it is to be 
expected that in the same way that traces of oxygen may retard "true" 
hydrogen embrittlement by selective adsorption at the crack tip to prevent 
hydrogen entry [2/J, traces of moisture may similarly retard near-threshold 
crack growth in hydrogen, but in this case by oxide formation to promote in
creased closure loads which in turn lowers effective stress intensities ex
perienced at the crack tip. 

Conclusions 

Based on a study of the characteristics of near-threshold fatigue crack 
propagation in a range of 2'/4Cr-lMo steels, namely bainitic/ferritic normal
ized SA387, bainitic quenched and tempered SA542-3, and martensitic 
quenched and tempered SA542-2, tested at 50 Hz in moist air and dehumidi
fied gaseous hydrogen, the following general conclusions can be made: 

1. Increases in load ratio, /?, from 0.05 to 0.75-0.80, while having little in
fluence on growth rate behavior above 10'^ mm/cycle, led to significant in
creases in near-threshold growth rates below lO *̂" mm/cycle. Threshold 
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AA'o-values were reduced with increasing load ratio up to a critical /?-value, 
whereupon they remained constant with further increase in R. 

2. Near-threshold fatigue crack propagation was found to be markedly 
enhanced in dry hydrogen compared with moist air; enhancements in growth 
rates up to 100 times and reductions in AA"o-values by up to 32 percent were 
observed. The influence of hydrogen was most pronounced at low load ratios, 
involved no apparent change in fracture mechanism, and was seen to 
decrease with increasing growth rates below 10^^ mm/cycle. 

3. Near-threshold fatigue crack growth resistance was found to be im
proved with decreasing strength level. Lowest crack propagation rates and 
highest AKo-values were observed in the lower strength bainitic-ferritic mi-
crostructures. 

4. The influence of environment on near-threshold crack growth behavior 
is ascribed to a mechanism involving oxide-induced crack closure. According 
to this model, near-threshold growth rates are accelerated in hydrogen com
pared with air because less oxide debris is created on crack surfaces, thereby 
reducing closure loads. 

5. Concepts of oxide-induced closure are consistent with observed effects 
of load ratio, strength level, fracture morphology, and environment on near-
threshold behavior, and further are in accord with observations that dry 
gaseous argon enhances near-threshold crack growth rates in SA387 com
pared with air. 
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Vessels. ASTM STP 755. G. S. Sangdahl and M. Semchyshen, Eds., American Society 
for Testing and Materials, 1982, pp. 68-92. 

ABSTRACT; A fracture-mechanics related approach was used to evaluate the perfor
mance of 2'/4Cr-lMo in simulated coal conversion environments. Two heats of ASTM A 
387 and ASTM A 542 were prepared in the form of commercially produced weldments on 
178-mm (7-in.)-thick plate. Base metal, weld metal, and heat-affected zone (HAZ) were 
investigated. In addition, a simulation of Type 347 stainless steel weld overlay was 
prepared. 

The sensitivity to environmentally enhanced crack growth was evaluated by rising load 
test for exposure in 6 percent HjS-Balance H2. The temperature range covered was from 
room temperature to 727 K (850°F), and pressures were from 5.5 to 24.1 MPa (800 to 
3500 psi). Fixed-displacement wedge-loaded specimens were exposed in 100 percent H2 
at 24.1 MPa for six months. 

Results indicate that 2'/4Cr-lMo in all metallurgical conditions will be sensitive to en
vironmental cracking in 6 percent H2S-Balance Hj at room temperature. At 588 K 
(600°F) effects due to 6 percent H2S-Balance H2 are minimal, but at 727 K significant 
environmentally assisted plasticity develops. 

Fixed-displacement specimens in high-pressure hydrogen were found to have severely 
degraded postexposure toughness. The mechanism of degradation is believed to be hy
drogen-assisted cracking. It also was found that highly preloaded and cracked specimens 
of 2'/4Cr-lMo will develop creep at temperatures as low as 727 K. 

KEY WORDS: coal conversion, pressure vessels, chromium-molybdenum steels, en
vironment, hydrogen, hydrogen sulfide, liquefaction, fracture, testing, plasticity 

Coal conversion processes currently envisioned for converting coal to more 
useful forms of energy use various sizes and types of steel pressure vessels 
that operate at high pressures and temperatures. Continuous, safe, and 
reliable performance of these vessels is vital to the successful development of 
commercial operations. The basic problem is not only high pressures and 

'Advisory Engineer and Senior Engineer, respectively, Westinghouse R&D Center, Pitts
burgh, Pa. 15235. 
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temperatures, but also hostile aggressive hydrogen-containing environments. 
These environments, in conjunction with the high pressures and tempera
tures, could have pronounced detrimental effects on vessel materials, causing 
cracks to initiate and propagate, ultimately resulting in a structural failure. 
In addition, it is possible that the structural integrity of the pressure vessels 
will suffer from some form of material toughness degradation that is depen
dent on time, temperature, pressure, and environment. 

A fracture-mechanics approach to design can be used to quantify these de
teriorations and thus improve reliability and to reduce unscheduled equip
ment outages. Since fracture mechanics will almost certainly come to domi
nate pressure-vessel design in the future, the dependence of subcritical crack 
growth upon stress, flaw dimensions, temperature, gas composition, gas 
pressure, and time have to be determined. Therefore a fracture-mechanics 
approach was taken in this program which represents a first attempt to apply 
this technology to study high temperature and pressure effects on pressure 
vessel grade steels. 

One objective of this program was to develop the testing procedures and 
background data needed to evaluate quantitatively the structural reliability 
of pressure vessels for coal conversion systems. Because this was a first at
tempt to develop data of this type, emphasis was placed on obtaining an over
view of the types of behavior which may be important for pressure vessel 
evaluation rather than developing detailed information in any one area. 
Another objective was to identify any problem areas that might be of concern 
in the design and operation of coal conversion pressure vessels. Once iden
tified these problem areas could be studied more completely in future pro
grams. The environments used consisted mainly of a mixture of H2 and H2S 
gases. Pressures of up to 24.1 MPa (3500 psi) and temperatures up to 727 K 
(850°F) were used. Typical combinations were 10.3 MPa (1500 psi) pressure 
at 689 K (600°F) simulating vessel wall conditions for coal gasification pro
cessing, and 24.1 MPa at 727 K simulating coal liquefaction vessel wall con
ditions that are directly exposed to the reaction process, and protected only 
by Type 347 stainless steel welded on cladding. 

Materials 

Two grades of 2'/4Cr-lMo steel were chosen for testing: a normalized and 
tempered ASTM Specification for Pressure Vessel Plates, Alloy Steel, Chro
mium-Molybdenum (A 387-7%) Class 2, Grade 22 steel, and a quenched 
and tempered ASTM Specification for Pressure Vessel Plates, Alloy Steel, 
Quenched and Tempered Chromium-Molybdenum (A 542-79) Class 3 steel. 
These steels were supplied as submerged arc weldments of approximately 178 
mm (7 in.) thickness. Pressure vessels for coal liquefaction processes are to 
be clad with Type 347 stainless steel, and a weldment was also prepared on 
ASTM A 387 plate to simulate this cladding material. 
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70 APPLICATION OF 2V4Cr-1Mo STEEL 

The plates were manufactured by Lukens Steel Company, and weldments 
were prepared by Chicago Bridge & Iron Company (CB&I), a major pro
ducer of welded pressure vessels. Five heats were used to fabricate ail of the 
test pieces; two heats for the ASTM A 387 normalized and tempered weld-
ment (Heat Nos. 3324 and 3596), two heats for the ASTM A 542 quenched 
and tempered weldment (Heat Nos. 7868 and 3707), and one heat of ASTM 
A 387 as vessel body material for the Type 347 stainless steel overlay (Heat 
No. 4040). All weldments were made in accordance with CB&I commercial 
welding practice. The ASTM A 387 weldment was made with Linde 124 flux 
and ASTM A 542 with Linde 0091 flux. The Type 347 stainless steel overlay 
was fabricated using a special geometry to allow for the preparation of frac
ture mechanics type specimens. The first pass of the overlay was a colum-
bium-modified Type 309 stainless steel, and when diluted by the 2V4Cr-lMo 
substrate during welding gives the aim composition for Type 347 stainless 
steel. Subsequent passes were made with Type 347 stainless steel filler wire. 
A section of the ASTM A 387 weld metal was subjected to a deliberate 
temper embrittling treatment. This was done so that the crack growth 
behavior of temper embrittled (T.E.) weld metal due to coal conversion en
vironments could be compared with in air temper embrittlement effects. 

Material characterization included tensile properties (Table 1, Section A), 
chemistries reported by Lukens Steel Company (Section B), and fracture 
toughness from a Charpy V transition temperature standpoint as well as frac
ture-mechanics, 7i(,-tests (Section C). 

Facilities 

Measurement requirements on fracture-mechanics type specimens are pre
cise, and applied load versus specimen displacement should be measured ac
curately to stringent precision not common in ordinary mechanical testing. 
Conducting such tests under high-temperature and high-pressure conditions 
presents a special challenge, and a great deal of effort was put into the design 
and development of a test system, the heart of which is shown in Fig. 1. 

The special feature making this test chamber unique is that there are no 
friction seals on the measuring devices which are located outside the cham
ber, namely, the load cell and the Linear Variable Differential Transducer 
(LVDT) that measures extended front face displacement. The load cell is 
made an integral part of the chamber pressure system and pressure effects 
are electronically zeroed out. 

The environment used most in the present project was 6 percent H2S-
Balance H2, and because the 2V4Cr-lMo and chamber walls had a high affin
ity to react with H2S, the concentration was expected to rapidly diminish with 
time. Therefore the gas had to be supplied on a flowing basis. 

A scheme to produce 6 percent H2S-H2 on a continuous basis was devised 
as illustrated in Fig. 2. A commercial autoclave was used as a mixing 
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1 Load cell 
2 LVDT 
3 Connecting rods 
4 Bellows 
5 Specimen 
6 Extension arms for displacement measurements 
7 Specimen loading clevisis 
8 LVDT bellows 

FIG. 1—Sectioned view of high-pressure dynamic loading chamber. 

chamber. The liquid layer of H2S produces a partial pressure of H2S gas 
which is controlled by regulating the temperature of the liquid. High-
pressure hydrogen gas is added such that the gas mix will be 6 percent H2S by 
volume. This gas source is then tapped at a controlled rate using a pressure 
regulator. 
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41.4 MPa 

3.45 MPa (SOOpsigl 
Pressure 
Gage 

H S Liquid 

Suppiy 

Mixing Pressure 24.1 MPa (3500 psiI 

- X - Shut off Vaive 

- S - Pressure Regulator 

FIG. 2—Scheinalic of an autoclave system for generating 6 percent H2S-94 percent H2 gas 
mixture on a continuously flowing system. 

Rising-Load Tests 

Rising-load tests are used to identify the onset of environmentally en
hanced crack growth [7].^ For ultra high-strength materials this corresponds 
to A'isec, but for 2'/4Cr-lMo steel the method can only be justified for ranking 
the severity of material-environment combinations. In the present project, 
the objective was to cover the range of environment versus material condi
tions of greatest interest and to identify the most critical for more detailed 
study. Emphasis was placed on testing ASTM A 387 because it is considered 
the primary candidate material for coal liquefaction vessels. 

The compact specimen shown in Fig. 3 is loaded under displacement con
trol at a rate such that the load increases about 67 N (15 lb) per minute. This 
corresponds to a /^i-rate of 0.11 MN/m-''̂ ^ per minute. 

In the rising-load method, a baseline load-displacement record is devel
oped to characterize the material under nonaggressive conditions (Fig. 4a). 
When an identical specimen is loaded at the same rate in environment, a de
viation from the baseline behavior indicates the onset of environmentally 
assisted crack growth. The load at first deviation, Pi^^, can be used to 
estimate /̂ iscc- If the environmental attack mechanism is weak, first devia
tion may be difficult to determine. This in particular can be a problem if ini
tial specimen dimensions are not identical (specifically initial crack size) or if 
there is substantial plastic deformation prior to onset of deviation (Fig. 4b). 

A modified analysis procedure was introduced in the present program to 

The italic numbers in brackets refer to the list of references appended to this paper. 
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a, ( rack length 

W, width 

o 
o 

H 

B 

H, half-height 

B ^thickness 

FIG. 3—Compact specimen geometry employed in rising-load tests (H/W = 0.6: B/W 
0.5; a„/W = 0.5). 

Baseline 

H-S Environment 

Load Line DIspl.. V. . 

a) Rising Load Test Record Comparison 
For Higti Strengtti Steel 

Baseline 

H.S Environment 

Load Line Displ., V 
LL 

b I Rising Load Test Record Comparison For 
Low Strength, High Toughness Material 

FIG. 4—Schematic of rising-load test records on high-strength and low-strength steels. 

add versatility to test record comparisons. Every test record has an initial 
linear-elastic portion, the slope of which is related to the displacement 
measurement location and initial crack size (Fig. 5a). For any load above the 
linear elastic level, displacement will have an elastic component, V ,̂ and a 
nonlinear component AV due to plastic deformation or possibly mixed 
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Curves 
A& B 

Measured Displacement Av/v^ 

Incremental Displ. Ratio 

b) Normalized Rising Load Test Record a) Representative Test Record 

FIG. 5—Schematic of test record normalization for rising-load tests. 

plastic deformation and crack growth. If the A V is normalized by V^, as in 
Fig. 5̂ 7, elastic displacement contributions are eliminated and test record 
comparisons are made more sensitive for showing plasticity development and 
crack growth. 

As a result of this, three categories of test record have been identified (Fig. 
6). For ultra high-strength materials, deviation is from linear-elastic behav
ior as before, and load Pi^t- is used to estimate A'lŝ c (F'g- 60). For ductile 
materials in the category of 2'/4Cr-lMo and for room temperature testing in 
6 percent H2S-Balance H2, onset of crack growth at P\^^^. occurs after sub
stantial plasticity (Fig. 6Z>). A plasticity corrected K\^^^-\a\\xe can be deter
mined. However, this cannot be correctly defined as a design-usable K^^^ 
without supporting evidence from tests of another type [2]. For tests at high 
temperature in 6 percent H2S-Balance H2, early deviation from baseline be-

-Baseline 

ISCC 

• Environment 

AV/V„ AV/V„ 

Low Strengtti -Ductile 
Material -Rm. Temp. Test 

High Strength Material 

FIG. 6—Three categories of rising-load records. 

AV/V„ 

Low Strength - Ductile 
Material - High Temp. Test. 
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76 APPLICATION OF 2V4Cr-1Mo STEEL 

havior was seen which was not associated with crack growth (Fig. 6c). Devia
tion was due to early plasticity development, and a /^is;,;.-determination at 
first deviation is of doubtful use as an evaluation criterion. For these cases, 
there usually was very little crack growth to maximum load (identified from a 
post-test fracture surface examination), and the ratio of maximum loads, 
comparing environment with baseline, provided a specimen geometry depen
dent criterion for ranking material-environment sensitivities. The type of test 
record in Fig. 6c might also be caused by environmentally induced crack 
growth. In this case, however, it was positively identified as environmentally 
induced plasticity from a post-test fracture surface examination which con
firmed that there was essentially no crack growth. 

Rising-Load Test Results 

Tests conducted at room temperature in 6 percent H2S-Balance H2 showed 
that 2'/4Cr-lMo exhibits environmentally assisted crack growth. A represen
tative test record is shown in Fig. 7, and Table 2 lists the /^iscc-values calcu
lated. Again, the A îŝ c-values reported here could be nonconservative com
pared with A'l̂ cc from long-time testing. Nevertheless, these nonconservative 
A'lscc-values are generally on the order of 'A to Va of the room temperature 
toughness capability of these materials as measured by J^^. in air. Environ
mental pressures between 5.6 and 24.1 MPa were only of secondary influence, 
giving slightly decreased K^^c with increased pressure. 

A 387 Base Metal 
2 1 / 4 C r - 1 Mo Steel 
nside Specimens 
;nv. 6 * H^S 

Room Temp. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 
AV/V. 

FIG. 7—Rising-load test record for ASTM A 387 base metal, inside-slab centerline position, 
room temperature. 
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TABLE 2—Kĵ from i/^ and K/j,.̂  by rising load for ASTM A 387 and ASTM A 542 base metal 
IBM), weld metal IWM), and heat-affected zone (HAZ) room temperature in 6 percent 

H2S-Balance H^-

Material 

A 387 BM 
A 387 BM 
A 387 WM 
A 387 HAZ 
A 387 WM" 
A 542 BM 
A 542 BM 
A 542 BM 
A 542 WM 

Pressure 

MPa 

10.3 
24.1 
24.1 
24.1 
24.1 
5.5 

10.3 
24.1 
24.1 

(psi) 

(1500) 
(3500) 
(3500) 
(3500) 
(3500) 
(800) 

(1500) 
(3500) 
(3500) 

Ki 

MPaVm 

83.8 
76.9 
68.1 
45.8 
48.2 
96.8 
98.0 
67.9 
77.0 

Iscc 

(ksiVin. ) 

(76.2) 
(69.9) 
(61.9) 
(41.6) 
(43.8) 
(88.0) 
(89.1) 
(61.7) 
(70.0) 

K,, 

MPaVm 

286 
286 
307 
297 

295 
295 
295 

from Jf^ 

(ksiVin. ) 

(260) 
(260) 
(279) 
(270) 

(268) 
(268) 
(268) 

"Temper embrittled. 

Table 3 presents a summary of the results of tests conducted at 588 K 
(600°F). In general, it can be stated that the performance of 2'/4Cr-lMo in 
all metallurgical conditions is near that of baseline behavior at 588 K in 
benign environment, namely, air. In other words, the aggressive attack of 6 
percent H2S-Balance H2 environment seen at room temperature is for all in
tents and purposes eliminated at 588 K. An exception was for ASTM A 542 
weld metal, which retained a propensity for environmentally assisted crack
ing (Fig. 8). Also, a metallurgical condition peculiar to the midthickness of 
ASTM A 387 base material showed the first evidence of hydrogen-assisted 
plasticity (Fig. 9). The evidence was weak and was manifest only in early 
deviation from baseline load versus displacement behavior. There was no ac
companying enhanced crack growth or loss of maximum load canying capa
bility of the specimens. 

Rising-load tests conducted at 727 K are summarized in Table 4, and a 
typical test record is shown in Fig. 10. Again there was very little crack 
growth to maximum load, and the evidence of hydrogen-assisted plasticity 
was manifest as both early deviation from baseline behavior and a loss in 
maximum load carrying capability on the specimen. Virtually all the 2'/4Cr-
IMo conditions displayed this environmentally assisted plasticity, and the 
summation of these effects is shown in Fig. 11 in the 727 K grouping. Here 
the maximum load in environment is compared with baseline maximum 
load. At 727 K, there is relatively minor crack growth and the loss in strength 
is due principally to enhanced plasticity effects. At 588 K, all materials ap
pear to perform satisfactorily, with the exception of ASTM A 542 weld metal 
which displayed the crack growth shown in Fig. 8. Reduced load bearing 
capability of the room temperature specimens was due strictly to the en
vironmentally enhanced crack growth. 

A further interesting observation was that many specimens which dis-
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T 1 1 1 1 1 r 

Baseline for #W2 
#W4. Room Temp. Air 

#W5, Room Temp. Air 

T 
#W1, 588 K, 10.5MPa 

High Temp. Crack Growth 

P KN 
max. 

Crack 
Growth 

73. M 
61.91 
52.56 
5?. 90 

#W2, Room Temp. 
24. IMPa 

A 542 Weld Metal 
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FIG. 8—Rising-load test records for ASTM A 542 weld metal. 
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FIG. 9—Rising-load test record for ASTM A 387 base metal, inside-slab centerline position. 
588 K. 

played H2-assisted plasticity in rising-load tests broke brittlely in post-test 
opening of specimens at room temperature. In fact the worst case was for the 
588 K rising-load specimens of ASTM A 387 base metal which showed mar
ginal hydrogen-assisted plasticity. Room temperature brittle fracture oc
curred at K\ = 18 MPaVm. The baseline behavior of almost all of these ma
terials was ductile in room-temperature tests. 
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FIG. 10—Rising-toad test record for ASTM A 387 base metal, outside centerline of slab. 727 K. 
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FIG. 11—Ratio of maximum load in environment to baseline for various temperature and 
material conditions. 

Two rising-load tests were conducted in 100 percent hydrogen at 10.5 MPa 
and 588 K using ASTM A 387 and A 542 base metal specimens. The results 
showed no effects due to the high-pressure hydrogen environment. The test 
on ASTM A 387 was not particularly typical, but the overall result in both 
cases clearly indicated that there was no effect of significance compared with 
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the behavior with 6 percent H2S. However, the 588 K test temperature chosen 
did not produce strong effects even with 6 percent H2S environment; thus it 
cannot be concluded that 100 percent hydrogen will not affect the material 
behavior; only that the 100 percent hydrogen severity was not markedly 
stronger than that of 6 percent H2S-Balance H2. 

The specimen construction for testing the simulation of weld overlay 
material is shown in Fig. 12. The aim was to have the material to be tested 
embedded in ASTM A 387 vessel wall material. The machined notch in the 
CT specimen projects to 6.3 mm (0.25 in.) from the bottom of the weldment, 
and a 2.5 mm (0.10 in.) fatigue precrack would leave 3.8 mm (0.15 in.) of 
overlay material to be tested. 

Rising-load records from tests at 727 K are presented in Fig. 13. Room-
temperature baseline maximum load is 37.4 kN, which is reduced to 30.45 
kN at 727 K, and this is essentially a reflection of the loss in high-tempera
ture strength. This difference, of course, is dominated by the ASTM A 387 
host material. Judging from the closeness of all the rising-load records, there 
was no detectable effect of 727 K and 6 percent H2S-H2 environment on the 
crack growth behavior of Type 347 stainless steel. The size of the weld liga
ment dimensions involved is tabulated in Fig. 13. 

Fixed-Displacement Test Method 

This experimental method is designed to allow environmentally enhanced 
crack growth under decreasing Â i until crack arrest at K^^^.^ (Fig. 14); and 
this procedure is regarded as the more accurate method of determining Ky^^^ 
[3]. The specimen is loaded to a relatively high initial A"] using the split-pin 
wedge shown. The time needed to cause crack growth incubation is a func-

Border of ^^]^ 
Specimen 

Type 347 SS 
Weld Metal 

V//// 

IT-CT Specimen 

A387 Base Plate 

Type 
• - -W) SS 

1 Layer 

FIG. 12—Specimen location for IT-CT in Type 347 stainless steel overlay. 
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FIG. 13—Rising-load test records for Type 347 stainless steel overlay (727 K). 
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FIG. 14—Modified WOL specimen behavior. 

tion of environment aggressiveness and initial Ki. These tests were made in 
100 percent H2 at 24.1 MPa and 727 K (850°F), and since the severity of the 
high-temperature environment was not known beforehand, the specimens 
were preloaded to a large displacement, to approximately the yi£,-level. Ji^ is 
defined as the point at which there is onset of stable crack growth in fracture 
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mechanics type specimens when they are tested in air. Exposure time was for 
six months (4000 h) at room temperature and pressure. This temperature-
pressure combination is almost exactly on the limiting condition for decar-
burization damage of 2'/4Cr-lMo as indicated by the Nelson curve (Fig. 15) 
[4]. After exposure, visual evidence of crack growth was checked by examin
ing the specimen surfaces. The specimens were then unloaded by removing 
the split-pin wedges and measuring unloading displacement. Next they were 
reloaded in tension grips and the load corresponding to unloading displace
ment noted, indicating the postexposure wedge load. In the process, full 
reload load-displacement measurements were made to near complete frac
ture of the specimens, even though the objective was only to reveal the extent 
of environmentally enhanced crack propagation. The additional information 
obtained because of this proved to be the observation of principal value. 

Fixed-Displacement Test Results 

Virtually all specimens were found to be totally unloaded after exposure. 
Measurement of postexposure pin diameters indicated that the set point on 
displacements had been maintained and that the unloading was due to creep 
deformation, ostensibly at the specimen crack tips. Postexposure examina
tion for crack growth indicated that ASTM A 387 WM, A 542 BM, A 542 
WM, and A 542 HAZ developed environmental crack growth in 727 K - 24.1 
MPa H2. Crack advance in these cases was on the order of 1 mm (0.04 in,), but 
/̂ iscc could not be determined because load at crack arrest was not known. 

Figure 16 illustrates typical preexposure and postexposure loading test 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

m 
0 

6.89 
MPa 

13.79 20.68 

Operating Limits for 
Steels in Hydrogen Service 

^ 

Autoclave #2 
(727°K, 24.1 MPa) 

2.25Cr-1.0Mo ( 

2.0 Cr, 0.5 Mo 

— Surface Decarb. 

— Internal Decarb. 

1000 2000 

Hydrogen Pressure - Psi 

3000 

FIG. 15—Autoclave exposure positions on the Nelson curve. 
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records. The postexposure maximum loads were always much less than the 
preload levels set by the wedges, often less than '/2 this value (Table 5). If the 
material were undamaged, the reload would return to the preload set point 
level. The reason for the loss in load-carrying capability was loss in material 
toughness. 

The easy crack propagation mode in postexposure opening of exposed 
ASTM A 387 and A 542 A'jscc-specimens was fully intergranular. Figure 17 is 
a fractograph of ASTM A 387. The introduction of fast loading for final liga
ment separation resulted in a change in fracture mode to dimpled rupture 
(Fig. 18). This suggests that the toughness loss was due to retained hydrogen. 

A further point of interest was that the specimens had been out of the ex
posure chamber for several weeks prior to the final opening. This represents 
time enough for more than 50 percent of the entrapped hydrogen to escape. 
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1 

A 387 Base Metal 
K|,^^^,^ Specimens^ 

- / 
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FIG. 16—Preload and postexposure test records for ASTM A 387. 

TABLE 5—Test load before and after 727 K (850°F)-H2 exposure. 

Material 

A 387 BM 
A 387 WM 
A 387 HAZ 
A 387 WM-T.E. 
A542BM 
A 542 WM 
A 542 HAZ 

Preload, kN (kips) 

51.2(11.5) 
61.4 (13.8) 
56.1(12.6) 
53.0(11.9) 
65.0 (14.6) 
57.0 (12.8) 
72.1 (16.2) 

Room Temperature 
Postexposure Load, 

kN (kips) 

30.3 (6.8) 
34.7 (7.8) 
14.7 (3.3) 
32.5 (7.3) 
19.6 (4.4) 

7.6/20.5 (1.7/4.6) 
21.4 (4.8) 
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86 APPLICATION OF 2V4Gr-1Mo STEEL 

FIG. 17—Easy crack propagation surface on ASTM A 387 after 727 K-24.1 MPa H2 ex
posure: room temperature: SEM X500. 

However, this estimation was arrived at using an assumption that the hydro
gen was diffusing through a normal undistorted microstructure. 

The six months' exposure in the autoclave at 727 K — 24.1 MPa Hj did not 
show an unusually severe effect from the microstructure standpoint. Surface 
decarburization was slightly less than 1 mm, and the bainitic carbide 
platelets at midthickness were substantially retained (Figs. 19 and 20). 
However, carbon extraction replicas indicated a slight buildup of grain 
boundary carbides. 

Sununaiy of Findings 

Rising-Load Tests 

All metallurgical conditions of ASTM A 387 and A 542 base metals and 
weldments suffered environmentally enhanced cracking in 6 percent H2S-H2 
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FIG. l8-~Fast fracture surface on ASTM A 387 after 727 K-24.1 MPa Hj exposure: room 
temperature: SEM X300. 

at room temperature. Initiation of crack growth occurs at /ifi-levels approx
imately between V4 to '/3 of the materia! baseline toughness. 

For rising-load tests at 588 K the propensity for environmental cracking is 
substantially diminished in almost all materials. However, the metallurgical 
condition peculiar to the ASTM A 387 centerline material of base plate (in
side specimens) developed some evidence of hydrogen-assisted plasticity. An 
ASTM A 542 weld metal material in 10.5 MPa 6 percent H2S-H2 displayed 
environmental cracking; this was the only classical case of rising-load crack 
growth behavior observed at elevated temperatures. 

For tests at 727 K, all metallurgical conditions, base metals, weld metals, 
and heat-affected zones displayed marked evidence of hydrogen-assisted 
plasticity. Crack growth increased marginally over that at 588 K. An in
teresting aspect is that many of the specimens that showed this hydrogen-
assisted plasticity in rising-load tests failed in a brittle manner in post-test 
opening of the specimens at room temperature. This is a result of either a 
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90 APPLICATION OF 2V4Gr-1Mo STEEL 

transition temperature shift or the effect of residual hydrogen retained in the 
specimen after cooldown. 

The tests on a simulation of Type 347 stainless steel overlay material indi
cated that there was no detectable effect of environment on this material at 
the simulated service temperature of 727 K. 

Single rising-load tests on ASTM A 387 and A 542 base metals at 588 K 
and in 100 percent hydrogen showed no detectable response to the environ
ment. This condition was expected to be more severe than the 6 percent H2S 
environment because a sulfide layer that builds up on the specimen surface is 
reputed to impede hydrogen entry into the specimen. However, the 588 K 
temperature was marginal for most of these materials, and possibly an effect 
could have developed if the tests had been made at 727 K. In any event, 100 
percent hydrogen did not appear to have a more severe effect than 6 percent 
HjS-Balance H2 environment. 

Pressure of environment has not been focused on for comparisons in this 
report because the effects observed have been dominated by the more impor
tant variable of test temperature. However, increased pressure between 5.5 
MPa and 24.1 MPa caused only slightly increased sensitivity to cracking, 
plasticity, or both. 

Fixed-Displacement Tests 

Long-term exposures of 2V4Cr-lMo at 727 K using severely loaded frac
ture mechanics type specimens demonstrated the material to be creep sen
sitive. Conditions of ASTM A 387, A 542, and their weldments developed 
creep at the crack tips, and all A'lscc-specimens with displacement controlled 
loading were found to have been virtually unloaded at the end of six months' 
exposure. 

Examination of specimens after six months' exposure in 24.1 MPa H2 at 
727 K showed partial evidence of environmentally enhanced crack growth. 
The materials having slightly higher strengths, such as ASTM A 387 weld 
metal and ASTM A 542 base metal, weld metal, and heat-affected zone, 
showed about 1 mm crack growth. Materials that did not respond were 
ASTM A 387 base metal, ASTM A 387 heat-affected zone, and Type 347 
stainless steel. A îŝ c-levels could not be associated with these observations, 
because all specimens went through gradual unloading during the six months' 
exposure period due to creep. 

Full postexposure load-displacement records were made on all specimens, 
and the toughness of virtually all materials was greatly reduced as indicated 
by a loss in load-carrying capability. Generally almost all specimens showed 
a drop of 40 percent or more. The major reason for loss in toughness was easy 
crack propagation. The fracture mode was identified as intergranular. Micro-
structural evaluation indicated no substantial change in carbide morphology, 
but there was a slight buildup of grain boundary carbides. Fast fracture was 
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induced in the final stages of separation and the mode changed to dimpled 
rupture, indicative of a hydrogen-embrittlement mechanism. 

Conclusions 

1. 2V4Cr-lMo will suffer environmentally enhanced crack growth in 6 per
cent H2S-Balance H2 environment at room temperature. This applies to all 
metallurgical conditions investigated in this project. The usable toughness 
level of the materials in terms of Ki is reduced by a factor of at least three. 

2. Environmentally enhanced plasticity was identified in 6 percent H2S-
Balance H2. This was observed to a very limited extent at 588 K for a metal
lurgical condition peculiar to midslab thickness of ASTM A 387 base metal. 
At 727 K all metallurgical conditions displayed environmentally assisted 
plasticity. 

3. The preloaded fracture mechanics specimens developed crack-tip creep 
at 727 K. The higher strength conditions for 2'/4Cr-lMo developed a minor 
amount of environmental cracking in 24.1 MPa H2 at this temperature. After 
six months' exposure, the room temperature toughness of all metallurgical 
conditions was severely reduced. The mechanism of damage is believed to be 
retained hydrogen, which gives the property of easy crack propagation. The 
mode of fracture was identified as intergranular. 

4. The information given in this report is condensed from several topical 
reports [5,6] prepared on various phases of a somewhat larger-scale project 
than indicated here. Other phases of study not included here were degrada
tion of fracture toughness [7], creep under sustained load [6], and fatigue 
crack growth rate studies [8]. 
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Hydrogen Attack in Thick-Section 
2V4Cr-1l\/lo Steels at 
Elevated Tennperatures 
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chyshen, Eds., American Society for Testing and Materials, 1982, pp. 93-108. 

ABSTRACT: Changes in microstructure and mechanical properties of a 2'/4Cr-lMo steel 
under the influence of hydrogen attack at elevated temperatures were investigated. 
Evidence of methane bubble formation at grain boundary carbides was established by 
direct transmission electron microscope (TEM) and scanning electron microscope (SEM) 
observations. The stress-to-rupture life was found to be significantly reduced for 
hydrogen-exposed specimens. A new approach for data correlation in the form of Nelson 
curves as a function of stress is proposed. 

KEY WORDS: chromium-molybdenum steels, hydrogen embrittlement, creep proper
ties, microstructure, electron microscopy 

This paper repoits an investigation of the nucleation and growth of 
methane bubbles in a thick-section 2'/4Cr-lMo steel under high-pressure 
hydrogen at elevated temperatures. The effects of applied stress during 
hydrogen attack are also explored. 

2V4Cr-lMo steels have been identified as potential structural materials for 
coal conversion plants [1]? Existing experiences of utilizing these materials 
for hydrogen service at elevated temperatures are summarized in the form of 
Nelson curves [2]. Additional information on hydrogen attack in these mate
rials is reviewed in Ref 3. 

When a carbon-containing material is exposed to high-pressure hydrogen 
at elevated temperatures, methane bubbles are known to nucleate and grow 
at the grain boundaiy [4]. Nelson curves [2] indicate no direct evidence of 
methane bubble formation in 2'/4Cr-lMo steels resulting from hydrogen ex-

'Department of Materials Science and Engineering, Cornell University, Ithaca, N.Y. 14853. 
^The italic numbers in brackets refer to the list of references appended to this paper. 
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posure alone. We have recently reported transmission electron microscope 
(TEM) observations of methane bubbles in a 2'/4Cr-lMo steel produced by 
hydrogen attack in the absence of applied stress [5]. 

Grain boundary cavitation at elevated temperatures is also known to ac
company creep deformation at low stresses [6,7]. The nucleation of creep 
cavities under stress in the absence of high-pressure hydrogen is believed to 
result from the tensile stress concentration at grain boundary steps and cor
ners and at second-phase particles in the grain boundary. The stress concen
tration is produced by deformation incompatibility between the grain matrix 
and grain boundary when grain boundary sliding occurs. 

Under the influence of high-pressure hydrogen and at stress and 
temperature conditions conducive to creep cavitation the co-existence of 
methane pressure and tensile stress concentration is expected to accelerate 
cavity nucleation at the grain boundary. This combined effect has been 
demonstrated by results of creep rupture tests in a hydrogen atmosphere [3]. 
These results show that steels which are relatively immune to hydrogen at
tack in the unloaded condition rupture rapidly under the combined effect of 
stress and hydrogen. 

The rate of creep cavity nucleation and growth in the absence of a 
hydrogen environment has been reported to vary with stress in a complex 
manner [6.7]. The combined effect of stress and high-pressure hydrogen has 
not been fully investigated. It would be useful if stress were added as a third 
variable to the Nelson curve type of data correlation. Thus we would have a 
family of temperature-hydrogen pressure curves, each curve representing a 
different stress. The temperature-hydrogen pressure boundaries for safe 
hydrogen service can therefore be defined depending on the stress level (in
cluding residual stresses). A purpose of the work reported herein is to 
develop theoretical and experimental capabilities that can be used to obtain 
information for the aforementioned application. 

We shall first describe the experimental techniques used in this work, and 
then report some of our experimental results and discuss their significance. 

Experimental Techniques and Apparatus 

Materials 

All specimens were fabricated from the material of the surface region of a 
305-mm (12-in.)-thick plate of ASTM Specification for Pressure Vessel 
Plates, Alloy Steel, Chromium-Molybdenum (A 387) (normalized and tem
pered) steel provided through the courtesy of J. A. Gulya and R. A. Swift of 
Lukens Steel (Heat No. B3085). This thick-section material has a microstruc-
ture of mixed bainite and proeutectoid ferrite. Specific conditions of heat 
treatment, properties, and composition are given in Table 1. 
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TABLE I—Properties of 2'/4Cr-IMo normalized and tempered 12-in.-thick steel plate (Lukens 
Steel Heat B3085: ASTM A 387. Grade 22). 

Lukens Analyses [16] 

Ladle 

C 

0.13 

Mn 

0.52 

P 

0.010 

S Si 

0.010 0.23 

Ni 

0.18 

Cr Mo 

2.23 0.95 

Al 

0.021 

Heat Treatment 

austenitized913°C(1675°F), , 12 h, air cool + tempered 691' T(1275°F), 12 h, air cool 

Mechanical Properties 

Lukens Data [16] 
Yield Strength, 

MPa (ksi) 
Tensile Strength, 

MPa (ksi) 
Reduction of 

Area, % 
Elongation, 

% 

Transverse 293 (42.4) 534 (77.4) 64.3 24.3 
(centergage) 286 (41.4) 527 (76,4) 64.8 27.1 

(Average) 289.5(41.9) 530.5(76.9) 64.6 25.7 

Hydrogen-Charging Equipment and Conditions 

Hydrogen charging of specimens in the absence of applied stress was per
formed in a stainless steel chamber placed in a standard tube furnace [8]. 
This equipment was designed to operate at temperatures up to 600°C and 
hydrogen pressures up to 13.8 MPa (2000 psi). 

Hydrogen charging of specimens under applied stress was performed in a 
creep apparatus enclosed in a high-pressure hydrogen chamber. A schematic 
of this setup is shown in Fig. 1. The components of this unit were also con
structed of stainless steel for resistance to hydrogen attack (further details 
can be found in Ref 9). The latter equipment was also designed to operate at 
temperatures up to 600°C and hydrogen pressures up to 13.8 MPa (2000 
psi). 

Creep and Creep-to-Rupture Tests 

Creep tests in air were performed in a conventional creep stand consisting 
of a furnace, a dead-weight loading system, and a displacement transducer 
for measuring the creep strain [10]. 

Round tension test specimens with a gage length of 19 mm and a gage 
diameter of 1.8 mm were used for these tests and for the hydrogen-charging 
experiments mentioned previously. 

Metallographic Examinations 

The transmission electron microscopy was performed with a JEM-IOOB 
electron microscope at a 100-kV acceleration voltage. The specimens were 
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FIG. 1—Schematic diagram of a creep apparatus enclosed in a hydrogen pressure chamber 
used for hydrogen charging under applied stress. 

prepared by JET-electropolishing techniques at — 35°C in a 30 percent 
HNO3 + methanol solution and a 14V polishing potential. More detailed 
descriptions of the TEM techniques can be found in Refs 5 and 11. 

A JEOL-733 SuperProbe scanning electron microscope (SEM) was used 
for cavity observation. A creep growth treatment after the hydrogen exposure 
was found to be necessary to grow the methane bubbles by a mechanism of 
stress-induced mass transport to a size large enough to be observed in a scan
ning microscope. The creep growth treatment was performed at 600°C under 
110 MPa stress for a period of several days. Most of the SEM observations 
were made on sectioned, polished, and lightly etched surfaces (15 s in 2 per
cent Nital). Some of the specimens were fractured at — 196°C to reveal grain 
boundary surfaces for direct cavity observations. It was necessary to use 
matched fracture surfaces to distinguish the actual cavities from the carbide 
pull-outs. 
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Results 

Transmission Electron Microscopy Results 

Figure 2 shows a typical transmission electron photomicrograph of 
methane bubbles formed on grain boundary carbide particles. The carbide 
particle shown has been identified by electron diffraction to be of the 
Fe2MoC type. The exposure conditions were 20 days at 6(X)°C under a 
hydrogen pressure of 13.8 MPa. Methane bubbles were not observed to form 
on higher carbides in the grain boundary of the same specimen. Additional 
information on this TEM work can be found in Ref 5. It is believed that these 
results represent the first direct observation of methane bubbles in 2'/4Cr-
IMo steels after hydrogen exposure. 

FIG. 2—Transmission electron micrograph showing methane bubbles (A) on a grain bound
ary carbide surface. Hydrogen exposure: 20 days under 13.8 MPa pressure at 600°C. 
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98 APPLICATION OF 2V4Cr-1Mo STEEL 

Scanning Electron Microscopy Results 

TEM examination does not provide an efficient method for a quantitative 
determination of the rate of nucleation and growth of methane bubbles. In 
this work we have rehed on SEM observations for this purpose. Figure 3 
shows two typical scanning electron photomicrographs obtained on polished 
and etched sections. The specimen was hydrogen exposed for 20 days at 
600°C and a hydrogen pressure of 13.8 MPa, and followed by a creep growth 
period of 7 days at 600°C under a stress of 110 MPa in air. These 
photomicrographs clearly revealed grain boundary cavities. The cavities were 
observed to concentrate on grain boundaries which are normal or near nor
mal to the applied stress axis. According to current theories of stress-induced 
cavity growth [6], maximum growth rate should occur at grain boundaries 
normal to the applied stress axis. 

It should be noted that methane bubble nucleation resulting from 
hydrogen attack alone should occur at the same rate at all grain boundaries. 
The creep growth treatment, however, favors cavities at grain boundaries 
normal and nearly normal to the applied stress axis. The number density of 
grain boundary cavities in specimens after the creep growth treatment can be 
estimated from photomicrographs such as those shown in Fig. 3. If this 
number density is used to calculate the rate of nucleation, the rate obtained 
will be lower than the actual rate for the aforementioned reason. A geometri
cal correction will have to be made. It should also be noted that several 
methane bubbles were observed by TEM to form on a carbide particle. After 
creep growth these bubbles will coalesce and appear as a single cavity in SEM 
observations. Another correction will be needed to estimate the number den
sity of methane bubbles prior to the creep growth treatment. 

SEM observations of grain boundary cavities were also made on in-
tergranularly fractured surfaces. A variety of approaches have been tried in 
an effort to produce intergranular fracture in 2'/4Cr-lMo steel specimens [9]. 
Presently we are able to produce intergranular fracture on about 20 percent 
of the fractured surface. The SEM photographs shown in Fig. 4 represent 
typical intergranularly fractured surfaces produced by fracture of a notched 
specimen at liquid nitrogen temperature. The history of the specimen was the 
same as that for Fig. 3. The identification of cavities require matched frac
ture surfaces as shown in these figures. We have compared the number den
sity of cavities determined from polished and etched sections and from in
tergranularly fractured surfaces. The agreement was within experimental 
scatter. 

Effect of Hydrogen Exposure on Creep-to-Rupture Properties 

Figure 5 shows strain versus time data obtained at 600°C on specimens 
with and without hydrogen exposure. The hydrogen-treatment conditions 
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FIG. 5—Creep curves of ASTM A 387 (normalized and tempered) steel comparing specimens 
with prior hydrogen exposure to an untreated specimen. 

were 20 days at 600°C under a pressure of 13.8 MPa. The hydrogen-exposed 
specimens were creep tested at three different stresses (Fig. 5). It is seen from 
these data that the creep-to-rupture life of hydrogen-exposed specimens was 
significantly lower than that of the unexposed specimens. This reduction 
probably reflected the time or creep strain required to nucleate creep cavi
ties, since the hydrogen-exposed specimens already contained grain bound
ary cavities produced by the methane reaction. The specimens with prior hy
drogen exposure failed at shorter times as the applied stress was increased. 
This stress dependence corresponds essentially to the stress dependence of 
stress-induced cavity growth [6]. 

The literature stress-to-rupture data of 2'/4Cr-lMo steels without prior 
hydrogen exposure in the form of a stress versus logarithmic stress-to-rupture 
life plot are reproduced in Fig. 6 [12]. It is seen that at higher temperatures 
and lower stresses the data show a steeper slope which is usually associated 
with failure governed by the nucleation and growth of creep cavities [13]. The 
stress-to-rupture data (Fig. 5) obtained in the present work are also plotted 
in the same figure. The data of specimens with prior hydrogen exposure also 
showed a steeper slope compared with those of specimens without prior hy
drogen exposure. These results support the aforementioned conclusion that 
the stress-to-rupture life of the hydrogen-exposed specimens is controlled by 
cavity growth. 

The creep-to-rupture data obtained under the combined effect of stress 
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FIG. 6—Stress-to-rupture data for ASTM A 387 (normalized and tempered) and other 
I'ACr-lMo steels. 

and high-pressure hydrogen are also shown in Fig. 6. These experiments 
were performed at 600°C and a hydrogen pressure of 13.8 MPa as a function 
of stress. The observed reduction in stress-to-rupture life can be attributed to 
the effect of stress-enhanced cavity nucleation (discussed further in the next 
section). 

Rate of Cavity Nucleation 

According to current macroscopic concepts of nucleation, the size of the 
critical nucleus and the magnitude of the free-energy barrier of nucleation 
are roughly determined by the ratio of a surface tension term and the internal 
methane pressure [4,14]. These parameters are related to the rate of nuclea
tion and the incubation time. For steels of high chromium content, the sta
bility of the carbides could be such that the time required to build up the in
ternal methane pressure in a bubble of critical size can be expected to be a 
significant portion of the incubation time observed during hydrogen attack. 

In the presence of an applied stress, depending on the magnitude of the 
applied stress, grain boundary sliding will occur and cause deformation in
compatibility at grain boundary steps and second-phase particles. This de
formation incompatibility can produce large tensile stresses at these sites 
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which will enhance the rate of bubble or cavity nucleation [8]. Under these 
circumstances, the size of the critical nucleus will be determined roughly by 
the ratio of a surface tension term and the sum of the internal methane 
pressure and the hydrostatic component of the tensile stresses. An applied 
stress can be expected to significantly reduce the size of the critical nucleus 
through the tensile stresses produced by deformation incompatibility, and 
thus increase the probability of methane bubble nucleation. 

Typical nucleation data without the influence of applied stress in the form 
of a grain boundary cavity density versus hydrogen exposure time plot are 
shown in Fig. 7. The period during which cavity density remained unchanged 
gives a measure of the incubation time; this is approximately 20 days for 
hydrogen exposure at 580°C under a hydrogen pressure of 13.8 MPa. The 
cavity density found during the incubation period resulted from the creep 
growth treatment discussed previously for SEM observation and was not pro
duced by hydrogen attack. The portion of the data which shows an increase 
in the cavity density with exposure time gives a rate of cavity nucleation of 
5 X lO^Vday /im^ (6 X 10^/s m^). We have also found that the rate of 
nucleation, as well as the incubation time, varies significantly with tem-
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perature; for example, at 510°C under the same hydrogen pressure the incu
bation time was found to increase to more than 40 days. 

As expected from theoretical considerations described previously, the ef
fect of applied stress on the rate of nucleation has been found to be signifi
cant. The SEM photomicrographs shown in Figs. 8a. 8b, and 8c were ob
tained from polished and etched sections of three different specimens. 
Specimen 8a has been creep tested in air at 600°C for 38 days under a stress 
of 110 MPa (16 ksi). Specimen Sb was given a hydrogen exposure of 20 days 
at 600°C under a hydrogen pressure of 13.8 MPa (2000 psi), and followed by 
a creep growth treatment of 7 days in air at 600°C and under a stress of 110 
MPa (16 ksi). Specimen 8c was creep tested in a hydrogen environment at 
600°C for 10 days under a stress of 110 MPa (16 ksi) and a hydrogen pressure 
of 13.8 MPa (2000 psi). The average number density of grain boundary 
cavities in those specimens was found to be 5 X lO^V^m^ 16 X lO^V^m^, 
and 38 X 10^-^//im^ for Specimens 8o, 8b, and 8c, respectively. The large 
increase in the number density of grain boundary cavities in Specimen 8c 
demonstrates clearly the combined effect of applied stress and high-pressure 
hydrogen on cavity nucleation. 

Rate of Cavity Growth 

For practical interests, a coal conversion plant will be operated under con
ditions (temperature and hydrogen pressure) where the rate of bubble growth 
in 2V4Cr-lMo steels under the influence of internal methane pressure would 
ordinarily be extremely small. However, the hydrogen environment could be 
sufficient with the aid of an applied stress to nucleate grain boundary bub
bles or cavities which will grow under the influence of an applied stress 
resulting in accumulated damage. 

A discussion of stress-induced cavity growth is given in Ref 6. It involves a 
mechanism similar to that for Herring-Naborro Creep, except that in the 
present instance the component of the applied stress normal to the grain 
boundary is the driving force, and the cavity surface and the grain boundary 
are the source and sink for atoms, respectively. 

We can estimate the rate of cavity growth directly from cavity size, 
measured as a function of time under stress from SEM photomicrographs 
such as those in Fig. 4. 

We can also estimate the rate of cavity growth based on the number den
sity of cavities (Fig. 2) and the creep-to-rupture life (Fig. 6). The rate of 
change of the cross-sectional area of grain boundary cavities resulting from a 
stress-induced mechanism should remain constant as a function of time [6]. 
We assume that rupture will occur when the cavities grow to a certain size 
comparable to their average spacing (center to center) which can be 
calculated from the number density of the cavities. For the case of Sample B 
in Figs. 5 and 6, the average cavity spacing on the grain surface is calculated 
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to be 7 fim. If it is assumed that the cavity must grow to a diameter of half the 
average cavity spacing for rupture to occur, the cavity growth rate clA Idt can 
be estimated to be 1.7 X 10~^ /xm^/s, where A is the cavity cross-sectional 
area and t is time. Values of cavity growth rate calculated based on the same 
assumption are plotted versus applied stress in Fig. 9 for hydrogen-exposed 
specimens A, B, and C in Fig. 5. 

It is seen from Fig. 9 that the cavity growth rate, in agreement with 
reported results, depends on the applied stress in a nonlinear fashion [6]. 
The significance of this type of stress dependence has been discussed in detail 
in a previous report of this laboratory [6]. The nonlinear dependence can be 
attributed to grain boundary sliding which produces stress concentration at 
grain corners. This nonlinear stress dependence suggests the need for exten
sive work to obtain cavity growth data for the purpose of data correlation and 
extrapolation. 

Discussion 

The normalized and tempered, 305-mm-section, ASTM A 387 2'/4Cr-lMo 
steel investigated in this work is being considered for applications in coal 
conversion plants. In addition to materials damage in the form of nucleation 
and growth of grain boundary cavities reported here, surface decarburization 
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of appreciable depth was also observed. Some of the results of decarburiza-
tion and related microstructural changes are described in Refs / / and 14. It 
is clear from the results obtained that extensive work is required in order to 
fully characterize the effect of hydrogen attack in this material. 

The results obtained in this work also demonstrated clearly the role of 
stress in hydrogen attack. The importance of applied stress has been rec
ognized in Ref 3. It should be noted that thermal stresses and residual 
stresses can have the same effect as applied stresses. 

We have shown that the rate of cavity nucleation is significantly enhanced 
by an applied stress. Once nucleated, these grain boundary cavities can grow 
under stress and lead to earlier failure. The relationship between stress-
enhanced cavity nucleation and between stress-induced cavity growth and 
grain boundary sliding will depend on the magnitude of stress in a complex 
manner. This is because the extent of grain boundary sliding in a material is 
a sensitive function of temperature and stress [6.7.15]. Additional ex
perimental information covering a wide range of creep and creep-fatigue con
ditions in hydrogen environments is required in order to quantitatively deter
mine the role of stress in hydrogen attack. 

As experimental data become available, we propose to add stress as the 
third variable in the Nelson curve type of data correlation. A schematic 
representation of this type of construction is shown in Fig. 10. It is believed 
that there is a range of stress which produces the ductility minimum in creep-

Hydrogen Pressure 

FIG. 10—Schematic representation of Nelson curves with stress added as a third variable. 
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to-rupture tests and over which the effect of grain boundary sliding is impor
tant and the effect of stress will be maximized in hydrogen attack. We believe 
that this type of data correlation should help to reduce some of the uncertain
ties presently involved in structural design for hydrogen services at elevated 
temperatures. 
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Tusit Weerasooriya^ 

Fatigue Crack Propagation in the 
Heat-Affected Zone of 2y4Cr-1Mo 
Steel and ERNiCr-3 Weldments 

REFERENCE: Weerasooriya, Tusit, "Fatigue Crack Propagation in the Heat-Affected 
Zone of 2'/4Cr-lMo Steel and ERNiCr-3 Weldnients,'Mp/)/tt«f/bH of 2'/4Cr-IM(> Steel 
for Thick-Wall Pressure Vessels. ASTM STP 755. G. S. Sangdahl and M. Semchyshen, 
Eds., American Society for Testing and Materials, 1982, pp. 109-126. 

ABSTRACT: The fatigue crack growth rate at 510°C in the heat-affected zone (HAZ) of 
a 2'/4Cr-lMo steel weldment was examined as a function of frequency and stress-
intensity factor. The weldment was made of isothermally annealed 2'/4Cr-lMo steel base 
metal and ERNiCr-3 weld metal. Fatigue crack growth rate data for thermally aged HAZ 
material lie between the two scatter bands of data for the base metal and ERNiCr-3 filler 
metal at 510°C. Prior thermal aging up to 2000 h at 566°C does not substantially change 
the fatigue crack growth rate of HAZ material at 510°C. Fatigue crack growth rate of 
HAZ material increases with decreasing frequency at SIO^C and stress ratio of 0.05 for 20 
MPavm < AA: <35 MPavm. 

KEY WORDS: crack propagation affected zone, frequency dependence, thermally aged 
material, low alloy steel, press vessels 

Some components of proposed Breeder Reactor and High-Temperature 
Gas-Cooled Reactor (HTGR) steam generators may be made of annealed 
2'/4Cr-lMo steel. Fabrication procedures require that these components be 
connected by weld joints to piping components made of austenitic stainless 
steel. A diagram of a cross section of a proposed transition joint between 
2'/4Cr-lMo low-alloy steel (ferritic) and Type 316 stainless steel (austenitic) is 
shown in Fig. 1. A typical design temperature for this joint is 520°C [1-3].^ 
Weld filler metals are ERNiCr-3 (67 min Ni-18 to 22Cr-2.5 to 3.5Mn-
3Fe-2.5Nb + Ta-0.75Ti-0.lC-0.5Si-0.5Cu) and Type 16-8-2 stainless steel 

'Associate Research Engineer, Aerospace Mechanics Division, University of Dayton Research 
Institute, Dayton, Ohio 45469. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Cross section of a transition joint between I'ACr-lMo steel and Type 316 stainless 
steel. Mean coefficients of expansion from 22 to 538°C are noted below each material in SI 
units. 

{Fe-16Cr-8Ni-2Mo). Alloy 800H is added in between as shown in Fig. 1 so 
that the coefficient of thermal expansion of the whole transition joint will 
gradually change across the weld joint, allowing the joint to withstand static 
and dynamic thermal stresses. 

Transition joints between 2'/4Cr-lMo ferritic steel and Types 316 and 304 
stainless steel have been subjected to elevated temperatures for many years in 
commercial fossil-fired power plants. Although these have generally per
formed satisfactorily, a number have recently failed in service after approx
imately 100 000 h. Consequently, these joints are now being studied. 

Of the few failures reported, most occurred in the ferritic region 
(2'/4Cr-lMo steel) parallel and adjacent to the fusion line, which is the heat-
affected zone (HAZ) (Fig. 2). The following factors are possible causes of the 

30;ini 

1" "t 

FIG. 2—Failed transition joint and crack propagation. The crack is propagating primarily in 
a semicontinuous phase in 2'ACr-IMo very close to the fusion line. The relationship of the route 
of the crack lip and this phase is apparent in (a) and (b). Further evidence of the crack following 
this phase is shown in (a) and (c) with the phase being split and on both sides of the fracture [4]. 
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failures: (/) high thermal stresses resulting from differences in thermal ex
pansion coefficients, (2) preferential stress oxidation at the interface, and (J) 
metallurgical changes in the HAZ (for example, accelerated fatigue and 
creep in the HAZ, which has been weakened by carbon migration into the 
weld) [2.4]. The use of nickel-base filler metal greatly reduces both the car
bon migration from the ferritic metal and the drastic change in thermal ex
pansion coefficients. 

Although it is believed that the operating temperatures of the breeder 
system will be low enough to have no adverse effects on the HAZ in 2'/4Cr-
IMo steel, the possibility of damaging mechanisms over the 30 years of 
design life cannot be totally excluded. Hence fatigue crack growth rates in 
the HAZ of 2V4Cr-lMo steel were studied after various aging times. This 
paper shows both the effect of frequency on the fatigue crack growth rates in 
the HAZ of thermally unaged welds and the results of tests conducted to 
study the effect of thermal aging up to 2000 h at 566°C. Presently, additional 
material is being aged at 566°C for 10 000, 20 000, and 30 000 h for subse
quent crack propagation tests. This temperature was chosen for thermal 
aging because it is typical of the working temperature for this type of welded 
joints in reactor structures. 

Material Characterization 

Specimens were fabricated from 2'/4Cr-lMo steel and ERNiCr-3 and 
2V4Cr-lMo steel weldments. The 19-mm-thick 2'/4Cr-lMo steel plates used 
to fabricate weldments have the properties shown in Table 1. 

Figure 3 shows the microstructure of an unaged weldment; the HAZ (Fig. 
4a) consists of a tempered bainite structure, and the base metal (Fig. 4b) is 
primarily proeutectoid ferritic grains with some bainite (dark areas). 

Welds in 19-mm-thick plate were fabricated by the automatic gas tungsten 
arc (GTA) process with hot wire filler additions of ERNiCr-3 weld metal. A 
square-groove butt joint was used with a 25-mm root opening and a backing 
strip for these welds. This geometry resulted in a uniform fusion line and an 
HAZ perpendicular to the plate surface. 

The weldments were radiographed, and no flaws were detected. Before 

TABLE I—Properties of 2'A Cr-1 Mo steel. 

Heat treatment 

Ultimate tensile strength. MPa 
Yield strength, MPa 
Elongation in 51 mm (2 in.), % 
Reduction in area, % 

Austenitize at 915°C for 1 h, cool to 710°C 
at 83°C/h. hold at 710°C for 2 h. and 
cool to room temperature less than 
360°C/h 

572 
372 

27.0 
50.5 
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FIG. 3—Microstructure of imaged weldment. 

machining the specimens, the weldments were given a 1-h stress relief at 
732°C. 

Some of the specimens were thermally aged for 2000 h at 566° C in argon 
before testing. 

Experimental Procedure 

Standard [ASTM Method for Constant-Load-Amplitude Fatigue Crack 
Growth Rates above 10"* m/Cycle (E 647-78 T)] compact tension (CT) 
specimens of the dimensions shown in Fig. 5 were used for fatigue crack 
growth tests {W = 50 mm; B = 12.5 mm). The machined notch was located 
in the HAZ in 2V4Cr-lMo steel and was parallel to the fusion line (Fig. 6). 
The base metal is oriented so that the rolling direction is perpendicular to the 
crack growth plane. 

These specimens were precracked in air at room temperature or at 510°C 
with a MTS closed-loop servohydraulic testing machine. Precracking was 
conducted with a sinusoidal wave form and was finished with a value for 
^max (maximum stress intensity), which is less than the initial Kmax'^alue for 
the tests. 

All tests were conducted on an MTS closed-loop servohydraulic machine 
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FIG. 5—Details of a CT specimen used in crack growth studies I dimensions in millimetres). 

Y-156856 

FIG. ^Specimen tested at 5I0°C. Crack is confined to the HAZ. 
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employing a triangular wave form. The tests were conducted in air with a 
ratio of minimum to maximum stress intensity (R) of 0.05 (in accordance 
with ASTM E 647, unless stated otherwise). The testing temperature was 
510°C. Specimens were heated by induction, and the temperature distribu
tion of the zone of crack growth was controlled to within ±1°C. Tem
perature was measured with several thermocouples, which were spot welded 
to the specimen. Variation of temperature along the path of the crack was 
less than 10°C. 

Crack length was measured optically at periodic intervals of cycles with the 
help of a traveling microscope. Induction heating permitted the continuous 
monitoring of the crack tip. 

Crack growth rate was computed by fitting a continuous cubic spline curve 
to the average crack length data. 

Elastic properties of the base metal and the weld metal were assumed to be 
the same in the computation of stress intensities (difference in elastic moduli 
is less than 3 percent). The stress-intensity expression used to calculate AK is 
as follows: 

1.5 / a \2.5 

''•'^w) -''•'W ^'''-'KW 

- 1 0 1 7 1 - 1 +638.9, (1) 

where 

AP = cyclic load range (that is, P„^^ — Z'niin). 
a = crack length, 
B = specimen thickness, and 
W = specimen width. 

da 
dN 

= AAK" (2) 

where 

da/dN = crack growth rate in mm/cycle, and 
AK = stress intensity in MPaVm 

for each plot. 
A program of testing was undertaken to find the effect of frequency on ther

mally unaged and aged HAZ material at 510°C. Tests were conducted in air at 
frequencies of 0.067, 0.67, and 6.7 Hz for thermally unaged HAZ material. 
Tests were also conducted at 0.67 Hz and 510°C for HAZ material that was 
thermally aged for 2000 h in order to study the effect of thermal aging on 
fatigue crack grovrth rate (FCGR). 
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Results and Discussion 

Figures 7 to 11 show plots of da/dN versus AAT for the tests conducted. 
Figure 8 compares the crack growth rate of the HAZ with that of 2V4Cr-lMo 
steel base metal [5] and ERNiCr-3 weld metal at a temperature of 510°C and 
a frequency of 0.67 Hz. The fatigue crack growth rate of the HAZ material is 
not unusual compared with that of either 2'/4Cr-lMo steel base metal or 
ERNiCr-3 weld metal. For lower ranges of stress intensities, fatigue crack 
growth rate data for HAZ material are similar to that for ERNiCr-3 weld 
metal. For higher stress intensities, fatigue crack growth rate data for the 
HAZ approach that for 2V4Cr-lMo steel base metal. 

The effect of frequency on the fatigue crack growth rate of HAZ material is 
shown in Fig. 12. Decreasing frequency increases the fatigue crack growth 
rate of HAZ material at a temperature of 510°C. Environmental attack at the 
crack tip is believed to be the reasons for observed higher crack growth rates 
at lower frequencies. The lower the frequency, the longer the exposure of the 
crack tip to high-temperature oxidation. The relative effect of frequency on 
crack growth rate decreases at higher crack growth rates (higher £^K) and 
the following explanation may be the reason for this observation. Indepen
dent of frequency, higher FCGRs (high AAT) continually expose new (virgin) 
material to the atmosphere. Before any measurable degradation has oc
curred to the exposed material, the crack will advance out of the region of the 
exposed material into new material. In this case, the effect of environment, 
and hence the effect of frequency on FCGR diminishes. 

The difference between crack growth rates of HAZ material for frequen
cies between 0.067 and 0.67 Hz is appreciable compared with that for fre
quencies between 0.67 and 6.7 Hz. The frequency effect on fatigue crack 
growth rate seems to disappear as the frequency approaches 6.7 Hz. 

The crack growth rates of base metal were always observed to be higher 
than those of HAZ material for the frequencies studied. Comprehensive 
residual stresses at the HAZ material (even after 1 h of stress relief at 732°C 
there may be some residual stresses present) and the metallurgical difference 
of the two materials may be speculated as the reason for the aforementioned 
effect. 

Figures 10 and 11 show the crack growth rate of the HAZ material which 
was thermally aged at 566°C for 2000 h. For lower A/^-values, thermally 
aged material has a higher crack growth rate than unaged HAZ material; but 
for higher A/C-values, unaged material has a higher growth rate (Fig. 11). 
This trend is also true for the base metal [6]. Figures 10 and 11 also show the 
fatigue crack growth rate curve for thermally aged (482 or 538°C for 10 000 
h) 2'/4Cr-lMo steel [7]. Thermally aged base material (482 or 538°C for 
10 000 h) has a higher crack growth rate than thermally aged HAZ material 
(566°C for 2000 h). 

Figure 13 shows the microstructure of an aged weldment. The HAZ (Fig. 
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FIG. lO—FCGR of thermally aged HAZ material at 566°C for 2000 h compared with the 
unaged material at 510°C and 0.67 Hz. FCGR of annealed and aged I'ACr-lMo steel at 482 or 
5fi3°Cfor 10 000 h is higher than the FCGR HAZ material aged al 566°C (base metal data ob
tained from Ref 1). 
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FIG. 12—Effect of frequency on FCGR in HAZ in air. Crack growth rate of base metal at the 
corresponding frequency is always higher (base metal data obtained from Ref 1). 
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FIG. 13—Microstructure of ihermally aged weldment. 

14a) and base metal (Fig. I4b) microstructures of aged (2000 h at 566°C) 
material do not differ detectably from those of the unaged material shown in 
Fig. 4. 

Figure 15 shows a typical microstructure of specimens tested. In all tests 
conducted, cracks grew within the HAZ. Figure 16 shows a typical fracture 
surface of the specimens tested. Striations are clearly visible, and the crack 
growth was transgranular. Mode of microfracture was the same for both 
thermally unaged and aged HAZ material at all tested frequencies and AK-
levels. 

Conclusions 

The following conclusions are drawn for the fatigue crack growth rate of 
HAZ material of 2V4Cr-lMo steel and ERNiCr-3 weldments: 

1. Fatigue crack growth rate of HAZ material increases with decreasing 
frequency at 510°C, and R = 0.05 for 20 MPaVm < AAT < 35 M P a ^ . 

2. Fatigue crack growth rate of HAZ material lies between the scatter 
bands fatigue crack growth rates of 2'/4Cr-lMo steel base metal and 
ERNiCr-3 weld metal at 510°C and 0.67 Hz. 
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FIG. 15—Specimen with crack tip (etchant is 2 percent Nitall. 

FIG. 16—Typical fracture surface. 
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3. Fatigue crack growth rate of base metal is always higher than that of the 
HAZ material for the frequencies studied. 

4. The fatigue crack growth rate of thermally aged (2000 h at 566°C) HAZ 
material is slightly higher compared with that of unaged HAZ material at 
lower stress intensities; but for high stress intensities the fatigue crack growth 
rate of unaged HAZ material is slightly higher than the fatigue crack growth 
rate of aged HAZ material. 
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A 2i/4Cr-1Mo Pressure Vessel Steel 
with Improved Creep Rupture Strength 

REFERENCE: Ishiguro, T., Murakami, Y., Ohnishi, K., and Watanabe, J., "A 2'/4Cr-
IMo Pressure Vessel Steel with Improved Creep Rupture Strength," Application of 
2'/4Cr-IMo Steel for Thick-Wall Pressure Vessels. ASTM STP 755. G. S. Sangdahl and 
M. Semchyshen, Eds., American Society for Testing and Materials, 1982, pp. 129-147. 

ABSTRACT: In the ASME Boiler and Pressure Vessel Code, Sec. VIII, Div. 1, design 
allowable stress-intensity values are influenced by the creep rupture strength at 
temperatures higher than 450°C. Pressure vessels for such high-temperature service in
evitably tend to be thickwalled unless a steel with high creep strength is used. In the case 
of a coal liquefaction reactor, for instance, a possible wall thickness would be approx
imately 300 mm or even greater with the use of conventional 2'/4Cr-IMo steel (SA336 
F22). 

The objective of the present work was to develop a heavy-section 2'/4Cr-lMo steel with 
better creep strength by conducting a set of experiments with regard to the effect of 
mieroalloying elements. The best composition to obtain improved creep-rupture proper
ties was found to be low Si-0.10C-2'/4Cr-lMo-'/4V-Ti-B. With this composition, re
markable reduction in temper embrittlement susceptibility was also achieved. Other 
properties, such as weldability, low temperature toughness, and hydrogen embrittlement 
resistance, were similar to those of conventional 2V4Cr-IMo steel. 

KEY WORDS: creep rupture strength, mieroalloying, hardenability, microstructure. 
temper embrittlement, hydrogen assisted cracking, design stress intensity value, weld 
heat affected zone, base metal 

Heavy-wall 2'/4Cr-lMo steel has been used for many hydrogenation reac
tors, and its properties have been studied extensively with regard to various 
aspects of the performance requirement for a pressure vessel steel of this kind 
{l-4\? The need for even heavier 2'/4Cr-lMo steel is anticipated in light of a 
steadily increasing trend of more aggravating operational conditions of these 
pressure vessels—a good example being coal liquefaction reactors [5-8]. 

In the ASME Boiler and Pressure Vessel Code, Sec. VIII, Div. 1, the design 
stress-intensity value for 2'/4Cr-lMo steel sharply decreases at about 450°C, 
since for temperatures higher than 450°C the design stress is influenced by 

'Material Research Laboratory, The Japan Steel Works, Ltd., Muroran, Japan. 
^Research laboratory, Muroran Plant, The Japan Steel Works, Ltd., Muroran, Japan. 
^The italic numbers in brackets refer to the list of references appended to this paper. 
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130 APPLICATION OF 2V4Cr-1Mo STEEL 

the creep rupture strength. This is one reason that reactors tend to be heavy 
walled when designed for such high temperature. 

On the other hand, encouraged by an even stronger need for a steel with 
higher creep strength, studies to improve the creep strength of 2i/4Cr-lMo 
steel have been carried out [9.10]. The present study involves the microalloy-
ing of 2'/4Cr-lMo steel to increase creep strength, and a set of experiments 
with the steels of the best composition to evaluate their performance in the 
atmosphere of hydrogenation reactors. 

The most difficult task in alloying the steel is achieving better creep prop
erties without deteriorating other mechanical properties; for example, the 
achievement of high creep strength often results in unsatisfactory impact 
toughness. 

The best composition found in the present study to improve creep strength 
of 2'/4Cr-lMo steel is low Si-2'/4Cr-lMo-'/4V-Ti-B. The following properties 
were considered: creep rupture strength, impact toughness, weld heat-af
fected zone (HAZ) properties, susceptibility to temper embrittlement, hydro
gen-assisted cracking, and stress relief cracking. 

High creep rupture strength and ductility are essential for pressure vessel 
steels such as those dealt with in this paper for the reason given earlier. 
However, past experience with creep failure indicates that the creep proper
ties of weld HAZ are even more critical [//]. 

Impact toughness, when considered in connection with temper embrittle
ment, is of course a major concern with regard to the brittle fracture of the 
reactors. Here again the weld HAZ receives keen attention as well as the base 
metal. 

Hydrogen damage—namely, hydrogen attack and hydrogen-assisted 
cracking—is another element of in-service deterioration to consider when 
selecting a steel for hydrogenation reactors. Carbide precipitation plays an 
important role in hydrogen damage. Stable carbides like vanadium carbide 
and titanium carbide are known to be beneficial in terms of hydrogen-attack 
resistance, but may enhance hydrogen-assisted cracking in view of the high 
strength achieved by such carbides. 

Last, but not least, is the resistance to weld cracking. 2'/4Cr-lMo steel is 
sensitive to cold cracking caused by dissolved hydrogen and to stress relief 
cracking associated with creep relaxation during stress relief treatment. 
When alloyed with strong carbide formers like vanadium, the latter is a 
serious concern in the fabrication of the pressure vessels. 

Procedure 

Materials 

Vanadium, molybdenum, niobium, titanium, and boron were added in 
various combinations to low Si-2'/4Cr-lMo steel to obtain a wide, systematic 
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variation of chemical composition (Table 1). The low silicon content was 
chosen for its favorable effect on temper embrittlement [12]. Carbon content 
was reduced to alleviate the deterioration of stress relief cracking resistance 
due to the addition of vanadium in conjunction with the grain refining effect 
of titanium and niobium. 

The test heats were melted in a 50-kg vacuum-induction furnace, hot 
forged into 50-mm-thick, 180-mm-wide, 500-mm-long plates, austenitized at 
950°C for 5 h followed by programmed cooling to simulate the quarter-
thickness location of 200-mm-thick water-quenched plates, and then 
tempered at 690°C for 20 h. 

Experimental Procedure 

Tension and Charpy impact tests were conducted at ambient temperature. 
Hot tension tests were conducted at temperatures up to 650°C. Creep rupture 
tests were carried out at 500°C and 550°C with smooth round bar specimens. 
Rupture time at 482°C (900°F) for a stress level of 196 MPa (20 kgf/mm^) 
was then estimated by interpolation using Larson-Miller's parametric 
method. Micrographs were taken to assess the hardenability with attention 
given to proeutectoid ferrite in the microstructure. 

Stress relief cracking test utilized j-slit restraint cracking test specimens. 
The detailed procedure is described elsewhere in the literature [13]. The weld 
was made with a heat input of 20 000 J/cm at a preheat temperature of 200 
to 250°C. The welded specimen was stress relieved at 650°C for 5 h following 
the dehydrogenation treatment at 350°C, saw cut at five different locations, 
ground, and macro-etched for the observation of cracks. 

Results 

Test results are summarized in Table 1. Tensile strength, impact test, and 
creep rupture test data were obtained for the simulated 200-mm-thick plates. 
Stress relief cracking susceptibility and hardenability were judged based on 
the result of the stress relief cracking test and the microstructural change 
upon cooling at a rate of water-quenched, up to 400-mm-thick plate, respec
tively. Heat Nl, for example, shows fairly high strength, but its hardenability 
was judged to be insufficient because it produced proeutectoid ferrite when 
simulated for 400-mm-thick plate. Creep rupture time generally varied with 
tensile strength. Creep strength appeared to increase to a significant extent 
when more than 0.2 percent vanadium was added. Hardenability was not 
sufficient to produce homogeneous martensitic or bainitic structure unless 
the addition of boron was incorporated. Thus the best micro-alloying to 
achieve high creep strength with no loss in other properties was found to be 
the modification with 'AV-Ti-B. 
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ISHIGURO ET AL ON IMPROVED CREEP RUPTURE STRENGTH 133 

Materials 

From the results of the micro-alloying tests, the best heats were VB4 and 
VB6. More detailed study was conducted with these two heats to learn their 
performance as a steel for hydrogenation reactors. An additional two heats 
were made to study the influence of impurities on temper embrittlement 
susceptibility. The chemical composition of the steels studied is shown in 
Table 2. 

The steels were heat treated to simulate the quarter-thickness location of 
100 to 400-mm-thick, water-quenched plates following the cooling curves 
shown in Fig. 1. The austenitizing temperature was 950°C unless otherwise 
stated. The steels were then tempered at 690°C for 20 h as a standard 
tempering condition, but tempering time was varied to study its effect in 
some cases. A special heat treatment was given with a weld thermal cycle 
simulator to simulate the weld HAZ made with a heat input of 20 000 J/cm 
(Fig. 2). The simulated HAZ was then postweld heat treated at 690°C for 20 
h. In order to study the temper embrittlement susceptibility, an acceleration 
treatment known as step cooling (Fig. 3) was also conducted for Heats VB7 
and VB8, with higher impurity levels. 

Experiments 

Continuous cooling transformation (CCT) diagrams were constructed in a 
dilatometric study using a Format-F. Specimens for dilatometry were sub
jected to metallographic observation. Mechanical tests were conducted as 
described previously in this paper. 

Stress relief cracking tests were conducted with the use of 40-mm-thick 
plates that were restrained by frames (Fig. 4). The test plates were sub
merged arc welded (Fig. 4) with a heat input of 39 0(X) J/cm, common in 
shop fabrication. The test plates were then stress relief treated at 690°C for 
20 h and sectioned for observation. A sulfide stress cracking test was con
ducted with notched round bar specimens in a solution containing 500 ppm 
hydrogen sulfide and 0.5 percent acetic acid under an applied stress of max
imum 1100 MPa. 

Hardenability 

Figure 5 shows CCT diagrams of Heat VB4 and a commercial 2'/4Cr-lMo 
steel with the same carbon content. Austenite to ferrite transformation was 
suppressed considerably in Heat VB4 compared with the 2'/4Cr-lMo steel. 
This was believed to be caused mostly by the addition of a small amount of 
boron. Microstructural changes of Heat VB4 with cooling rate are shown in 
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FIG. 1—Cooling curves used to simulate the quarter-thickness location of 100- to 400-inm-
thick. water-quenched plates. 

Max 1350-0 

Hcot Input 20 KJ/cm 

PWHT: 690 "C x 20llr 

Simuioitd Weld Tharmol Cycle 

FIG. 2—Thermal cycle for simulating HAZ made with a heat input of 20 000 J/cm. 

Fig. 6. The microstructure consisted of martensite or bainite or a mixture of 
the two at a cooling rate as slow as 10°C/min, as already indicated in Fig. 5. 

Figure 7 shows the microstructure of Heat VB6 that was heat treated to 
simulate the quarter-thickness location of 100- to 400-mm-thick, quenched 
and tempered plates. The microstructure was bainitic for every thickness, as 
expected from the CCT diagram. Table 3 summarizes the results of tension 
and impact tests for the VB6 steel. Tensile properties remained much the 
same regardless of the thickness, whereas impact transition temperature 
(FATT) increased slightly over the wide range of plate thickness. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.

file:///2OO~


136 APPLICATION OF 2V4Cr-1Mo STEEL 

Total Time : 233 hr Cooling Rote 
(1) 5.6'C/hr 
(2) 2.8-C/hr 
(3) 27.8 'C/hr 

\3I5'C 
vAC 

FIG. 3—Heat treatment program to accelerate temper emhrittlement. 

Welding Process : SAW (AWS F92-EG-G) 

Current : 590 A 

Voltoge ; 3 1 V 

Traveling Speed : 2 8 0 mm/ min 

Pre- heating Temperature : 250 "C 

Interpass Temperature '. 2 0 0 - 2 5 0 * 0 

PWHT : 6 9 0 * 0 X 20br 

—Test Sample 

(Note) 3 passes per loyer totaling 20 passes 

FIG. 4—Stress relief cracking test specimen and test conditions. 

Effect of Heat Treatment 

The effect of austenitizing temperature on the tensile and impact proper
ties of Heat VB6 is shown in Table 4. A higher austenitizing temperature 
resulted in higher yield and tensile strengths and a higher impact transition 
temperature. This was attributed to larger amounts of vanadium in solution, 
at higher austenitizing temperature, available for subsequent precipitation. 
Austenitizing at 950°C was thought appropriate in view of the balance of 
strength and toughness. 
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FIG. 6—Microstructure of low Si-2'/4Cr-lMo-'/4V-Ti-B steel as a function of cooling rate. 
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TABLE 3—Results of tension and impact tests for Heat VB6 simulating 100- to 
400-mm-thick, water-quenched and tempered plates. 

Thickness. 
mm 

100 
200 
300 
400 

0.2% Proof 
Stress, MPa 

529 
524 
535 
520 

Tension Test Results 

Ultimate Ten
sile Strength, 

MPa 

625 
616 
622 
617 

Elongation, 

% 

26.5 
26.1 
25.4 
26.5 

Reduction of 
Area, % 

80.4 
80.0 
80.2 
82.3 

FATT, °C 

- 3 1 
- 1 7 
- 1 4 
- 7 

TABLE 4—Results of tension and impact tests as a function of austenitizing temperature for 
Heat VB6 simulating 200-mm-thick, water-quenched and tempered plates. 

Tension Test Results 

Austenitizing Ultimate Ten-
Temperature. 0.2% Proof sile Strength, Elongation, Reduction of 

°C Stress, MPa MPa % Area. % FATT, °C 

920 
950 
980 

490 
524 
557 

589 
616 
637 

25.8 
26.1 
24.7 

80.1 
80.0 
78.3 

- 20 
-17 
- 6 

Table 5 shows the effect of tempering time. Yield and tensile strength and 
impact transition temperature all decreased monotonically with increase of 
tempering time up to 50 h. It should be noted that stress relief embrittle-
ment, often observed in low-alloy steels, did not take place in Heat VB6. 

Elevated Temperature Properties 

The results of hot tension tests and creep rupture tests conducted on Heats 
VB6 and VB4 for a simulated quarter-thickness location for a 200-mm-thick, 
quenched and tempered plate are shown in Figs. 8 and 9. 

Heat VB6 was superior in its room temperature and hot tensile properties 
to conventional 2'/4Cr-lMo steels (SA336 F22) that received heat treatments 
practically identical to that of Heat VB6. The vanadium bearing 2V4Cr-lMo 
steels showed excellent creep rupture strength, approximately 50 percent 
greater than the average creep rupture strength of conventional 2V4Cr-lMo 
steels (SA336 F22). The reason for the superior creep rupture strength of the 
modified steel probably is a combination of higher room temperature strength 
and alloy additions. The precipitation of V4C3 and TiC seems to play an im
portant role in this regard because these stable carbides tend to raise creep 
rupture strength even for the same room temperature strength. Creep rap-
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TABLE 5—Effect of tempering time on mechanical properties of Heat VB6 simulating 
200-mm-thick, quenched and tempered plates. 

Tempering 
Condition 

690°C for 5 h 
690°C for 10 h 
690°C for 20 h 
690°C for 50 h 

0.2% Proof 
Stress, MPa 

632 
594 
524 
468 

Tension Test Results 

Ultimate 
Tensile 

Strength, 
MPa 

706 
673 
616 
564 

Elongation, 
% 

25.4 
24.6 
26.1 
27.0 

Reduction of 
Area, % 

79.2 
79.5 
80.0 
80.7 

FATT, °C 

+ 32 
0 

- 1 7 
- 2 4 

ture ductility was as good as conventional 2'/4Cr-lMo steels, which resulted 
from the excellent resistance to grain boundary microcracking. 

Susceptibility to Temper Embrittlement 

Three 0.2V-Ti-B steels with different phosphorus and tin contents were 
Charpy tested before and after the step cooling treatment described earlier. 
These steels showed surprisingly small shifts in transition temperature even 
in the presence of large amounts of the impurity elements, thus indicating ex
tremely low susceptibility to temper embrittlement (Table 6). Such results 

S. 
2 

700| r 

600 
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400 

300 

20C4 

I I I I 

Tensile Strength 

SA336F22 

_i L. 
0 100 200 300 400 500 600 700 

Temperoture , 'C 

FIG. 8—Hot tensile properties of Heat VB6 compared with 2'/'iCr-IMo steel similarly heat 
treated. 
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FIG. 9—Creep rupture strength of 'AV-Ti-B modified steels and conventional 2'/4Cr-lMo 
steels (temperature in kelvin, time in hours). 

TABLE 6—Results of Charpy impact test before and after step cooling. 

Sample 
No. 

VB6 
VB7 
VB8 

FATT," 

Before 

- 1 7 
+ 2 
+ 2 

OQ 

After 

- 2 3 
+ 5 

+ 10 

vTr40,'' 

Before 

- 3 0 
- 1 3 

- 8 

°C 

After 

- 3 6 
- 1 8 

- 4 

vEu.s., 

Before 

274 
274 
269 

' J 

After 

272 
272 
269 

"Transition temperature at shear fracture of 50 percent. 
*Transition temperature at absorbed energy of 40 ft-lb. 
''Absorbed energy at upper shelf temperature. 

were attributed partly to the low silicon content [12] and partly to titanium 
and boron present in the steels [14]. 

Properties of Weld Heat-Affected Zone (HAZ) 

The results of tension and impact tests of the simulated weld HAZ (Table 7) 
indicate that, compared with the base metal properties already shown in 
Table 3, the HAZ is superior in its tensile and impact properties to the base 
metal, especially in impact toughness. 
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TABLE 7—Mechanical properties of simulated weld HAZfor Heats VB4 and VB6. 

Tension Test Results 

Ultimate Ten-
0.2% Proof sile Strength, Elongation, Reduction of 

Sample No. Stress, MPa MPa % Area, % FATT, °C 

VB4 
VB6 

604 
562 

693 
662 

25.0 
24.5 

82.6 
81.8 

-79 
-80 

Figure 10 demonstrates the creep rupture strength and ductiHty of 
simulated weld heat-affected zones for Heat VB4 and a commercial 2'/4Cr-
IMo steel. The creep rupture ductility of the Heat VB4 HAZ was as high as 
the 2V4Cr-lMo HAZ despite the considerable difference in rupture strength. 
The rupture strength of the simulated HAZ was virtually identical to that of 
the base metal. 

Stress Relief Cracking and Hydrogen-Assisted Cracking 

Figure 11 shows the cross section of the restraint cracking test specimen 
shown in Fig. 4 and the microstructure of the weld HAZ. No stress relief 
cracks were observed, probably because of the reduced carbon content and a 
microstructure which was well refined for the most part by the small amount 
of titanium present in Heat VB4. 
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FIG. 10—Comparison of creep rupture properties between simulated Heat VB4 and a com
mercial 2 ACr-lMo steel. 
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FIG. 11—Cross section of stress relief cracking test specimen and microstructure of HAZ. 

The results of sulfide stress cracking tests conducted on the simulated 
heat-affected zones of Heat VB4 and a commercial Z'ACr-lMo steel are 
shown in Fig. 12. Greater resistance of Heat VB4 to hydrogen-assisted crack
ing was apparent. 
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FIG. 12—Results of sulfide stress cracking test for Heat VB4 and a conventional 2'/4Cr-lMo 
steel. 

Design Stress-Intensity Value 

In the ASME Boiler and Pressure Vessel Code, Sec. VIII, Div. 1, the design 
stress-intensity value is established as the least of either one fourth of tensile 
strength at temperature or eight tenths of 10*-h minimum rupture strength 
for many steels. In the case of 2'/4Cr-lMo steel the rupture strength deter
mines the design stress at temperatures above approximately 450°C. In view 
of its high tensile strength and high creep rupture strength, the design stress 
for the 'AV-Ti-B bearing 2V4Cr-lMo steel could be raised to a significant 
degree over the present design stress for 2'/4Cr-lMo steel. For the firm 
establishment of the design stress-intensity value, a substantial amount of 
work needs to be done to accumulate hot tensile and creep rupture data of 
this steel. 

Summary and Conclusions 

Low Si-0.10C-2V4Cr-lMo-V4V-Ti-B steel has emerged from the study of 
microalloying 2'/4Cr-lMo steel. The modified 2'/4Cr-lMo steel possesses 
high hardenability (sufficient to produce bainitic structure at a thickness up 
to 400 mm) and excellent creep rupture strength. When considered as a steel 
for high-temperature hydrogenation reactors, there are some point's to be 
mentioned concerning its performance in the atmosphere of those reactors. 

The creep rupture ductility of weld HAZ generally tends to be low com-
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pared with the base metal. The modified 2V4Cr-lMo steel shows excellent 
creep rupture ductility in the HAZ despite its high creep rupture strength. 
This is an advantage in view of the past experience with creep cracking that 
took place in the HAZ [11]. 

As for the temper embrittlement susceptibility, low silicon 2'/4Cr-lMo 
steel shows markedly high resistance to temper embrittlement in both the 
base metal and the HAZ [12,15]. The modified steel contains titanium and 
boron in addition to the reduced silicon content, and therefore its resistance 
is considered better than that of 2'/4Cr-lMo steel. 

Hydrogen attack is another material degradation that takes place in 
pressure vessels such as hydrogenation reactors. The modified steel contains 
a fair amount of vanadium and titanium, which results in the formation of 
carbides more stable than chromium carbide. Thus the steel is considered 
more resistant to hydrogen attack than 2V4Cr-lMo steel. 

The last point to mention is hydrogen-assisted cracking, which is a concern 
when a reactor wall containing residual hydrogen is cooled below a critical 
temperature. Strength has been considered a good measure for the suscep
tibility to hydrogen-assisted cracking. Strength of the modified steel is, com
pared with 2V4Cr-lMo steel, significantly higher in both the base metal and 
the HAZ, and to a greater degree in the latter. However, the results of sulfide 
stress cracking tests proved that the steel is resistant to hydrogen-assisted 
cracking even in the HAZ. Thus it is reasonable to conclude that the 
modified steel is more resistant than 2V4Cr-lMo steel. 

The following conclusions can be drawn from the results obtained in the 
present study: 

1. The creep rupture strength of the modified steel was improved com
pared with conventional 2V4Cr-lMo (SA336 F22) steel. 

2. The addition of a small amount of boron resulted in increased 
hardenability, thereby producing homogeneous bainitic structure in 
400-mm-thick, water-quenched plates. 

3. Considerable increase in resistance to temper embrittlement was 
achieved by the reduction of silicon content and the addition of titanium and 
boron. 

4. The modified steel exhibited sufficiently high resistance to hydrogen-
assisted cracking compared with 2V4Cr-lMo steel. 

5. In view of its high tensile strength and high creep rupture strength, the 
design stress-intensity value for the modified 2V4Cr-lMo steel could be raised 
to a significant degree over the present design stress for SA336 F22 steel. 
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ABSTRACT: The construction of large petrochemical reactors working at elevated 
temperature in a hydrogen environment necessitates the use of 2 '/4Cr-lMo (ASTM A 387, 
Grade 22, Class 2) steel with increasingly thicker plates. With this in mind, the aim of 
this paper is to present information on plates from 150 to 500 mm (6 to 20 in.) thick. 
After describing the production process, the following points are discussed: (/) reproduc
ibility of analysis on different heats, (2) homogeneity of the composition and material 
properties in a heavy plate, (3) analysis of the development of the metallurgical properties 
in relation to the thickness and heat treatment, (4) examples of industrial production 
plates up to 500 mm (20 in.) thick, and (5) influence of low residual element contents 
with regard to resistance to temper embrittlement associated with long-duration service 
at elevated temperature. 

KEY WORDS; chromium-molybdenum steels, temper embrittlement, tempering pa
rameter, mechanical properties, residual elements, cleanliness, homogeneity, repro
ducibility 

Several petrochemical processes—hydrocracking, hydrodesulfurization, 
coal liquefaction—need I'ACr-lMo steel for the construction of large reac
tors working at elevated temperature in the presence of hydrogen. To im
prove the process, the present trend is to increase the size of these units; thus 
the need for large diameter [>4000 mm (13 ft)] and heavy weight (>10(X) 
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ton) vessels is developing. This entails the use of increasingly thicker material 
[greater than 300 mm (12 in.)]. The metallurgical problems involved in the 
realization of high quality in products which are so thick must be understood 
and controlled. This 2V4Cr-lMo steel has been manufactured in heavy plates 
up to 500 mm (20 in.) thick. The aim of this paper, after a description of the 
production process, is to show that these extra-thick products meet all the 
major quality requirements for the construction of large petrochemical reac
tors. 

Heavy-Plate Production 

Steel Mill Production 

The steel is produced in an electric furnace and vacuum treated; this treat
ment comprises complete degassing and precise chemical composition ad
justment by means of the introduction of elements under vacuum. The 
system offers two major advantages: (/) precise analysis, and (2) repro
ducibility of heats in the production of plates for the same reactor. This is an 
essential element of quality. 

Analyses obtained on 420 heats are presented in Fig. 1. The histograms 
take account of thicknesses from 100 to 500 mm (4 to 20 in.). The aim in car
bon and manganese content is a function of the thickness and heat treatment 
condition. In fact, several histograms are combined together. With regard to 
chromium and molybdenum content, the aim is at the same figure: 1 percent 
for molybdenum, average value of 420 heats is 0.995; 2.25 percent for 
chromium, average value of 420 heats is 2.244. Furthermore, impurity levels 
are very low. For instance, the average sulfur content on 420 heats is 0.007 
percent, and the average phosphorus content is 0.009 percent. The following 
values can be guaranteed for the most severe specifications: S < 0.005 and 
P < 0.009. 

Semiflat ingot molds are bottom poured. In this way, excellent chemical 
homogeneity within the same plate can be achieved. This is shown in Fig. 2 
as regards carbon content, for which the results of 45 analyses on a plate 
[6530 by 3480 by 285 mm (257 by 137 by 11 in.) weighing 50 tons] are given. 

Rolling 

Ingot transformation is carried out by different routes chosen mainly with 
regard to the thickness of the final product. The techniques used could range 
from normal hot rolling to preforging before hot rolling. The advantages 
have been described elsewhere [/].^ Use of preforging allows production of 
very heavy thick plates [500 mm (20 in.) or more] with the same soundness as 

^ h e italic numbers in braclcets refer to the list of references appended to this paper. 
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FIG, I—Histograms of 420 heats of S'ACr-lMo steel. 

that which could be obtained on a thinner plate. Plates with unit weights up 
to 80 tons have been produced. 

Heat Treatment 

Plates can be heat treated at the steel mill or at the fabricator's shop (after 
forming). 

Plates Delivered Heat Treated—Plates are austenitized at about 900 to 
950°C (1650 to 1750°F), followed by accelerated cooling by means of water 
immersion. Plates are vertically immersed, which gives excellent homogene-
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ity of cooling rate between the two faces of the plate. A good knowledge of the 
kinetics of cooling obtained in the thickness of the plate is indispensable to 
ensure the right aim in chemical elements. 

A great number of recordings of cooling rates have been carried out on 
plates up to 700 mm (28 in.) thick. Examples are reported in Fig. 3 for 200, 
300, and 427 mm (8, 12, and 17 in.) thick plates. After cooling, a tempering 
treatment is carried out in order to improve workability of the plate on the 
shop floor. Generally this is carried out at about 650°C (1200°F). Indeed, the 
summation of tempering and stress-relieving treatments carried out at high 
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FIG. 3—Examples of cooling curves of water-quenched heavy plates. 

temperature can be unfavorable for certain properties, as we will see later. 
Thus it is necessary to limit the tempering temperature. 

The stress-relieving treatments to be carried out later at the fabricator's 
are simulated on test coupons. 

Plates Delivered As Rolled (Stress Relieved)—This is the most frequent 
case for those heavy thicknesses which need to be hot formed; the austenitiz-
ing heat treatment is carried out in the fabricator's shop. 

Complete cycles, including heating and cooling rates, are simulated at the 
steel plant. Sophisticated means allow precise simulation of cooling rates and 
cycles are carried out on plates using Data Trak, for instance. 

Product Quality 

Users seek the following properties: 
1. Those which enable design of pressure vessels; these consist mainly of 

tensile and creep properties. 
2. Those which improve workability; these essentially concern problems of 

weldability. 
3. Those ensuring the stability of the material in service; for example, 

those giving assurance against a possible embrittlement in service. 

Metal Properties Enabling the Design of Pressure Vessels 

These are basically tensile and creep properties. 
Tensile Properties—The attainment of mechanical properties on plates is 

mainly related to obtaining a structure consisting mainly of bainite, following 
the austenitizing heat treatment. It is therefore necessary to limit ferrite con
tent to a minimum. 
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Figure 4 shows the development of transformation curves for different 
chemical analyses. If we take a 300-mm (12-in.)-thick plate, for example, 
with regard to cooling rates given in Fig. 3, it appears that only one chemical 
composition gives a structure free of ferrite—that is, Heat 4. This heat, 
however, is outside ASTM Specification for Pressure Vessel Plates, Alloy 
Steel, Chromium-Molybdenum (A 387-7%) limits of manganese content, 
namely, 0.74. 

All of the industrial chemistries produced in accordance with ASTM A 387 
necessarily show a certain amount of ferrite unless certain other additions 
have been made, in which case it would be necessary to give assurances re
garding weldability (a steel outside ASTM A 387 limits being difficult to weld 
[2]), in addition to the proof of good subsequent behavior in service from a 
general point of view. 

However, it is necessary to insist on two points: 

1. It is possible to minimize ferrite content by taking advantage of the 
homogeneity of analyses between heats and for the same production order. 
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and by at the same time having a chemistry aimed at the maximum permit
ted by ASTM A 387 for heavy-gage plates. 

2, With constant parameter of tempering and stress-relieving treatments, 
the same tensile properties will be obtained by the same structure without 
resorting to the use of hardening elements. Let us take then the case of 
a 500-mm (20-in.)-thick plate with accelerated cooling and a 80-mm 
(3-in.)-thick plate with air cooling. If each has the same tensile properties, 
they each will have the same structure. A question is thus posed: Is it possible 
to obtain good mechanical properties on an industrial product 500-mm 
(20-in.)-thick and weighing 50 or even 80 tons? 

The development of yield and tensile strength properties at 'A thickness is 
given in Fig. 5 for two plates 200 and 500 mm (8 and 20 in.) thick, each having 
the same chemical composition in accordance with ASTM requirements. We 
have represented these characteristics in relation to a time/temperature 
parameter P,^ including tempering and simulated stress-relieving treat
ments. These curves show that, for the same treatment, the drop in yield 
strength between 200 and 500 mm (8 and 20 in.) is in the range of 80 MPa (12 
ksi) and in the range of 60 MPa (9 ksi) for tensile strength. In this case, for 
the given chemical composition on the coupon (carbon = 0.137 percent), 
ASTM minimum requirements are met. 

Mechanical Properties at Elevated Temperature—The evolution of the 
ratios YST/YSR^ and TS | /TSR-| as a function of temperature is given in Fig. 
6 between 20 and 525°C [room temperature (RT) and 975°F] for plates up to 
500 mm (20 in.) thick. In spite of the wide range of thickness considered, the 
scatter band of the UTS ratio is relatively narrow, although wider for the 
yield ratio. For these two ratios, the values obtained on the plates fall per
fectly within the range of results published by ASTM [3]. 

Effect on Impact Properties—Figure 7 shows for the two plates with the 
same chemical composition the evolution of impact properties at — 40°C ('/4 
thickness; transverse direction) as a function of the tempering parameter. 
Impact properties have the best level for a 650 to 690°C (1200 to I275°F) 
stress-relief treatment for 20 h, while there is a drop in values for higher 
stress-relieving treatments. 

Creep Properties—A great number of long-duration creep tests (up to 
20 000 h) have been carried out in a wide range of temperatures and for dif-

*> 1 1 / ? 
— = In t 
P T AH 

where 

r = temperature, K, 
R = gas constant, and 

AH = tempering activity energy = 100 keal/mol. 

From Heat Treatment 76, published by the Metal Society, United Kingdom. 
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FIG. 5—Evolution of tensile properties in relation to tempering condition. 

ferent levels of tensile properties at room temperature. The stress rupture re
sults are reported as a function of the time/temperature parameter in Fig. 8. 

Examples of Industrial Production Plates—After showing the influence of 
the composition, thickness, and heat treatment parameters on the evolution 
of mechanical properties, it is necessary to give some examples of 
characteristics obtained on very thick plates. Tables 1, 2, and 3 give product 
analysis for several samples of plates, the heat treatments carried out, and 
tensile and impact properties. Analyses show in particular the very high level 
of cleanliness (very low sulfur, phosphorus, and tin contents) which give high 
impact values at low temperature (see also Fig. 9). Note the high upper shelf. 
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FIG. 6—Evolution of strength ratios in relation to temperature. 

It is the proof of the cleanliness of the steel. The tensile propeities in all cases 
conform with ASTM A 387 whatever the thickness. 

Properties Improving the Workability 

Essentially all aspects affect weldability. It is therefore primarily a ques
tion of analysis: highly precise analysis must be aimed at to obtain the 
uniform characteristics required after all the heat treatments imposed (as we 
have discussed earlier). Homogeneity of analysis within the plate itself (see 
Fig. 2) and homogeneity between heats makes it possible to limit the 
drawbacks due to chemical composition. Indeed, the maximum authorized 
by ASTM A 387 is not exceeded because it is possible to improve the 
homogeneity which removes the lowest points. Welding procedures therefore 
do not need to be varied to compensate for composition variations. 

It is also a question of cleanliness of the steel; a low level of inclusions is 
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FIG. 7—Evolution of impact strength in relation to tempering condition. 

necessary to offer all of the necessary guarantees against lamellar tearing, in 
particular. Tensile properties in the through-thickness direction are an ex
cellent means, which is measurable, to appreciate the level of cleanliness. 
Good tensile properties are obtained in the three directions [see the example 
given in Table 4 for a 400-mm (16-in.)-thick plate]. In this example, the 
degree of homogeneity and isotropy which it is possible to obtain may be 
noted. A last point to take into account regards ultrasonic characteristics. A 
high level of ultrasonic quality is the result of great cleanliness of the steel 
and excellent soundness. Plates must be inspected on 100 percent of the sur-
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FIG. 8—Creep results on heavy plates in 2'/'iCr-IMo steel. 

TABLE 2—Heat treatment and tensile properties of industrial production plates. 

Thickness, 
mm (in.) 

154 (6) 

178 (7) 

200(8) 

275(11) 

400(16) 

500 (20) 

Top End -

Quenching 
(W.O.) 

925°C 6 h 
(1700°F) 

940°C 8.5 h 
(1725°F) 

925°C 6 h 
(1700°F) 

925°C 9.5 h 
(1700°F) 

925°C 9 h 
(1700°F) 

925°C 11 h 
(1700°F) 

Transverse - 'A? 

Tempering 
(A.C.) 

650°C 4 h 
(1200°F) 

•700°C 7.6 h 
(1290°F) 

720°C 4 h 
(UaO^F) 

635°C 7.5 h 
(1175°F) 

680°C 8 h 
(1255°F) 

680°C 8 h 
(1255°F) 

PWHT" 

700°C 12 h 
(1290°F) 

690°C 14 h 
(1275°F) 

690°C 24 h 
(1275''F) 

690°C 13 h 
(1275°F) 

690°C 23 h 
(1275°F) 

690°C 18 h 
(1275''F) 

Test at 20°C (68°F) 

Yield 
Strength, 
MPa (ksi) 

423(61.3) 

451 (65.5) 

401 (58.2) 

435 (63.2) 

398 (57.8) 

423 (61.4) 

Tensile 
Strength, 
MPa (ksi) 

580 (84) 

598 (86.8) 

554 (80.4) 

620 (90) 

542 (78.7) 

583 (84.6) 

"Cooling rate: 50°C (90°F)/h for 154 to 275 mm (6 to 11 in.) plates; 20°C (36°F)/h for 400 to 
500 mm (16 to 20 in.) plates. 
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FIG. 9—Examples of Charpy transition curves on production plates. 

face, and the most severe ultrasonic criteria must be met—for example, ASTM 
Specification for Straight-Beam Ultrasonic Examination of Plain and Clad 
Steel Plates for Special Applications (A 578-80) supplementary require
ments. This is very important for the fabricator, for instance, during nonde
structive testing of welded zones. 

Properties Regarding the Security of the Installation In Service 

A very important aspect is the risk of embrittlement of the material during 
the life of the vessel. It is generally accepted that the susceptibility to this 
reversible embrittlement may be measured by simulation of step-cooling 
treatment. We have compared the representation of this treatment with a 
long holding time at a service temperature by means of tests carried out on a 
154-mm (6-in.)-thick plate. 
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TABLE 4—Homogeneity of mechanical properties in a 400-mm /16-inJ thick plate. 

C Mn 

0.135 0.53 

Location 

'/4 t Top end 

'/2 t Top end 

Si Ni 

0.24 0.10 

Direction 

longitudinal 

transverse 

through 
thickness 

longitudinal 

transverse 

through 
thickness 

Cr Mc 1 Cu 

2.23 0.99 0.08 

Yield 
Strength, 
MPa 
(ksi) 

395 
(57.5) 
374 
(54.2) 
369 
(53.5) 

387 
(56) 
365 
(53) 
399 
(58) 

Tensile 
Strength, 
MPa 
(ksi) 

560 
(81.2) 
550 
(79.7) 
544 
(79) 

560 
(81.2) 
551 
(79.7) 
556 
(80.7) 

Heat treatment at 925°C (1700°F) for 10 h, WQ 
(1275°F) for 23 h, cooling 20°C/h (36°F/h) 

Al S P 

0.022 0.003 0.007 

Elonga
tion, 
% 

27 

27 

25 

22 

26 

20 

Reduc
tion of 
Area, 
% 

76 

75 

74 

72 

75 

68 

Sn 

0.007 

FATT, 
°C (°F) 

+ 5 
( + 40) 
+ 10 

( + 50) 
+ 15 

( + 60) 

+ 15 
( + 60) 
+ 15 

( + 60) 
+ 20 

( + 70) 
at 650°C (1200°F) for 12 h, 

As Sb 

0.028 0.002 

T 40 ft-lb 
(67.5 
J/cm^), 
°C (°F) 

- 4 0 
(-40) 
- 4 0 

(-40) 
- 3 0 

( -20) 

- 2 5 
(-15) 
- 3 0 

(-20) 
- 2 5 

( -15) 
AC at 690°C 

Tests have been carried out after the following cycles: 

Reference 925°C (1700°F), 6 h, WQ + 620°C (1150°F), 6h, AC + 
700°C (1290°F), 12 h, cooling at 50°C/h (90°F/h) 

Step cooling Two different cycles were compared (see Table 5) 
Long-duration treatment 427°C (800°F), 17 500 h 

Impact curves (Fig. 10) show that the two step-cooling cycles give identical 
results and that embrittlement is at least the same or even more than after 
long holding times at the test temperature 427°C (800°F). 

A great number of plates have been subjected to this step-cooling cycle. 
Results corresponding to the plates discussed previously are given in Table 3. 
The impact levels obtained are consistently very good when we consider the 
development of the FATT criteria or T 67.5 J/cm^ (7 40 ft • lb) between 0 and 
20°C (0 and 35°F). This can be related to the very highjevel of cleanliness, 
which is expressed by the very low values in the factor X [4] and the factor 
(Mn + Si) (P + Sn) X 101 

In particular, it would appear that very low phosphorus and tin contents 
are an essential condition of high toughness after embrittlement treatments 
[5.6]. 

Embrittlement tests were also carried out on multipass weld joints of thick 
plates welded by the submerged arc process. For instance, Fig. 11 gives im-
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TABLE 5—Step-cooling treatments A and B. 

heating up to 593°C(1100°F), 
cooling 5.6°C/h (10°F/h) down to 538°C (1000°F), 
cooling 5.6°C/h(10°F/h) down to524°C (QTS^F), 
cooling 5.6°C/h(10°F/h) down to 496°C (925°F), 
cooling 5.6°C/h(10°F/h) down to 468°C (875°F). 
cooling 2.8°C/h (S°F/h)down to 316°C (600°F), 

heating up to 593°C (1100°F), 
cooling 5.6°C/h(10°F/h) down to 538°C(IOOO°F), 
cooling 5.6°C/h(10°F/h) down to 524°C (975°F), 
cooling 5.6°C/h{10°F/h) down to 496°C (925°F), 
cooling 5.6°C/h (10°F/h) down to 468°C (875°F), 
cooling 5.6°C/h (10°F/h) down to 454°C (850°F), 
cooling 5.6°C/h(10°F/h) down to 399°C (750°F), 
cooling 2.8°C/h (5°F/h)down to316°C (600°F), 

holding time 1 h 
holding time 15 h 
holding time 24 h 
holding time 60 h 
holding time 125 h 
then air cooling 

holding time 1 h 
holding time 5 h 
holding time 10 h 
holding time 50 h 
holding time 75 h 
holding time 100 h 
holding time 100 h 
then air cooling 
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FIG. 10—Comparison of results obtained with different embrittlement treatments. 
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pact curves obtained on a joint in 150-mm (6-in.)-thick plate with a weld 
energy of 23 kJ/cm. 

The harder structure obtained in the heat-affected zone (HAZ) gives 
higher impact properties after stress-reHeving treatment than in the base 
plate, but at the same time a larger shift after embrittling heat treatment. 
Both, however, present high values at low temperatures: T 67.5 J/cm^ {T 40 
ft-lb) = 70°C(-94°F). 

Conclusions 

This review of production and properties obtained on heavy thick plates in 
2'/4Cr-lMo steel shows that: 

1. It is possible to obtain a high and reproducible level of plate quality by a 
production process controlled at every stage. 
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2. Extensive metallurgical knowledge of this type of steel is necessary to 
meet the requirements of ASTM A 387, Grade 22, Class 2, by precise adjust
ment of the chemical composition adapted specially to subsequent heat treat
ment, and this for plates up to about 500 mm (20 in.). 

3. The specifically adapted chemical composition and the high level of 
cleanliness give excellent impact values after a step-cooling treatment. Im
pact values obtained in the HAZ of welds in thick plates are also very high. 

To conclude, it appears that very thick plates [up to 500 mm (20 in.)| in 
2'/4Cr-lMo steel can be produced for the construction of large pressure 
vessels for the petrochemical industry. 
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Effects of Composition and Heat 
Treatment on the Mechanical 
Properties of 300-mm-Gage 
2V4Cr-1IVio Steel Plate 

REFERENCE: Swift, R. A., "Effects of Composition and Heat Treatment on the Me
chanical Properties of 300-mm-Gage 2'ACr-lMo Steel Plate," Application of 2'/4Cr-lMo 
Steel for Thick-Wall Pressure Vessels. ASTM STP 755, G. S. Sangdahl and M. Semchy-
shen, Eds., American Society for Testing and Materials, 1982, pp. 166-188. 

ABSTRACT: The operating conditions of coal liquefaction and petrochemical pressure 
vessels require heavy-gage 2'/4Cr-lMo steel for which only limited data exist. A program 
was initiated to determine the effects of heat treatment and composition on the tensile 
and impact properties of 260- to JOO-mm-thick 2i/4Cr-IMo steel. This work is the result 
of that study. 

Commercial heats were produced with a variety of modifications in melting practice to 
obtain different levels of silicon, sulfur, phosphorus, and tin. and to modify the shapes of 
inclusions. Plates were rolled from large ingots, heat treated, and tested. Testing in
cluded ttxim-temperature and elevated-temperature tension tests, and Charpy V-notch 
<CVN) tests for base condition toughness and for measuring the resistance to temper em-
brittlement. 

Data are presented to show that low sulfur and a fine-grain size are important for im
proving base-notch toughness, and silicon, manganese, and phosphorus control are 
necessary to improve the resistance to temper embrittlement. Also, it is necessary to ac
celerate cool after au.stenitizing to achieve acceptable toughness levels and SA,387-22 
Class 2 properties. 

KEY WORDS: heavy gage, notch toughness, chromium-molybdenum steels, residual 
elements 

Chromium-molybdenum steels have been used in pressure vessels and 
boiler steam pipes since the 1930s. Although initially used in the annealed 
condition, normalizing and tempering, and quenching and tempering were 
introduced to enhance their mechanical properties. In the 1960s and early 

'Supervisor, Product Research and Development, Lukens Steel Company, Coatesville, Pa. 
19320. 

166 

Copyriglit® 1982 by AS FM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SWIFT ON EFFECTS OF COMPOSITION AND HEAT TREATMENT 167 

1970s, research and development was aimed at increasing the strength of the 
steel [1-3]^ and at studying the factors affecting elevated temperature ductil
ity [3-5]. It soon became evident that notch toughness is an important 
material property that could be adversely affected by heat treatment and ex
posure to elevated temperatures. Several review papers on the subject [6-9] 
and research on various embrittling phenomena [4,10-13] have shown the 
need to consider toughness in specifying a material. 

Presently, there is much interest in 2'/4Cr-lMo steel in gages over 250 mm 
(10 in.) for coal liquefaction and high-pressure petrochemical vessels. 
Designs are to SA387-22 Class 2 properties, and users are demanding excel
lent notch toughness with some assurance of resistance to temper embrittle-
ment (TE). 

The traditional guarantee for notch toughness was quarterline, transverse 
Charpy V-notch (CVN) toughness of 54 J at 10°C (see Table 1 for conversion 
factors). This is being replaced by 54 J at — 7°C. The most obvious means to 
improve notch toughness are to reduce sulfur, use sulfide shape control, heat 
treat to provide a tempered bainite microstructure, and use grain refiners to 
get a fine-grain size. A less obvious way to improve toughness is reportedly 
reducing the silicon content [14]. While each of these four factors has an ef
fect on notch toughness, all but sulfur are reported to have an effect on resis
tance to TE [14.15]. Temper embrittlement is measured by testing the notch 
toughness of the material before and after a slow cooling cycle from 595 to 
315°C. The shift in an energy transition temperature, usually the 54-J transi
tion, is the measure of embrittlement. An indicator of resistance to TE is the 
Watanabe number ory*-factor [10]. This number is defined by the equation: 

J* = (%Mn + %Si) X (%P + %Sn) X lO"* (1) 

and is reported to indicate resistance to TE when J* < 200. 
Experimental work performed on 91 and 136 tonne heats of SA387-22 with 

a variety of composition modifications with respect to silicon and sulfur is 
reviewed. Plate gages are 264 and 305 mm. Both air-cooled and accelerated-
cooled plates have been tested. The strength and toughness are presented 
and discussed in relation to the aforementioned factors. 

TABLE 1—Conversion factors. 

1 ton = 1.103 tonne 
1 in. = 25.4 mm 
1 ksi = 6.89 MPa 
°F = 9/5 °C + 32 
1 ft ib = 1.36 J 

The italic numbers in brackets refer to the list of references appended to this paper. 
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Material 

All materials used in this study were obtained from full-size production 
heats. Several heats were produced using conventional commercial electric 
furnace and vacuum degassing practices. Others were produced with fine-
grain practice, low sulfur, and/or low silicon. Table 2 lists the general 
characteristics of each heat and Table 3 lists their compositions. 

Heats 2, 4, and 7 are the heats produced by conventional practices. They 
were bottom poured into 711 by 1575 mm cross-section molds. The only dif
ference between the three heats is that Heat 2 was aluminum treated for 
grain-size control. Heat 1 was produced to 0.10 silicon maxima without 
aluminum deoxidation to ensure a coarse grain size. Only enough aluminum 
was used to permit treatment with a combination of calcium carbide (CaCj) 
and calcium silicon (CaSi) powders for deoxidation and not for desulfuriza-
tion or sulfide shape control. After degassing, the heat was teemed into 711 
by 1575 mm molds. The remaining heats were double slag, electric furnace 
melted, aluminum deoxidized, calcium treated for desulfurization and inclu
sion shape modification, vacuum degassed, and teemed into 1016 by 2794 
mm molds. 

All ingots were rolled using standard heating and rolling practices. The 
plates were heat treated in car bottom furnaces using the treatments listed in 
Table 4. After tempering, test coupons, 76 by 230 mm by gage, were cut from 
top and bottom locations of the original ingot, stress relieved, and step cooled 
in laboratory furnaces. Minimum testing included transverse tension tests of 
the quarterline (QL) and transverse CVN transition temperature determina
tions of the centerline (CL). Additional testing was performed as shown in 
the data for individual plates. 

Quantitative metallography was performed on the CL of each plate in each 
heat treated condition to determine the fraction proeutectoid ferrite (%a) 
and both the ferrite (a) and austenite (7) grain sizes. 

TABLE 2—Types of melting practices. 

Heat 

1 
2 
3 
4 
5 
6 
7 
8 

low Si, 
high Si 
low Si, 
high Si 
high Si 
high Si 
high Si 
low Si, 

Type of Practice 

conventional S, coarse grain 
, conventional S, fine grain 
low S. fine grain, shape control 
, conventional S, coarse grain 
, low S, fine grain, shape control 
. low S. fine grain, shape control 
, conventional S, coarse grain 
low S, fine grain, shape control 
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170 APPLICATION OF 2V4Gr-1Mo STEEL 

TABLE 4—Heat treatments. 

Heat 1 900°C/12-AC-690°C/12-AC LMP' = 20.30 
(1650°F/12-AC-1275°F/12-AC) LMP = 36.55 

Heat 2 900°C/12-WO-690°C/12-WO LMP = 20.30 
(1650°F/12-WO-1275°F/12-AC) LMP = 36.55 

Heat 3 900°C/12-WO-690°C/12-WO-690°C/36-FC LMP = 20.88 
(1650°F/12-WO-1275°F/12-WO-1275°F/36-FC) LMP = 37.56 

Heat 4 955°C/12-WO-655°C/6-WO LMP = 19.49 
(1750°F/12-WO-1225°F/6-WO) LMP = 34.99 

Heat 5 955°C/12-WQ-655°C/6-WO-690°C/24-FC LMP = 20.62 
(1750°F/12-WO-l225°F/6-WO-1275°F/24-FC) LMP = 37.12 

Heat 6 955°C/10-WO-655°C/5-WO LMP = 19.42 
(1750°F/10-WO-1225°F/5-WO) LMP = 34.86 

Heat 7 955°C/10-WQ-655°C/5-WO-690°C/24-FC LMP = 20.61 
(1750°F/10-WO-1225°F/5-WO-1275°F/24-FC) LMP = 37.11 

Step-Cooling Cycle 
595°C{1100°F) - hold 1 h - FC to 540°C(1000°F) - hold 15 h - FC to 525°C(975°F) - hold 24 
h - FC to 495°C(925°F) - hold 60 h - FC to 470°C(875°F) - hold 100 h - FC to 315°C(600°F) 
- AC 

"LMP= r°R(20 + logior). 

Data and Discussion 

Metallography 

Since microstructure is a critical factor in determining the toughness of a 
naaterial, quantitative metallography was performed on the CL of each plate 
in the as-tempered condition. The microstructures of the air-cooled plates 
were measured for a grain size and those of the accelerated-cooled plates for 
prior 7 and a grain sizes. The fraction a was obtained by standard lineal 
analysis. Grain sizes were calculated by 

where 

GS = 6.65 log ^P = 12.64 (2) 

number of grain boundary intercepts 
ri = 

total line length 

The data in Table 5 summarize the quantitative metallography. Also in
cluded is the carbon equivalent (CE) calculated by 

Mn Cr + Mo Cu + Ni 
CE = C + ^ + + (3) 
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TABLE 5—Quciiititutive metaltographic data. 

Heat 

1 

2 

3 

4 

5 

6 

7 

8 

"CE = 
" D , = 

CE" 

0.809 

0.872 

0.862 

0.848 

0.828 

0.866 

0.875 

0.873 

Carbon equivalent. 
Ideal diameter. 

D," 

7.94 

8.53 

6.68 

9.04 

7.04 

7.82 

8.98 

6.91 

Heat 
Treatment 

NT 
OT 

NT 
OT 

OT 

NT 
OT 

OT 

OT 

NT 
OT 

OT 

%a 

66 
8.7 

57 
35 

48 

72 
5.6 

28 

14 

63 
32 

16 

a Grain 
Size 

6.2 

8.9 
8.7 

8.0 

6.4 

8.7 

8.9 

6.4 
7.6 

9.4 

7 Grain 
Size 

6.2 
5.1 

8.3 
7.7 

7.9 

7.5 
5.1 

8.0 

8.2 

6.5 
5.4 

7.9 

and the ideal diameter (Dj) calculated from standard tables [16]. Repre
sentative micrographs are shown in Figs. 1 and 2. 

The microstructures resulting from air cooling and tempering (NT) are a 
mixture of a and upper bainite (Fig. 1). Both coarse-grain (Figs, la and \b) 
and fine-grain (Fig. Ic) plates are shown. The plates have 66, 72, and 57 per
cent a respectively. The coarse-grain plates have comparable a and 7 grain 
sizes, ranging from 6.2 to 6.4 for a and 6.2 to 7.5 for 7. The fine-grain plate 
has an 8.9 a grain size and 8.3 7 grain size. 

Microstructures obtained by accelerated cooling and tempered (QT) are a 
mixture of a and lower bainite (Fig. 2). The fraction a for all QT plates 
ranges from 5.6 to 48 percent. The coarse-grain plates have 7 grain sizes of 
5.1 to 5.4. The fine-grain heats have 7 grain sizes from 7.7 to 8.2 and a grain 
sizes from 8.0 to 9.4. 

The data in Table 6 indicate there may be a dependence of %a on CE and 
D,. A regression analysis, however, showed less than a 50 percent correlation 
with either of these empirical measures of hardenability. This lack of cor
relation with commercial plates given commercial heat treatments is com
mon because the calculations for CE and Dj do not consider all variables. 

Room-Temperature Tensile Data 

Tension tests were performed on material in the NT, QT, and QT plus 
stress relieved (QT + SR) conditions. The NT plates were tested for 
transverse and longitudinal properties at the surface (S), QL, and CL loca-
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176 APPLICATION OF 2V4Cr-1Mo STEEL 

TABLE 6—Tensile data for air-cooled plates. 

Heat 
Gage, 

mm (in.) 
Loca- Orien-
tion tation 

YS, 
MPa (ksi) 

UTS, 
MPa (ksi) 

%Ein 
50 mm 
(2 in.) %RA 

305 (12) 

305(12) 

305(12) 

305(12) 

ASTM A 387-22 Class 1 
Heat Treatment: HTl 

s 
0 
c 
s 

0 

c 

s 

0 

c 

s 

0 

c 

T 
T 
T 

T 
L 
T 
L 
T 
L 

T 
L 
T 
L 
T 
L 

T 
L 
T 
L 
T 
L 

336 (48.8) 
325(47.1) 
336 (48.7) 

313 (45.5) 
336 (48.7) 
296 (43.0) 
278 (40.4) 
338 (49.0) 
345(50.1) 

333 (48.3) 
332 (48.2) 
287(41.7) 
316 (45.9) 
300 (43.5) 
306 (44.4) 

328 (47.6) 
341 (49.5) 
274 (39.8) 
291 (42.3) 
271 (39.3) 
302 (43.9) 

205 (30) 

548 (79.5) 
523 (75.9) 
546 (79.2) 

538(78.1) 
533 (77.4) 
527 (76.5) 
517(75.0) 
520 (75.5) 
532 (77.2) 

558(81.0) 
555 (80.5) 
525 (76.2) 
546 (79.3) 
535 (77.7) 
543 (78.8) 

524 (76.0) 
532 (77.2) 
494(71.7) 
508 (73.8) 
488 (70.8) 
485 (70.4) 

415 to 585 (60 to 85) 

24 
26 
24 
26 
28 
24 
28 
24 
25 
24 
25 
23 
25 
18 
22 

26 
27 
26 
27 
24 
26 
18 

67.0 
68.5 
66.5 

64.5 
73.5 
48.6 
72.2 
60.4 
63.2 

67.0 
68.8 
53.1 
64.9 
38.3 
48.2 

67.9 
74.3 
61.9 
71.2 
47.0 
64.4 

45 

tions. Transverse tests at the S, QL, and CL locations were made on the QT 
plates. Only the QL of QT + SR plates was tested. 

All NT plates meet the requirements of SA387-22 Class 1 at S, QL, and 
CL. With the exception of Plate 7, the transverse yield strength (YS) and ten
sile strength (UTS) are fairly consistent through the gage. The large mass of 
the plates slows the cooling rate at the surface sufficiently to keep its strength 
relatively low. Plate 7, having only 0.10 percent carbon, appears to have the 
lowest hardenability and shows decreasing strength through the gage. 

Accelerated cooling results in higher strength levels than obtained with the 
NT treatment. The difference in strength between S and QL or CL is more 
pronounced (Table 7). This is due to the "skin" effect; that is, S cools much 
faster than either QL or CL and therefore has a higher strength. Generally, 
the differences between QL and CL are minimal. Since the heat treatments 
are designed to provide specified properties after a subsequent postweld heat' 
treatment (PWHT), QT plates may exhibit strength levels above specifica
tion (Plate 6) or ductility below specification (Plates 3 and 5). 

Stress relieving causes an approximate 100 MPa drop in both YS and UTS 
and increases in percent elongation (%E) and percent reduction in area 
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178 APPLICATION OF 2V4Cr-1Mo STEEL 

(%RA) (Table 8). While no plate fails to meet the required ductility, the 
decrease in strength has caused Plate 7 to fail to meet the UTS requirement. 
As with the large strength gradient noted previously, the low strength is prob
ably due to the low carbon content of the plate (0.10 percent). 

A regression analysis has shown that molybdenum, silicon, and manga
nese explain 91 percent of the YS and UTS data. Molybdenum and silicon 
have positive effects; manganese has a negative effect. D, is more significant 
than CE but not as significant as the individual elements listed above. Grain 
size and %a are insignificant factors within the scope of this study. 

Elevated-Temperature Tensile Data 

The data in Tables 9 and 10 summarize the results of elevated temperature 
tension tests of NT and QT + SR plates. The elevated temperature YS and 
UTS are also expressed as a fraction of the room temperature YS (RTYS) 
and UTS (RTUTS). The data are plotted in Figs. 3 to 8. 

The NT plates show either a YS plateau or maximum in the temperature 
range of 370 to 480°C (Fig. 3). This is more evident when YS is expressed as 
the fraction RTYS (Fig. 4). Plate 7 shows a decrease in YS between the two 
coarse-grain heats. The UTS follows the same general trends as YS except 
that the maxima in UTS are not as pronounced. When expressed as fraction 
RTUTS, the trends are more evident (Fig. 4). Ductility, both %E and %RA, 
have slight minima in the temperature range of 316 to 482°C (Fig. 5). All 
data are within experimental scatter, and there are no apparent grain size ef
fects. Also, the NT plates meet the design stresses for SA387-22 Class 1. 

The data in Table 10 and Figs. 6 to 8 are for both the QT (Plate 4) and 
QT + SR (Plate 3) conditions. The tensile data (Fig. 6) show that the QT 
plate appears to lose strength rapidly with increasing temperature above 
317°C. The QT + SR plate, on the other hand, appears to have a relatively 
constant strength up to 482°C. Above approximately 528°C, YS and UTS 

TABLE 8—Tensile data for the quarterline of stress-relieved accelerated-cooled plates. 

Heat 

1 
2 
3 
4 
S 
6 
7 
8 

Heat 
Treat
ment 

3 
3 
5 
3 
7 
7 
3 
7 

ASTM A 387-22 CI 

Gage, 
mm (in.) 

305(12) 
305(12) 
305(12) 
305(12) 
264(10^/8) 
264 (10 /̂8) 
305(12) 
264(10^8) 

ass 2 

YS, 
MPa (ksi) 

403 (58.5) 
379 (55.0) 
379(55.1) 
395 (57.3) 
474 (68.8) 
462 (67.0) 
378 (54.9) 
430 (62.4) 
310 (45) 

u r s , MPa (ksi) 

540 (78.3) 
534 (77.7) 
543 (78.8) 
541 (78:5) 
598 (86.8) 
606 (87.9) 
512 (74.3) 
557 (80.8) 

515 to 690 (75 to 100) 

%E in 
50 mm 
(2 in.) 

24 
24 
26 
22 
24 
24 
28 
25 
18 

%RA 

70.8 
62.6 
72.9 
64.7 
67.7 
74.4 
65.9 
76.8 
45 
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FIG. 3—Elevated temperature yield and tensile strengths of NT plates. 
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FIG. 4—Elevated temperature yield and tensile strengths of NT plates as a fraction of room 
temperature strengths. 

appear to be independent of stress relieving. Expressing YS and UTS as the 
fraction of RT strength (Fig. 7) shows that both plates lose strength at a 
relatively constant rate above 400°C. The difference in initial strengths ex
plains the apparent trends in Fig. 6. The ductility minima in Fig. 8 are more 
pronounced than those for the NT condition (Fig. 5). Although the fine-grain 
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FIG. 5—Elevated temperature ductility of NT plates. 
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FIG. 6—Elevated temperature yield and tensile strengths of Plate 4 (QTI and Plate 3 
(QT + SR). 

plate (Plate 3) has higher ductility than the coarse-grain plate (Plate 4), it is 
not known if this is a grain size effect or a strength effect. It is probably a 
combination of both. Comparing the experimental data with the ASME 
design stresses for SA387-22 Class 2 shows that the QT and QT + SR exceed 
the allowables. 

It is evident that the range of compositions tested herein will comfortably 
meet SA387-22 Class 2 in gages to 305 mm (12 in.) when QT + SR and 
SA387-22 Class 1 properties when NT. Also, the elevated temperature tensile 
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FIG. 7—Elevated temperature yield and tensile strength of Plate 4 IQT) and Plate 3 IQT + 
SRI as a fraction of room temperature strengths. 
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184 APPLICATION OF 2V4Cr-1Mo STEEL 

properties are comparable for both the coarse-grain and the fine-grain 
plates. 

Notch Toughness 

Charpy V-notch impact data for the NT plates are given in Table 11. The 
measure of toughness is TT54. Both as-tempered and step-cooled data, as 
well as the upper shelf energy (EuJ are given. Plate 2, the fine-grain plate, 
has the best as-tempered toughness with a TT54 of — 4°C and an E„^ of 122 J 
at the quarterline. This plate also has the 4>ighest /*-factor (177) and shows 
the greatest shift in TT54 (ATT54) after step cooling (see Table 4 for step-cool
ing cycle). Plate 1 has a 7*-factor of 76 and zero ATT54. No Eû  could be 
determined for Plate 3 since the highest test temperature was 52°C and the 
CVN curve was still in the transition region. 

The QT and QT + SR toughness data are given in Table 12. The as-tem
pered toughness for all plates is superior to that of the NT plates. This is due 
to the much tougher microstructure obtained by accelerated cooling. Ac
celerated cooling is the only possible way to obtain SA387-22 Class 2 proper
ties in these heavy gages without the use of vanadium or titanium as deox-
idants [with high (0.05 or greater) residuals to increase hardenability] or 
boron as a grain refiner and hardenability agent. 

The stress-relieved (SR) and step-cooled (SC) conditions are of most in
terest. For this reason, not all plates were tested for TT54 in the as-tempered 
condition. Tests were conducted as low as — 34°C to determine whether or 
not TT54 was below that temperature. Full transition curves were generated 
only for the SR and SC conditions. 

TABLE 11—Transverse 54 J transition data for air-cooled plates. 

Heat 

1 

2 

4 

7 

Location 

Q 
C 

Q 
C 

Q 
C 

Q 
C 

TT54I. 
°C (°F) 

21 (70) 
16 (60) 

- 4 (25) 
- 4 (25) 

38 (100) 
21 (70) 

10 (50) 
16(60) 

TT543, 
°C (°F) 

21 (70) 

16(60) 

52 (125) 

16(60) 

ATT54, 
°C (°F) 

0(0) 

20 (35) 

14 (25) 

6(10) 

(ft-lb) 

95 (70) 
82 (65) 

122 (90) 
95 (70) 

ND 
ND 

88 (65) 
75 (55) 

Heat Treatment; HT 1 
TTS4I: 54 J (40 ft-lb) transition temperature after tempering. 
TT543; 54 J (40 ft-lb) transition temperature after step cooling. 
ATT54: TT543 - TT54I 
E^j: upper shelf energy after tempering 
ND: not determined 
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186 APPLICATION OF 2V4Gr-1Mo STEEL 

The data in Table 12 show that grain size and sulfur level are critical fac
tors in determining TT54 in the QT + SR condition. Silicon level does not 
seem to have a significant effect. In fact, a regression analysis shows that 
sulfur, 7 grain size, chromium, and YS are the most significant factors. 

The step-cooled data show positive or zero shifts in TT54 (ATTS4) for all 
plates and locations tested, except for QL of Plate 3 which has a — 14°C 
ATTs4. This behavior is not unusual when the susceptibility to TE is low. The 
most severe embrittlement is shown by CL of Plate 6 with a ATT54 of 42°C. 
All other plates and locations have shifts between these two values. 

Using the available QL data, an attempt to determine the significance of 
the /*-factor on toughness was made. A correlation coefficient of 0.10 was 
obtained for the step-cooled TT54 as a function of the 7*-factor. The ATT54, 
however, has a correlation coefficient of 0.59. When the CL data are added, 
the correlation of/* with the step-cooled TT54 is 0.19 and with ATT54 is 0.60. 
The analysis also showed that silicon, carbon, manganese, and phosphorus 
are significant elements in determining ATT54. Figure 9 is a graph of ATT54 
versus /*, and shows the trends even though there is considerable scatter. 

Analysis of Data and Conclusions 

As stated previously, cursory attempts at quantifying the effects of com
position on strength and toughness were made. Due to the limited range in 
composition and small population size, it was not possible to be rigorous. 
Some significant findings, however, did come out of the data. 

O 

. « > 2 0 

AQuart«rlln« 

'^Center I In* 

(Mn+Si|x|p+Sn|x10* 

FIG. 9—i^TTs4 as a function of (Mn + Si) X (P + SN) X 10'' for both quarterline and 
centerline locations. 
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Strength 

Within the limits of this study, molybdenum, silicon, and manganese are 
the elements with the most significant effect on YS and UTS. Carbon is not 
significant since it has a narrow range and all but one data point is 0.12 to 
0.13 percent. The usual hardenability factors do not adequately predict 
strength although D| is better than CE. 

Toughness 

Sulfur level is the most significant factor in determining TT54. 7 grain size, 
chromium, and YS are also significant in TT54. The ATT54 is affected most 
by silicon, carbon, manganese, and phosphorus, and there is a fair correla
tion of ATT54 with the /*-factor. Other factors such as a grain size and 
strength affect notch toughness but did not appear to be significant in this 
study. This may be due to sample size and inherent variability that only a 
larger sample size will clarify. 

Microstructure 

The ideal diameter and carbon equivalent are equally significant in deter
mining %a but neither is 50 percent significant. 

It should be realized that the levels of toughness reported in this study may 
not be the guarantee limits, nor should they be expected in every plate. In
dividual suppliers have different methods of producing their materials. That 
plus inherent heat-to-heat variations may cause levels of toughness lower 
than those reported herein. 
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Structure and Mechanical 
Properties of 2V4Cr-1Mo Cast 
Steel for Pressure Connponents with 
Wall Thicknesses up to 500 mm 

REFERENCE: Trautwein, A., Mayer, H., Gysel, W., and Walser, B., "Structure and 
Mechanical Properties of 2V4Cr-lMo Cast Steel for Pressure Components with Wall 
Thicknesses up to 500 mm," Application of I'ACr-lMo Steel for Thick-Wall Pressure 
Vessels, ASTM STP 755. G. S. Sangdahl and M. Semchyshen, Eds., American Society 
for Testing and Materials, 1982, pp. 189-207. 

ABSTRACT: 2'/4Cr-lMo steel is uniquely suited for heavy-walled steel castings because 
of its outstanding quenching and tempering characteristics, good impact properties, and 
ease of processing. This steel has been recently accepted in numerous specifications, for 
example. ASTM A 217. ASTM A 356, and DIN 17245. This contribution should be 
viewed in conjunction with the paper "Internal Properties of 2'/4Cr-lMo Cast Steel for 
Heavy Castings" by H. C. Lueling, Karl Achtelik, and J. M. Motz. in this publication. 
The present paper makes a contribution to the relatively sparse documentation regarding 
the core properties of large cast sections. The primary topic is the determination of the 
relation between primary and secondary structures and the toughness characteristics or 
transition temperatures. This is accomplished by comparing the test results on specimens 
taken from different casting sections with the results of separately heat-treated samples 
from the same casting using the actual cooling curves. In addition, continuous cooling 
diagrams and typical microstructures for selected casting sections were determined to 
demonstrate the segregation effect. This work was augmented with Pellini and FATT 50 
percent testing together with elevated-temperature tension tests. Extended weld pro
cedure investigations with matching electrodes were conducted on plates of 100 mm 
thickness. All results confirm that 2'/4Cr-lMo cast steel when oil quenched and tempered 
will show very homogeneous strength and toughness characteristics in wall thicknesses up 
to 500 mm (20 in.). The properties of weld joints made with matching electrodes are also 
uniform. This material performance makes this steel particularly well suited for heavy-
walled components subjected to pressure. 

KEY WORDS: 2'/4Cr-lMo cast steel, thick walled casting, heat treatment, internal 
properties, NDT temperature, impact transition, microstructure, CCT diagram, high 
temperature tensile properties, welding qualification 
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Creep testing of 2'/4Cr-lMo cast steel began in Switzerland in the early 
1960s. Initially, the carbon content was limited to the range of 0.10 to 0.15 
percent, corresponding to the 0.10 to 0.15 percent carbon content of IVACT-

IMo forging steel. However, the creep tests showed that increasing the car
bon range to 0.15 to 0.20 percent provided a definite improvement in the 
creep properties without any significant effect on the good weldability of this 
material.^ In the meantime, this steel has been included in all of the impor
tant European standards concerning creep resisting cast steel. It soon 
became evident that this cast steel has excellent hardenability due to its 
relatively high alloy content. This hardenability guarantees uniform proper
ties over the entire cross section of thick-walled castings. Thus, besides being 
used as a creep-resisting steel, I'ACr-lMo cast steel is increasingly being con
sidered for thick-walled parts requiring a quenched and tempered structure. 
Also, it is thought that the best properties are attained for this steel when 
subjected to a liquid quench. The earlier development of 2'/4Cr-lMo cast 
steel concentrated on optimizing the chemical composition and heat treat
ment. As a further development, the Swiss Working Group for Creep 
Resisting Steels (see Note at end of this paper) is presently focusing its efforts 
on investigating the creep behavior within large cross sections of the base 
material as well as the creep properties of the weld joints and the weld metal. 

Until recently, little was known about creep properties of 2'/4Cr-lMo cast 
steel. The Working Group investigations of this material, which will be 
reported here, had the following goals: (/) to produce a test block, according 
to exact production specifications, with various wall thickness up to 500 mm, 
(2) to extensively test the properties of the base material in the various cross 
sections of the test block, (3) to establish a well-documented welding pro
cedure qualification, and (4) to run extensive creep tests on material from the 
test block and the welded test plate. 

At present, the creep tests have not run long enough to provide a detailed 
report, but all of the other investigations have been completed. This report 
should be viewed in connection with the paper by Lueling et al.'' 

Test Material 

The investigations utilized a standardized test block with a weight of 2800 
kg in the as-cast condition. The chemical analysis is given in Table 1 and 
conforms with ASTM Specification for Martensitic Stainless Steel and Alloy 
Steel Castings for Pressure-Containing Parts Suitable for High-Temperature 
Service (A 217-80, Grade WC9) and DIN 17245/GS-18CrMo910 standard 
specifications for creep resisting steel. The test block consisted of three sec-

•'Gysel, W., "Thick-Walled Castings for Welded Components" (in German), Konstruieren 
und Giessen. Vol. 4, Okt. 1980, VDl Verlag, Duesseldorf. 

•"This publication, pp. 26-45. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TRAUTWEIN ET AL ON PROPERTIES OF 2V4Cr-1Mo CAST STEEL 191 

c^ 

CO 

< 

&/ J-T 
1> 
C 

UJ 

Ct 

£ 

,—s 

> o ! / l 

^ z 
> u 

5 1 ' 

I. 

Iff 

xS 

1/3 lO O O 
00 L/> Ô  -T 
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192 APPLICATION OF 2V4Cr-1Mo STEEL 

tions (in the figures called sectors) with wall thicknesses of 150, 300, and 500 
mm. The initial heat treatment of the test block is given in Table 2. The 
temperature distribution during heat treatment was measured by means of 
six thermocouples. Each section contained a thermocouple exactly in the 
middle of the section and one 20 mm below the surface. The measured cool
ing curves after oil quenching are shown in Fig. 1. The material properties. 

TABLE 2—Heat treatment and cooling simulation. 

730°C/20h/furnace 
94O°C/20 h/oil 
700°C/12 h/furnace 

Heat Treatment A 

2V4Cr-lMo test block; Heat GF 49335 

Soft Annealing 
Quenching 
Tempering 

Cooling Simulation B 

Test specimen from 150-mm sector; center 
Hardening 940°C/8 h/cooling simulated 
Tempering 700°C/8 h/furnace 

Cooling Simulation C 

Test specimen from bar 100 by 120 by 500 mm cast on 500-mm sector 

Hardening 940°C/1 h/cooling simulated 
Tempering 700°C/4 h/furnace 

1000 

(00 - Simukitian B 
Cooling Curvts No 7 , 8 , 9 , 1 0 

Simulatlan 
~ simulated 

SKtor 
ISOnm 
300 mm 
500 mm 

Surfocc C«n<«r 
11 
12 

13 U 
I I 

10 100 TOOO 
COOLING TIME , 

10W)0 WO'OOO 

FIG. 1—Measured cooling curves. 
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after this initial heat treatment, were obtained from 100 by 120 by 500 mm 
coupons cast onto each section of the test block. The results are also given in 
Table 1. 

Test Procedure 

Figure 2 shows how the test block was cut up. After the heat treatment, a 
plate was taken from the center region and the surface region of each section. 
This allowed the material properties to be determined as a function of the 
wall thickness and of the position within the test block. In addition, a 
100-mm plate was cut from the 150-mm section and used for a welding 

TEST BLOCK 2 t C R I M P . POSITION OF TEST PLATES 

CENTER PLATE ^ R F A C E PLATE 

TOP OF ' 
.Z . -CASTIMP.^ . 

§ 

WELDING 
PROCEDURE 
QUAUFICATION 

J 

500 HM SECTOR 

300 HM SECTOR 

150 MM SECTOR 

FIG. 2—Cutup of the test block. 
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194 APPLICATION OF 2V4Cr-1Mo STEEL 

qualification test. A 10-mm-thick plate, used for investigation of the 
solidification characteristics of the block cross section, was taken from the 
center region of the test block. 

The integrity of the test block had been proved by Baumann sulfur prints 
and radiographic testing. Figure 3 shows how the individual test plates were 
cut up into test specimens for the various material property tests. The test 
specimens were systematically numbered so that an exact relationship be
tween the test results and the position of each specimen within the test block 
could be obtained. 

Results 

Macrostructure of the Test Block 

The test blocks were cast by a well-proven method. The macrostructure of 
the entire block cross section was investigated, but neither the sulfur print 
nor the radiographic testing indicated any important segregation effects or 
other macrostructural defects. 

Transformation Characteristics 

Figure 4 shows the CCT diagram, measured under continuous cooling con
ditions, for test specimens from the surface and center of the 500-mm section 
and from the coupon from this section. The position of the test specimen 
within the block had remarkably little influence on the transformation 
behavior. The most distinct feature is the small shift of the ferrite region to 
shorter times for center specimens compared with coupon specimens. 
However, the upper and lower bainite regions and the martensite transfor
mation temperature were not significantly influenced. These results show 
that the as cast macrostructure has only a small influence on the transforma
tion behavior of 2'/4Cr-lMo cast steel. 

Examination of the microstructures of the various specimens for each of 
three typical cooling rates (II, VI, and IX), as shown in Fig. 5, confirms this. 
These microstructures are practically identical. The ferrite content, however, 
increases with increasingly slower cooling rate for all specimens. This is in 
agreement with the CCT diagram. With very slow cooling, an unfavorable 
pearlite-ferrite structure occurs. This structure has inferior notch toughness. 
Thus very thick cross sections need to be liquid quenched or forced-air 
quenched in order to prevent such a microstructure. 

Mechanical Properties at Room Temperature 

Figure 6 shows that the wall thickness has very little influence on the 
mechanical properties at room temperature. The difference between 
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FIG. 5—Microstructure of various specimens for three typical cooling rates of CCT diagram. 

Specimens from the surface and from the center is very small. (The notch 
toughness, as will be discussed later, varies to a greater extent.) The tensile 
strength data show that even for very thick cross sections, such as 500 mm, 
an excellent uniformity of the microstructure is achieved when the casting 
undergoes an oil quenching. The tensile values of the coupon specimens for 
the various test block section thicknesses, as given in Fig. 6, are only slightly 
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FIG. 6—Effect of wall thickness on the mechanical properties at room temperature. 

higher than the values for the actual section specimens. Therefore the prop
erties of the 100 by 120 by 300 mm coupons give a true indication of the 
mechanical properties of the test block. For further supporting data, speci
mens from the coupon of the 500-mm section were given a heat treatment 
that simulated the cooling conditions of the center of the 300-mm section. 
This heat treatment was as follows: 940°C/1 h/simulated cooling -f 
700°C/4 h/fumace. The results of this simulated heat treatment (C), given 
in Fig. 6, show that the original values are well reproduced by the simulated 
treatment. 

Ductile to Brittle Transition of Charpy V-Notch (CVN) Impact Tests 

Test Block with Original Heat Treatment ^>4>—The results of the CVN im
pact tests are given in Fig. 7. The transition temperatures for an impact 
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energy of 68 J plus the measured lateral expansion and the shear fracture are 
summarized in Table 3. For a 68-J impact energy, the transition tempera
tures lie in the range of —20 to 25°C. The lower shelf occurred at — 60°C, 
and the upper shelf, in all cases, above 60°C. In contrast to the tension test 
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results, the position within the test block of the impact test specimens from 
the 150-mm section has a notable influence on the CVN transition curves. 
For the 300 and 500 mm sections, there is no significant difference between 
the surface and center curves. However, the surface of the 150-mm section 
shows the best impact behavior while the center of the 150-mm section shows 
the worst impact behavior of all the test specimens. This behavior is not sur
prising, since it was previously noted in other investigations.'' 

Test Specimens with Simulated Heat Treatments—For certain test speci
mens the heat treatment of the test block was simulated by controlling the 
cooling rate, after the heating cycle, to correspond to that of the test block 
core. Two points are to be noted: (/) the position, within the test block, of the 
specimens chosen for the simulation, and (2) the double hardening of these 
specimens in contrast to the single hardening of the original test block 
material. 

Figure 8 shows that the microstructure of the specimens with simulated 
cooling is practically identical to the original test block microstructure. 
There was similar good agreement for the notched impact transition behavior 
of the 300 and 500 mm sections, but the behavior of the 150-mm section 
center could not be reproduced with simulated cooling. Examination of the 
microstructure of the 150-mm-section center showed the cause of the reduced 
notched impact toughness to be a special form of bainite, approximately the 
transition stage between upper and lower bainite, in the absence of eutectoid 
ferrite. It was not possible to reproduce this microstructure by simulated 
cooling because simulation requires a second quench and temper stage. This 
could well be the reason for the better notch toughness exhibited by the 
simulated cooled specimens of the 150-mm section compared with the origi
nal material of this section. 

Nil-Ductility-Transition (NDT) Temperature 

Eight specimens from each section were used to determine the Nil-
Ductility-Transition (NDT) temperature for the 300 and 500 mm sections. 
The NDT temperature was found to lie between 0°C and —5°C. This agrees 
well with the notch toughness results. 

High-Temperature Tensile Strength Tests up to 550°C 

These tests were made on specimens from the surface and center regions of 
the 500-mm section. The results are shown in Fig. 9. Within the tested 
temperature range, the yield point decreases nearly linearly by approximately 
100 MPa. The surface and center show exactly the same behavior. Above ap
proximately 400°C, the elongation initially drops and then increases together 
with a greater decrease in the tensile strength. These results agree with the 
well-known behavior of other low-alloy creep-resisting steels. 
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FIG. 8—Microstructure of the test block and simulated specimens. 

Creep Tests 

Extensive creep tests comprise the main part of the present investigations. 
The influence of wall thickness is being tested in the temperature range of 
500 to 600°C; among other items, specimens from the center of the in-
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FIG. 9—High-temperature tensile properties. 

dividual sections are being investigated. Furthermore, the creep properties of 
the weld material and the weld joints will be proved. The creep tests were 
begun in mid 1979. A detailed report of the results will be published at a later 
date. 

Weld Procedure Qualification 

For the weld procedure qualification tests, two 125 by 100 by 700 mm 
plates were taken from the 150-mm section and welded together as described 
in Table 4. An electrode of the same 2V4Cr-lMo analysis but with a lower 
carbon content, 0.13 percent, was used. This lower carbon weld metal cor
responds to normal European practice whereby, after welding, only a stress 
relief anneal is done. In addition to the classical weld procedure qualification 
test, many specimens from the weld and the heat-affected zone are being 
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TABLE 4—Welding conditions. 

WELDING PROCESS: SMAW TYPE: MANUAL 

BASE METAL; Test block 2V4 Cr 1 Mo 
POSTWELD HEAT TREATMENT 

Material Spec. 
Type or Grade 
P No to P No 
Thickness 

FILLER METAL 

Weld Metal A No 
F i l l e r Metal F No 
Size of Electrode 
SFA Specification 
AWS Classif ikation 
Elektrode Trade Name 

DIN 17 245 
G5-18 Cr Mo 910 
B to 5 
100 ran 

2V4 Cr 1 Mo 

4 
4 
6 mm 0 
5.5 
Similar 9018-B3 
OEN 117 (CH) 

Temperature 
Time 
Cooling 

680 deg. C 
13 h 
furnace 

ELECTRICAL CHARACTERISTICS 

POSITION 

Position of Groove : 1 G 

PREHEAT 

Preheat Temperature : 200 deg. C* 
Interpass Temperature:240-360 deg.C* 

Current : 
Polarity : 
Amps. 270+8* 

TECHNIQUE 

Travel Speed 
Bead 
Oscil lat ion 
Pass 
Number of Electr.:Single 
Melting Capacity 
of one Electrode:95 HÎ  6 g 
Heat Input :83 + 17 kj/cm 

DC/= 
Elektrode (+) 
Volts: 26+2* 

:5.1 + 0.5 cm/min 
:Weave bead 
:4x Electrode core 
Multipass 

measured 

TYPE OF TESTS: Bend Tests, Tensile Tests, Toughness Tests 
Hardness Test, Chemical Analysis 
Creep Rupture Tests at 450 and 550 deg. C 
for Deposited Weld Metal and Weld Joints 

creep tested at 500 to 550°C and, in some cases, at 600°C. Fracture times of 
up to 50 000 h are expected. Figure 10 shows how the welded test plate was 
cut up into test specimens. By choosing an electrode diameter of 6 mm and 
with a suitable oscillation, a very high heat input of 80 kJ/cm was purposely 
applied in order to impose a high stress on the base material. The weld pro
cedure qualification test results are given in Table 5, There is a certain dif-
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FIG. 10—Cutup of the welded test plate. 

ference in strength and hardness between the tempered weld metal and the 
tempered base material. This difference can not be completely equalized by 
tempering. It was smaller for the lower carbon electrodes of approximately 
0.05 percent carbon that were used in the past. The 0.10 to 0.15 percent car
bon electrodes used today are a compromise necessary for the greatly im
proved creep behavior of the weld. 
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TABLE 5—Results of weld procedure qualification. 

1. GLIDED BEND TESTS (Type QW-462-2a) 

Specimen 
No: 

Position R e s u 1 t s Acceptance 

10 top pass no defect 

11 between no defect 

12 root pass 2 defect 1.5 mm fusion l ine 

acceptable 
in accordance 

with QW-163 

2. TENSILE TESTS (QW-462.1 (d). Type a) 

Specimen 
No; 

Position Tensile Yield Elong. Red. Location of 
Strength Strength in 2" Area Fracture 
MPA MPA % % 

13 
14 

IB 
16 

top pass 

between 

root pass 

687 
631 

610 
596 

575 
515 

417 
391 

21 
20.4 

15 
18 

75 
76 

77 
71 

Dep.weld.met. 
HAZ 

Base metal 
Base metal 

3. TOUGHNESS TESTS CVN (ASHE II A SA-370 Type A) 

Specimen Position Notch Notch Impact Perc. Lateral 
No: Type Location Value Shear Expans. 

J % mm 

21 

22 

23 

24 

25 

26 

27 
28 
29 

top pass 

between 

root pass 

top pass 

between 

root pass 

V-Notch 

V-Notch 

V-Notch 

Dep.weld 
metal 

HAZ 

base 

metal 

108 

101 

119 

162 

164 

124 

104 
131 
138 

90 

90 

90 

100 

100 

90 

70 
80 
80 

1.4 

1.5 

1.4 

2.2 

2.1 

1.7 

1.4 
1.7 
1.8 

4. VICKERS HARDNESS TEST (on between-beads) 
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Conclusions 

The results show that for cross sections up to 500 mm, 2'/4Cr-lMo cast 
steel has very uniform properties when liquid quenched and adequately 
tempered. These property values, in general, are only slightly less than the 
values for specimens taken from coupons cast onto the sections. This is due 
to the excellent hardenability of this steel plus the insignificant effect of the 
as-cast macrostructure on the CCT diagram. Within a relatively wide cooling 
range, neither the macrostructure nor the decreased cooling rate in large sec
tions has a significant influence on the heat-treated microstructure. The 
prerequisite for this, however, is that the cooling rate, after the hardening, is 
fast enough. A liquid quench seems necessary. The measured notch tough
ness transition curves show the good impact toughness of this steel with a 
NDT of about 0°C. All these factors, together with the good high tempera
ture strength up to 550°C, indicate that this steel is suitable for thick-walled 
castings at room temperature and at higher temperatures. The good 
weldability of 2'/4Cr-lMo cast steel, using an electrode of similar composi
tion, is confirmed by the test results. 

Note 

This paper is a contribution by the Swiss Working Group for Creep 
Resisting Steels (George Fischer Ltd., Schaffhausen; Sulzer Brothers Ltd., 
Winterthur; Brown Boveri Ltd., Baden; Escher Wyss Ltd., Zurich; Von 
Roll, Gerlafingen). 
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M. Kohno,' M. Makioka, ^ S. Kinoshita, ^ and A. Suzuki^ 

Mechanical Properties of Vacuum 
Carbon-Deoxidized Thick-Wall 
2y4Cr-1Mo Steel Forging 

REFERENCE: Kohno, M., Makioka, M., Kinoshita, S., and Suzuki, A., "Mechanical 
Properties of Vacuum Carbon-Deoxidized Thiclc-Wall 2V4Cr-lMo Steel Forging," Appli
cation of2'/4Cr-lMo Steel for Thick-Wall Pressure Vessels, ASTM STP 755. G. S. Sang-
dahl and M. Semchyshen, Eds., American Society for Testing and Materials. 1982, pp. 
208-227. 

ABSTRACT: The effect of postweld heat treatment on the susceptibility to temper em-
brittlement of 2'/4Cr-lMo steel forgings which have various silicon contents has been in
vestigated. Then, to verify the validity of low-silicon 2'/4Cr-lMo steel for an actual forg
ing, the mechanical properties and the susceptibility to temper embrittlement of a 
2%-mm (11.7-in.)-thiek forged ring made from a 100-ton ingot with silicon content re
duced to below 0.10 percent by the vacuum carbon deoxidation (VCD) process have been 
tested. The results are as follows: (/) the through-thickness mechanical properties of the 
forging meet the requirements of ASME SA-336, F22; (2) silicon content has no signifi
cant effect on the creep-rupture strength at least to 15 000 h at 550°C (1022°F) and 600°C 
(1112°F); and (3) the susceptibility to embrittlement is very low, as the shift in 50 percent 
fracture appearance transition temperature is 14°C (25°F) tor step cooling and 22°C 
(40°F) for isothermal treatment at 47S°C (887°F) for 5000 h. 

KEY WORDS: 2V4Cr-lMo steel, mechanical property, temper embrittlement, creep 
strength, postweld heat treatment, silicon, vacuum carbon deoxidation process 

Temper embrittlement is of particular importance for 2V4Cr-lMo steels 
used in pressure vessels operating in the temperature range of 350 to 550°C 
(662 to 1022°F). It is well known that the reduction of silicon content de
creases the susceptibility to temper embrittlement [1-4].^ 

The ASME Code requires a prolonged holding time for postweld heat treat
ment (PWHT) of thick-wall steel forgings for pressure vessels; consequently, 
the tempering parameter [P] increases where [P] = T-{20 + log t) X 10^^ 

'Senior Researcher and Manager, respectively, Takasago Plant, Kobe Steel, Ltd., Hyogo-ken, 
Japan. 

^Assistant Manager, Takasago Plant, Kobe Steel, Ltd., Hyogo-ken, Japan. 
•'The italic numbers in brackets refer to the list of references appended to this paper. 
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where T is tempering or PWHT temperature, K, and t is tempering or 
PWHT time, h. 

Therefore, as a first step, the effect of PWHT on the susceptibility to 
temper embrittlement of 2'/4Cr-lMo steels with various silicon contents was 
investigated. As a second step, to verify the validity of low silicon 2'/4Cr-lMo 
steel for an actual forging, the mechanical properties and the susceptibility to 
temper embrittlement of a 296-mm (11.7-in.)-thick shell ring forged from a 
100-ton ingot with reduced silicon content reduced to below 0.10 percent by 
the vacuum carbon-deoxidation process were investigated. 

Influence of Post Weld Heat Treatment and Silicon Content on Susceptibility 
to Temper Embrittlement 

The chemical composition of 2'/4Cr-lMo steels used in the present study 
are shown in Table 1. The test materials were 25-mm (l.O-in.)-thick plates 
forged from lOO-kg ingots. After austenitizing at 940°C (1724°F), each plate 
was cooled at an average cooling rate of 58°C/min (104°F/min), correspond
ing to the cooling rate at the quarter thickness of a 200-mm (7.9-in.)-thick 
steel forging when water quenched. Tempering and PWHT under various 
conditions were then carried out in which the tempering parameter was in the 
range of 19.1 to 20.7. Heat treatment conditions are summarized in Table 2. 
After heat treatment, test materials were subjected to the step-cooling treat
ment described in Fig. 1. The propensity to embrittlement was measured 
mainly in terms of the shift in the fracture appearance transition temperature 
(vTrs) observed in the Charpy V-notch impact test. 

Figure 2 shows the vTrs before and after the step-cooling treatment, and 
Fig. 3 shows the shift in vTrs due to step-cooling embrittlement (AvTrs-sc). 
The vTrs of unembrittling steels with higher silicon contents, such as 0.22, 
0.34, and 0.57 percent, decreases steadily with increasing temper parameter. 
In unembrittling lower silicon steels, however, vTrs reaches a minimum at 
some temper parameter while the increasing silicon content increases the 
temper parameter at which vTrs touches bottom. After step-cooling treat
ment, on the other hand, vTrs in higher silicon steels peaks at a temper pa-

TABLE 1 —Chemical composition of test materials. 

Steel 

A 
B 
C 
D 
E 

C 

0.16 
0.13 
0.15 
0.13 
0.14 

Si 

0.05 
0.10 
0.22 
0.34 
0.57 

Mn 

0.50 
0.45 
0.61 
0.47 
0.49 

P 

0.012 
0.008 
0.011 
0.008 
0.009 

S 

0.010 
0.010 
0.012 
0.010 
0.012 

Cr 

2.17 
2.39 
2.43 
2.34 
2.43 

Mo 

1.04 
1.06 
1.00 
0.96 
1.03 

Sn 

0.005 
0.006 
0.005 
0.004 
0.007 

Sb 

0.0040 
0.0140 
0.0043 
0.0110 
0.0120 

As 

0.006 
0.008 
0.005 
0.007 
0.010 

X" 

16.6 
18.2 
15.7 
15.8 
18.8 

"X = (lOP -t- 5Sb + 4Sn -I- As, ppm)/100. 
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TABLE 2—Heat treatment conditions of test materials. 

Hardening • -940 CX3hr,CR:58 C/min 

-630°CX3hr AC 'P =18.5 

PWHT 

Step cooling 

620 CX20lnr FC ,P' = 19.1 

660°CX20hr FC P. = 19.9 

700°CX20hr FC P =20.7 

(P^=T C 20+!og t)x 10"^ 
T:tempering or PWHT temperature K 
t: tempering or PWHT time Hr 

(llOOOF) 
593°C 5 . 5 ° C / h r ( 1 0 ° F / h r ) 

i ^ a 2 ^ 7 5 ° F ) 5 .6oC/ ln r (10°F/hr ) 

Y^'^^^y 496°C , 2 . 8 ° C / h r ( B ° F / h r ) 

5 .6C /h r (10oF /h i r ) 

(9250F) 

60hr 

468 C 
(B75"F) 

125lnr 

2 .8 ' f c /h r (5°F /h r ) 

315°C 
(600OF) 

A . C 

FIG. 1—Step-cooling cycle. 

rameter which increases with increasing silicon content of the steel, although 
vTrs in lower silicon steel shows a steady decrease with the increase of temper 
parameter. Consequently, the silicon content does not greatly affect AvTrs-sc 
at a smaller temper parameter, as shown in Fig. 3. This is also shown in Fig. 
4. In general, the temper parameter applied to 2'/4Cr-lMo steel forgings with 
over 200 mm (8 in.) thickness is approximately 20.5 to 20.75 because the 
PWHT is carried out at a high temperature for a long time. Therefore reduc
ing the silicon content proves to reduce the susceptibility to temper embrittle-
ment induced by extended service of thick-wall 2V4Cr-lMo steel forgings at 
elevated temperatures. 

Figure 5 indicates the relationship between AvTrs-sc and tensile strength. 
Silicon content has a marked influence on the susceptibility to temper em-

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KOHNO ET AL ON VACUUM CARBON-DEOXIDIZED STEEL FORGING 211 

40 

20 

O 
o 

L. 
H > -20 

-40 

-60 

/ 

BSC, 
o 
A 
D 
0 
V 

ASC 
• 
A 
• 
• 
T 

Si 
0.05 
0.10 
0.22 
0.34 
0.57 

^ 

18 19 

80 

40 

-40 

- - 8 0 

21 

Tempering parameter P 

FIG. 2—vTrs before and after step-cooling treatment of 2'/4Cr-lMo steels with various silicon 
content. 

brittlement of medium-strength steels such as ASME SA-182 F22 and ASME 
SA-336 F22, but less influence on higher-strength steels of over 75 kgf/mm^ 
(105 ksi) tensile strength such as ASME SA-542, Class 1 and Class 2. 

It is found from Fig. 5 that a decrease in strength results in increasing sus
ceptibility to temper embrittlement for high-silicon steels, but the inverse is 
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FIG. 3—Effect of PWHT on temper embrittlertient in I'ACr-lMo steels with various silicon 
content. 

observed for low-silicon steels. Concerning the effect of strength on the sus
ceptibility to temper embrittlement of 2'/4Cr-lMo steel, Swift et al [5] and 
Clauser et al [6] reported that the loss in notch toughness after step-cooling 
treatment is greater in low-strength steels than high-strength steels, but 
Kinoshita and Katsumata [7] reported inverse results. This inconsistency can 
be explained by the result in Fig. 5, which indicates that the strength depen
dence of the susceptibility to temper embrittlement for the steels examined 
decreased at higher values of tensile strength. 

Auger microprobe analysis of phosphorus segregating on the grain bound
aries was performed to study the role of silicon to the susceptibility to temper 
embrittlement. Table 3 summarizes results, including results of intergranu-
lar fracture measurement on fractured V-notch Charpy specimens and the 
shift of the transition temperature due to step cooling. No segregation of tin 
and arsenic and little of antimony were detected. It is very interesting that 
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FIG. 4—Effect of silicon content on temper embrittlement in 2/4Cr-lMo steels. 

peak height ratios of P to Fe do not vary with silicon content in spite of ex
treme variations of impact transition temperature and intergranular fracture 
facets with silicon content. Thus, the shift of transition temperature does not 
relate with phosphorus concentration on grain boundaries but with the 
amount of intergranular fracture, which seems to support the suggestion of 
Yu and McMahon [8]. 

Effect of Chemical Composition on the Susceptibility 
to Temper Embrittlement 

The effect of chemical composition on the susceptibility to temper embrit
tlement of 2'/4Cr-lMo steels with an applied tempering parameter of 20.60 to 
20.75 has been investigated. Multiple regression analyses were performed 
with regression equations between AvTrs-sc and chemical composition as 
shown in Table 4 obtained. It has been found that the effect of silicon content 
is greater than that of other alloying elements in these equations. 
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FIG. 5—Relation between temper embrittlement and tensile strength of 2'/4Cr-lMo steels 
vith various silicon content. 

Correlation in the two equations at the top of Table 4 is well known, while 
the three equations at the bottom were obtained in the present study for 
2V4Cr-lMo steel. As can be seen, consideration of the small quantity of nickel 
and copper in 2'/4Cr-lMo steel results in better correlation, but (2Si + Mn)X 
was used as the temper-embrittling factor here for convenience since correla
tion coefficients in the two equations at the bottom of Table 4 do not make 
much difference. _ 

The correlation between AvTrs-sc and the embrittling factor (2Si + Mn)A^ 
is shown in Fig. 6, where vTr40 is the 54 J (40 ft-lb) transition temperature 
and AvTr40-sc is the_shift in vTr40 by step-cooling treatment. The critical 
value of (2Si + Mn)X for the Chevron Research Company (CRC) criterion 
[vTr40 + 1 . 5 AvTr40-sc < 38°C (100°F)], which is often used for commer
cial purposes, is about 17. The step-cooling treatment is utilized to determine 
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TABLE 3—Analysis of temper embrittlement." 

Si content, 
% 

0.10 

0.22 

0.57 

Tempering 
Parameter 

\P] X 10^^ 

19.9 

19.1 

19.9 

19.1 

20.7 

AvTrs-sc, 
°C 

(°F) 

28 
(50.4) 

40 
(72) 
45 

(81) 

40 
(72) 
61 

(109.8) 

Intergranular 
Fracture,* 

% 

15 

55 

60 

85 

90 

Auger Peak 
Height Ratio, 

P120/Fe703 X 100, 
% 

8.4 

8.0 

8.2 

10.7 

7.7 

"Auger analysis conditions: 

Incident beam energy 
Incident beam size 
Primary beam current 
Modulation voltage 

'Fractured in situ. 

SkeV 
0.75 ;i 
2.0 MA 

6eV 

Election multiplier voltage 
Sensitivity 
Vacuum 

1 keV 
20 X 
~ 5 X 10"'*ton-

TABLE 4—Regression equations between temper embrittlement and various 
embrittling factors in 2'/4Cr-IMo steel. 

Regression Equation 
Correlation 
Coefficient 

AvTrs-sc = 3.10(Si + Mn)jr - 10.7 0.82 
AvTrs-sc = 3.36(Si + Mn)(P^+ Sn)/100 - 10.7 0.80 
AvTrs-sc = 2.05(2Si + Mn)A' - 5.6 _ 0.84 
AvTrs-sc = (4.39Si + 1.40Mn + 2.28Ni)A' - 6.4 _ 0.86 
AvTrs-sc = (4.22Si + 1.28Mn + 2.39Ni -I- 2.81Cu)A' - 7.1 0.87 

"Si, Mn, Ni, Cu:%; P + Sn:ppm;X = (lOP + 5Sb -f 4Sn + As, ppm)/100. 

the relative susceptibility of a material to temper embrittlement, although it 
will not give quantitative evaluation for an actual service period. Thus an iso
thermal embrittlement treatment of 2'/4Cr-lMo steel was carried out at 
475°C (887°F) for 1000 to 5000 h. Figure 7 gives the isothermal embrittle
ment at 475°C (887°F) for three 2'/4Cr-lMo steels. Embrittlement appears to 
increase rapidly up to 3000 h, then levels off with a further increase of aging 
time up to 5000 h. Step-cooling embrittlement is found to be comparable 
with isothermal embrittlement at 475°C (887°F) for 800 to 1800 h. 
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FIG. (>—Correlation between temper embrittlement by step-cooling treatment and embrit
tling factor in 2'/4Cr-IMo steels. 

Figure 8 shows the relationship between the shift in vTrs by isothermal em
brittlement at 475°C (887°F) for 5000 h (AvTrs-475) and AvTrs-sc. A strong 
correlation is observed between the extent of isothermal embrittlement and 
step-cooling embrittlement. Consequently, vTr40 after isothermal embrittle
ment at 475°C (887°F) for 5000 h can be estimated from step-cooling embrit
tlement (Fig. 9). If vTr40 + 1.5 AvTr40-sc is controlled below 38°C (100°F), 
vTr40 after isothermal embrittlement at 475°C (887°F) for 5000 h is also 
below 38°C (100°F). Figure 10 shows the relation between AvTrs-475 and 
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FIG. 7—Change in vTrs of 2'/4Cr-IMo steels by isothermal embrittlement at 475°C. 

embrittling factor (2Si + Mn)J!t. There also seems to be a strong correlation, 
the same as in step-cooling embrittlement. 

Mechanical Properties of 296-inin (11.7-in.)-Tliiclc Low-Silicon 2V4Cr-lMo 
Steel Forging 

The outline of the manufacturing process for 2V4Cr-lMo steel forged ring 
used in this study is shown in Table 5. A vacuum carbon-deoxidized 100-ton 
ingot was forged to a shell ring. The forged ring was water quenched and 
tempered after rough machining to 296 mm (11.7 in.) thickness and 3544 
mm (139.5 in.) outer diameter. The mechanical properties of the forging 
were investigated using the test coupons taken from top and bottom prolon
gations. 
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FIG. 10—Correlation between temper embritttement by isothermal treatment at 475°C and 
embrittlement factor in 2'ACr-lMo steels. 

Table 6 shows the check analysis of the forged ring. The variation of each 
element from top to bottom is minimum. The silicon content is reduced to 
0.04 to 0.07 percent. 

Tensile properties of the forged ring are shown in Fig. 11. Tensile proper
ties are within the range of specification requirements of ASME SA-336, F22 
after PWHT of 695°C (1283°F) for 20 h F.C. {[P] = 20.68); no significant 
difference in properties were found through the thickness. Tensile and yield 
strength at elevated temperatures are shown in Fig. 12. For steel subjected to 
PWHT to a tempering parameter below about 20.7, the tensile strength in 
the range of 400 to 500°C (752 to 932°F) is more than three times the maxi
mum allowable stress specified by the ASME, Section VIII, Division 2. 

Charpy Code, impact properties and nil-ductility transition temperature 
(TNDT) of the forged ring are shown in Fig. 13. This forging has sufficiently 
high toughness at any location. 

Creep rupture tests of the forging were conducted at 550°C (1022°F) and 
600°C (1112°F) up to 15 000 h; results are shown in Figs. 14 and 15 com
pared with steel of ordinary silicon content. There is no difference in creep 
rupture strength between low and ordinary silicon steel, and the data are 
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TABLE 5—Manufacturing process of low-silicon 2'/4Cr-lMo steel forged ring. 

Melting 
Ingot Making 

Forg ing 

Annealing 

Rough 
Machining 

Welding of 

Thermal 
Buffer 

Heat 

Treatment 

Melt ing Fu mace : ! 00 ton Basic E lec t r i c Furnace 
2 Ingot Making :Top Degassing+Vacuum Casting 

(Vacuum Carbon Deoxidation) - 100 ton Ingot 
3 Ladle Analysis 

[ 

c Si Mn P S 
0.14 0.04 0.50 0.0110.015 

D ^ 0 18()0*1 

Cr 
2.40 

Mo 
1.04 

r-

U303C 
100 ton Ingot Rough Forg ing Discard 

0-t- ^ - 3 6 0 0 ' ^ Ring Forg ing 

2000 - * U, . :_U. .CC. „ „ 
Upsetting & Flinching 

^900t 
T 

1960 

± 

Weight:55ton 

>600 PC 
710 °C 

)00 PC ^ 

-1 5 h r - l 1^1 2hr-

900 °C 

FC 

k-3544'^-

K2952^ iloo Weight:45 ton 

3 0 0 ^ 2 9 6 

! I T^e^ma1 *1 
J H Buffer / / 

930°C 

/ 0 ! C / U h n j 
/l*-5hr4 

_675°C 

AC 

located in the middle of scatter band for ASTM creep rupture data for 
2i/4Cr-lMosteel[9]. 

To evaluate the susceptibility to temper embrittlement of a forged ring, 
step-cooling and isothermal treatments at 475°C (887°F) were carried out. 
Changes in impact properties by the embrittling treatment are shown in 
Tables 7 and 8. With the shift in vTrs being 10 to 14°C (18 to 25°F) for step-
cooling treatment and 17 to 22°C (31 to 40°F) for isothermal treatment at 
475°C (887°F) for 5000 h, the susceptibility to temper embrittlement was 
found to be very low. 

As a result of this investigation, it is confirmed that a thick-wall 2V4Cr-lMo 
steel forged ring made from a 100-ton ingot with the silicon content reduced 
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TABLE 6—Chemical analysis of low-silicon 2'/4Cr-lMo steel forged ring. 

Top 

5 6 

9 10 
1'3 14 

- 35001^ -

Bottom 

11 12 
15 16 

440 

T 
1890 

440 

Locat ion 

1 

2 

3 

4 

5" 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Ladle 

A336F22 
Spec . 

Chemical Ana lys is (%) 
C 
.14 

.15 

.15 

.14 

.14 

.15 

.15 

.14 

.14 

.13 

.13 

.14 

.14 

.12 

.12 

.14 

.14 

£15 

S i 
.05 

.05 

.05 

.05 

.04 

.04 

.05 

.04 

.07 

.06 

.05 

.05 

.06 

.07 

.05 

.06 

.04 

^ 5 0 

Mn 
.52 

.53 

.53 

.54 

.52 

.54 

.51 

.52 

.52 

.50 

.52 

.52 

.52 

.49 

.50 

.52 

.50 

.30 

P 
.009 

.009 

.010 

.009 

.009 

.010 

.010 

.009 

.008 

.007 

.008 

.008 

.009 

.007 

.007 

.009 

.011 

£ 0 3 0 

S 
.014 

.014 

.015 

.013 

.013 

.015 

.015 

.013 

.012 

.011 

.012 

.013 

.013 

.010 

.010 

.013 

.015 

£ 0 3 0 

Cu 
.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.04 

— 

Ni 
.15 

.16 

.17 

.16 

.16 

.16 

.17 

.17 

.16 

.15 

.15 

.15 

.15 

.14 

.15 

.16 

.17 

— 

Or 
2.38 

2 .39 

2.41 

2 .39 

2 .40 

2.41 

2.39 

2 .39 

2.36 

2.30 

2 .36 

2.36 

2.37 

2 .29 

2 .30 

2 .35 

2 .40 

2 .00 
2 .50 

Mo 
1.05 

1.05 

1 .06 

1.07 

1 .04 

1 .10 

1.08 

1.06 

1.03 

.98 

1 .03 

1 .03 

1.04 

.98 

.99 

1.06 

1 .04 

.90 
1.10 

Al 
.001 

.002 

.002 

.001 

.001 

.002 

.001 

.002 

.001 

.001 

.001 

.001 

.001 

.003 

.003 

.002 

.003 

— 

"Sn=0.004 As=0.005 Sb=0.0041 
X=( 10P+5Sn+4Sb+As ,ppm)/l 00=13.2 
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FIG. 11—Tensile properties at various locations in thickness of low-silicon 2/4Cr-IMo steel 
forged ring after PWHT. 

below 0.10 percent by the VCD process has mechanical properties which sat
isfy the specification requirements of ASME SA-336, F22, and also has good 
resistance to temper embrittlement. 

Conclusions 

From the results of the present investigation, the following conclusions 
have been obtained: 

1. The effect of silicon content on the susceptibility to temper embrittle
ment is greater for the higher temper parameter required for thick-wall 
2'/4Cr-lMo steel forgings. 
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FIG. 12—Yield and tensile strength at elevated temperature of low-silicon 2'/4Cr-lMo steel 
shell ring after PWHT. 

2. The reduction of silicon content does not affect the phosphorus concen
tration on grain boundaries, but the quantity of grain boundaries which can 
be fractured is reduced. 

3. An embrittling factor defined as (2Si + Mn, %)X, where X = (lOP + 
5Sb + 4Sn + As, ppm)/100, provided a good indication of the susceptibility 
to temper embrittlement of a thick-wall 2'/4Cr-lMo steel forging in step-cool
ing and in isothermal embrittlements at 475°C (887°F). 

4. The reduction of silicon content did not affect the creep rupture strength 
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FIG. 14—Creep rupture strength of low-silicon 2/4Cr-IMo steel forged ring. 

TABLE 7—Clictnge in inipucf properties of low-silicon 2 ACr-lMo steel forged ring by 
step-cooling emhriltlement. 

vTr40 + 
1.5 

vTrs. °C (°F) AvTrs, vTr40, °C (°F) AvTr40, AvTr40. 
Of-^ . . . . . Oi-"" Of--

Location Direction BSC" ASC'' (°F) BSC ASC {°F) {°F) 

'/At 

tangential 

axial 

- 4 3 
(-45) 

- 3 0 
(-22) 

- 2 9 
(-20) 

- 2 0 
( -4 ) 

14 
(25) 

10 
(18) 

- 6 3 - 4 8 15 -40.5 
(-81) (-54) (27) ( -41) 

-59 -49 10 -44 
(-74) (-56) (18) (-47) 

"BSC: Before step cooling: AvTrs: shift in vTrs. 
''ASC: After step cooling; AvTr40: shift in vTr40. PWHT: 695°C for 20 h F.C. 

of 2'/4Cr-lMo steeL Thus thick-wall 2V4Cr-lMo steel forgings with reduced 
silicon content below 0.10 percent by vacuum carbon-deoxidization process 
showed excellent mechanical properties and good resistance to temper em-
brittlement. 

We conclude that low-silicon 2'/4Cr-lMo steel is extremely suitable for 
thick-wall pressure vessel material, especially for pressure vessels operating 
in the temperature range of 350 to 550°C (662 to 1022°F). 
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Alloy Modification of Thick-Section 
2V4Cr-1 Mo Steel 

REFERENCE: Kar, R. J. and Todd, J. A., "AUoy Modification of Tliicii-Section a'ACr-
IMo Steel," Applicalion of I'ACr-lMo Steel for Thick-Wall Pressure Vessels, ASTM 
STP 755. G. S. Sangdahl and M. Semchyshen, Eds., American Society for Testing and 
Materials, 1982, pp. 228-252. 

ABSTRACT: The manufacture of large-scale pressure vessels required for coal gasifica
tion and liquefaction systems requires a steel technology capable of producing plates up 
to 400 mm (16 in.) thick with good combinations of strength, fracture toughness, resis
tance to hydrogenous environments, weldability in the field, and resistance to temper em-
brittlement. A research program was initiated with the object of optimizing niicrostruc-
ture and mechanical properties of thick-section 2'/4Cr-lMo steels through compositional 
modifications. It was found that minor additions of nickel and manganese led to im
proved mechanical properties in simulated slow-cooled thick plates through the presence 
of optimum microstructural constituents. 

As an extension to this program, the temper-embrittlement susceptibility, hydrogen-
attack resistance, weldability, fracture toughness, and elevated temperature properties of 
the modified alloys are now being compared with those of commercial SA 387 steel. A 
summary of results obtained to date is presented. 

KEY WORDS: 2'/4Cr-lMo steel, thick section applications, microstructure, mechani
cal properties, impact toughness, temper embrittlement, hydrogen attack, weldability, 
alloy design, nickel-manganese modifications 

The vessels required for coal gasification and liquefaction systems will, for 
economic reasons, be the largest pressure vessels ever constructed in the 
United States; for example, recent figures suggest vessel dimensions of 61 m 
(200 ft) in height and 6.1 m (20 ft) in diameter [/].•' They will contain hydro
gen at elevated temperatures and pressures of 20 700 to 27 580 kPa (3000 to 
4000 psi) [2], and therefore wall thicknesses of at least 300 mm (12 in.) and 
possibly 400 mm (16 in.) will be required for the support structure. In addi-

'Senior Metallurgist, Anamet Laboratories, Inc., Berkeley, Calif. 94710. 
•^Research Engineer, Department of Materials Science and Mineral Engineering, University 

of California. Berkeley, Calif. 94720. 
^The italic numbers in brackets refer to the list of references appended to this paper. 
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tion, because it will not be possible to shop fabricate the entire vessel due to 
size and transportation difficulties, field fabrication techniques must also be 
developed. The steel selected by designers for these vessels is 2'/4Cr-lMo 
steel, which is widely used in the petrochemical industry because of its good 
elevated temperature properties [3] and its resistance to hydrogen environ
ments [4]. However, the large wall thicknesses and the pressure/temperature 
regimes of the proposed systems will go considerably beyond present experi
ence and indicate that the following metallurgical problems must be carefully 
considered. 

Hardenability—During spray quenching from the austenitizing tempera
ture, a uniform martensitic or lower bainitic microstructure is desired for op
timum mechanical properties on subsequent tempering. However, the slow 
cooling rates occurring within the interiors of thick plates can lead to mixed 
ferritic/bainitic microstructures in a wide region of the plate [5-8\, with a 
consequent deterioration in mechanical properties. 

Hydrogen-Attack Resistance—Elevated temperature/pressure hydrogen 
can react with carbon in interstitial solid solution resulting in initial decar-
burization, followed by destabilization of the carbides and the formation of 
methane bubbles at grain boundaries [9]. Marked deterioration in strength 
and toughness is observed at this stage. Stable carbide compositions, mor
phologies, and distributions are required to reduce this problem. 

Temper Embrittlement Susceptibility—Reversible temper embrittlement 
occurs when trace impurities such as phosphorus and tin segregate to prior 
austenite grain boundaries either on slow cooling from the austenitizing 
temperature or on prolonged exposure to temperatures in the range of 350 to 
550°C [10]. Phosphorus is known to be a potent embrittling element in 
2i/4Cr-lMo steels [70,//]. 

Elevated Temperature Properties—Good creep strength and fracture 
properties may be required up to temperatures of 750°C in these vessels. 

Weldability—The high deposition rate welding processes required for field 
fabrication of 400-mm (16-in.)-thick vessels may result in a wide range of 
metallurgical and inspection problems. Of particular interest to this program 
are the heat-affected zone microstructures produced in thick-section welds. 

The object of this research program was to optimize the microstructures 
and associated mechanical properties in thick-section 2V4Cr-lMo steel 
through compositional modifications. Minor alloy additions of manganese 
and nickel were selected because these elements are known to enhance the 
hardenability of low-alloy steels [7], and improved combinations of strength 
and impact toughness were obtained. Recent research programs [12,13] have 
been initiated to determine whether the additions of manganese and nickel 
affect the temper embrittlement susceptibility of 2'/4Cr-lMo steel and 
whether this phenomenon can be eliminated by the addition of rare-earth 
elements. An assessment of the hydrogen-attack behavior and the weldability 
of the alloy modifications is currently in progress. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



230 APPLICATION OF 2V4Cr-1Mo STEEL 

Materials 

The 2'/4Cr-lMo steels used in this investigation were supplied by Lukens 
Steel Company, Coatesville, Pennsylvania, in the form of 68-kg (150-lb) 
heats which had been air induction melted. The ingots were then upset 
forged and cross rolled into 30-mm (l'/4-in.) plates from which test speci
mens were cut. The alloy compositions of the heats used are given in Table 1. 
Additional remelts were made by ESCO, Portland, Oregon, for the temper 
embrittlement study; these compositions are given in Table 2. 

Experimental Procedure 

In view of the limited quantity of material available to the program, 
simulation heat treatments were developed to produce microstructures 
representative of thick-section steel plates. Cooling rates corresponding to 
those of the quarter-thickness locations of 150 to 300 mm (6 to 12 in.) plates 
were supplied courtesy of Lukens Steel Company, accurately reproduced in 
the laboratory, and used to program an induction furnace. The validity of 
such techniques has been discussed elsewhere [7]. 

[It should be noted that the cooling rates used in this investigation were 
conservative compared with actual commercial practice capability. This can 
be seen in Fig. 1, which compares the cooling rates used in this program with 
data from pressure vessel fabricators supplied courtesy of G. S. Sangdahl, 
Chicago Bridge and Iron Co. It would therefore appear that rates slower than 
10°C/min (20°F/min) used in this study are actually representative of com
mercial 300 to 400 mm (12 to 16 in.) plate.] 

After simulated cooling, specimen blanks were tempered in neutral salt 
pots to time-tempering parameters of 34.1 and 36.2 (4 h at 650°C and 
700°C) and then finished to size using appropriate flood-cooling techniques. 

The mechanical properties evaluated in the work included room tempera
ture tension tests and impact properties using Charpy V-notch impact 
specimens (L-T orientation). These tests were performed in accordance with 
ASTM Methods of Tension Testing of Metallic Materials (E 8-79a) and 
Methods for Notched Bar Impact Testing of Metallic Materials [E 23-72 
(1978)], respectively. 

Microstructural examination was carried out using optical metallography 
and transmission electron microscopy. In addition, fractured Charpy speci
mens were examined with an AMR 1000 scanning electron microscope. 

Results and Discussion 

The results obtained in the investigation can be classified into the follow
ing sections: 

1. Comparison between the mechanical properties of modified and base 
2'/4Cr-lMo steels. 
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FIG. 1—Comparison between cooling rate data supplied to program by Lukens and data from 
commercial pressure vessel fabricators (Courtesy G. S. Sangdahl, Chicago Bridge and Iron). 

2. Correlation between the microstructures of both the modified alloys and 
base 2'/4Cr-lMo steels with their observed mechanical properties. 

3. Reversible temper embrittlement studies of 2'/4Cr-lMo steel and two of 
its nickel-manganese modifications. 

4. The effects of rare-earth additions on the temper embrittlement suscep
tibility of 2'/4Cr-lMo steel. 

5. An overview of the current research programs investigating the hydro
gen-attack resistance and the weldability of the modified alloys. 

Nickel and Manganese Modifications of I'ACr-lMo Steel 

The slow cooling that occurs on spray quenching 200- to 300-mm-thick 
plates of 2V4Cr-lMo steel results in the formation of a second phase in the 
microstructure which is commonly referred to as polygonal, free, or pro-
eutectoid ferrite [14]. The associated degradation in tensile properties with 
increasing polygonal ferrite content has led to applications where design 
stresses are low and strength is not an important parameter [75]. 
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KAR AND TODD ON ALLOY MODIFICATION 233 

The approach in this research program was to increase the hardenability of 
thiclt-plate 2'/4Cr-lMo steel by minor compositional modification. Alloy ad
ditions of nickel and manganese were selected because they are known to 
retard the kinetics of the proeutectoid ferrite reaction in simple iron-carbon 
systems [16,17], and research by Kar [7] has shown that these elements are 
also effective in 2'/4Cr-lMo steels. The compositions of the modifications in
vestigated in this program are given in Table 1. 

Preliminary studies of the transformation kinetics of the modified alloys 
were carried out using high-speed dilatometry. It was found that additions of 
1 weight percent manganese and/or nickel were sufficient to completely sup
press the formation of free ferrite. The continuous-cooling transformation 
diagram for the 2'/4Cr-lMo alloy modified with 0.5%Mn + 0.5%Ni (re
ferred to as Base + O.SMn + 0.5Ni) is shown in Fig. 2. It was found that 
even for the slowest cooling rate (rate 8 = 2.8°C/min) no polygonal ferrite 
was observed. 

Figures 3a and 3b are optical microstructures of 2'/4Cr-lMo steel and the 
IMn modified steel cooled at 7°C/min. It can be seen that whereas the base 
alloy has about 40 percent polygonal ferrite in the structure, none was 
detected in the modified alloy. 

The mechanical properties of the modified alloys were evaluated after 
simulated heat treatments corresponding to a cooling rate of 7°C/min and 
tempering to two different Larson-Miller time tempering parameters (TTP) 
of 34.1 and 36.2. The tensile properties are given in Tables 3 and 4, and the 
impact properties are shown in Figs. 4 and 5. 

8 0 0 -

•e 600 

E 400 

2 0 0 -

I02 10' 
Time (sec) 

FIG. 2—CCT diagram of base + O.SMn + O.SNi alloy ICCT diagram of 2'A Cr-1 Mo base is 
also indicated by dotted line}. 
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TABLE 3—Tensile properties of developmental chromium-molybdenum alloys spray quenched 
at 7°C/min. plate, ^MTlocation." 

Reduc-
Yieid Strength, Tensile Strength, Elonga- tion of 

Type MPa (ksi) MPa (ksi) tion, % Area, % <T,,/aui, 

Base 
Base + IMn 
Base + O.SNi + O.SMn 
Base + O.SNi + 

O.SMn* 
Base + INi + O.SMn 

+ 0.75Cr 

409.S (S9.4) 
S91.5(85.8) 
615.0 (89.2) 

630.8 (91.S) 

619.7 (89.9) 

70S.9 (102.4) 
711.4(103.2) 
736.9(106.9) 

743.2(107.8) 

713.5 (103.S) 

21.5 
25.0 
24.1 

25.9 

26.0 

"Austenitized at 1000°C for 1 h; tempered at 650°C for 4 h (TTP = 34.1) 
'Grain refined. 

69.5 
72.8 
70.0 

69,8 

72.3 

0.58 
0.83 
0.83 

0.85 

0.87 

TABLE 4—Tensile properties of developmental chromium-molybdenum alloys spray quenched 
at 7°C/min. plate. 'ATlocation." 

Reduc-
Yield Strength, Tensile Strength, Elonga- tion of 

Type MPa (ksi) MPa (ksi) tion, % Area, % ff/a^,, 

Base 
Base + IMn 
Base + O.SMn -f O.SNi 
Base + O.SNi + 

O.SMn* 
Base + l.ONi + O.SMn 
Base + l.ONi + 

O.SMn + 0.75Cr 

499.1 (72.4) 
497.7 (72.2) 
485.3 (70.4) 

520.5 (7S.5) 
483.3(70.1) 

499.1 (72.4) 

639.8 (92.8) 
643.2 (93.3) 
631.5(91.6) 

649.4 (94.2) 
633.6(91.9) 

643.2 (93.3) 

24.9 
22.8 
23.8 

25.2 
28.7 

27.1 

71.9 
64.3 
69.9 

69.4 
70.9 

69.7 

0.78 
0.77 
0.75 

0.82 
0.76 

0.78 

"Austenitized at 1000°C for 1 h; tempered at 700°C for 4 h. 
* Grain refined. 

Examination of the tensile properties reveals that for the lower TTP (34.1 
= 4 h at 650°C) the effect of alloy addition was to cause an increase in the 
yield strength ranging from 180 to 220 MPa (25 to 35 ksi), whereas for the 
higher TTP (36.2 = 4 h at 700°C) the modified alloys had tensile properties 
equivalent to those of the base steel. However, a comparison of the impact 
properties (Figs. 4 and 5) reveals that the modified alloys were superior for 
both tempering conditions. For example, as can be seen in Fig. 5, for a TTP 
of 36.2 the base alloy has a FATT (50 percent brittle) at — 14°C, whereas the 
0.5Mn + O.SNi alloy showed a decrease in FATT to -58°C. 

Correlation of Microstructures and Mechanical Properties 

In an analyses of the mechanical properties discussed in the previous sec
tion, it is important to examine the microstructures in detail in order to ex
plain the observed results. For example, it cannot be said that the elimina-
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FIG. 4—Impact properties of modified alloys tempered at 650°C. 

tion of polygonal ferrite from the 7°C/min cooled microstructure is solely 
responsible for the improvements in mechanical properties [we note that for 
the higher TTP = 36.2, elimination of the second phase did not result in im
proved yield strength/ultimate strength ratios (Table 4)]. It is therefore im
portant to examine the as-quenched structures and assess their effect on the 
mechanical properties of the subsequently tempered plates. 

Examination of the base alloy and the nickel-manganese modifications 
was carried out using transmission electron microscopy. Figure 6 is a series of 
transmission electron micrographs of 2'/4Cr-lMo steel cooled at 7°C/min 
which shows the bainitic regions in the steel. As can be seen in Fig. 6a, the 
ferritic laths are in contact with each other and exhibited a fairly high 
dislocation density. Elongated stringers of interlath carbide (identified as 
cementite) are barely visible in the bright field, but can be clearly seen in the 
dark field formed by imaging a cementite spot. Thus the bainite observed in 
slow-cooled 2'/4Cr-lMo steel can be characterized as upper bainite [18], that 
is, ferritic laths with interlath cementite. 

In contrast, examination of the as-quenched structures of the nickel-man
ganese modified alloys cooled at the same rate (7°C/min) revealed that, 
apart from the elimination of polygonal ferrite from the microstructure (Fig. 
3b), the effect of alloy addition was to alter the morphology of the con-
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FIG. 5—Impact properties of modified alloys tempered at 700°C. 

tinuously cooled bainites that formed in these steels. (The bainite in base 
2'/4Cr-lMo steel was upper bainite, whereas that observed in the modified 
steels was primarily lower bainite [19], described below.) Figure 7 is a series 
of transmission electron micrographs of the IMn modified alloy cooled at 
7°C/min. It can be seen that the structure consisted of dislocated ferritic 
laths with carbides precipitating internally at an angle of 60 deg with the ma
jor axis of the lath. This structure was characteristic of lower bainite [19] 
where carbides precipitate internally at well-defined angles, rather than up
per bainite where carbides are interlath in nature [18]. 

It has been pointed out [7] that the initial microstructures formed on slow 
cooling play an important role in controlling the mechanical properties of 
thick plates on subsequent tempering; for example, the rate of alloy carbide 
precipitation during tempering is controlled by the dissolution of the cemen-
tite. Coarse interlath upper bainitic carbides are fairly resistant to tempering 
[20]; and it was observed that the tempering response of base 2'/4Cr-lMo 
steel (cooled at 7°C/min and tempered at 650°C) was much slower than that 
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of the modified nickel-manganese alloys where only fine, intralath lower 
bainitic carbides were found [7]. 

Figures 8a and 8b are a set of micrographs showing coarse Widmanstatten 
carbides within the bainitic lath (after tempering) of base 2'/4Cr-lMo steel. 
In addition, elongated stringers of cementite can be seen precipitated at 
bainite-polygonal ferrite boundaries. No precipitation of alloy carbide could 
be detected for this tempering treatment. In contrast, the nickel-manganese 
modified alloys showed precipitation of alloy carbide on tempering to the 
same TTP = 34.1. This can be seen in Fig. 9 which shows precipitation of 
alloy carbide, identified by selected area diffraction as M02C. Coarse Wid
manstatten cementite can also be seen within the bainitic laths (Fig. 9b}. 

Therefore, in summary, tempering to a TTP of 34.1 (4 h at 650°C) resulted 
in improved tensile properties in the modified alloys due to the elimination of 
polygonal ferrite and the improved tempering response of the lower bainitic 
microstructure. Further, as shown by Kar [7], tempering to a TTP of 36.2 
results in extensive coherent alloy carbide precipitation in both the bainitic 
and ferritic phases of the base alloy and in the bainite of the modified alloys. 
The alloy carbides play an important role in governing the flow stress of these 
steels, resulting in equivalent yield strength/ultimate strength ratios. How
ever, the impact properties of the modified alloys are certainly superior to the 
base alloy even at equivalent strength levels. 

Temper Embrittlement Susceptibility 

The embrittlement susceptibility of low-alloy steels is known to depend on 
microstructure, strength, and alloy composition [21-23], yet few systematic 
studies of these variables have been made. As nickel and manganese addi
tions have been found to enhance the temper embrittlement susceptibility of 
high-chromium steels [24], a detailed investigation of the alloy modifications 
developed at the University of California-Berkeley is in progress to evaluate 
the effect of both compositional and microstructural variables on the temper 
embrittlement susceptibility of 2'/4Cr-lMo steel. The alloy compositions 
chosen were commercial 2y4Cr-lMo, as the base alloy, Base + IMn, Base + 
0.5Mn + 0.5Ni. A second series of alloys was chosen to investigate the effect 
of rare earth additions in reducing the embrittlement susceptibility of 2VACT-

IMo steel. All steels had similar levels of phosphorus. 
The first series of tests was carried out on quenched and tempered 

microstructures (corresponding to the surface properties of commercial thick 
plate). (Viswanathan and Joshi [23] have suggested that greater phosphorus 
segregation is observed in tempered martensite structures than in tempered 
bainites.) Heat treatments consisted of austenitizing at 1000°C for 1 h, 
followed by an agitated oil quench, tempered at 650°C for 4 h, and then em
brittled by isothermal aging at 483°C for lOQO h. The embrittlement suscep
tibility was measured by the shift in transition temperature in Charpy tests 
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FIG. ^—Micrographs of 7°C/min cooled I'ACr-lMo steel tempered at 650°C for 4 h. 
Cementite precipitation within bainite laths and at polygonal ferrite/hainite boundaries is 
clearly seen. 
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carried out for embrittled and nonembrittled specimens. The Charpy impact 
results are shown in Table 5 and indicate that the base steel and alloy 
modifications have comparable shifts in 50 ft-lb impact transition tempera
ture (AT = 40 to 50°C). Figure 10 shows that both the FATT and the 50 
ft • lb transition temperature of the modifications lie well below room temper
ature, and that even after a shift of 40°C (50 ft-lb transition temperature) the 
properties of the 0.5Mn + 0.5Ni modification appear to be superior to those 
of base 2V4Cr-lMo steel. 

When the alloy modifications were given a simulated cooling rate of 
7°C/min followed by tempering at 650°C and isothermal aging at 483°C for 
1000 h, the 50 ft-lb transition temperature increased to —6°C (0.5Mn + 

TABLE 5—Temper embrittlement. 

Alloy 

Base-
Base + IMn" 
Base + O.SMn + 

O.SNi" 
Base + IMn* 
Base + O.SMn + 

O.SNi* 

Unembrittled 

SO ft-lb 

- 6 3 
-47 .5 

- 7 0 
- 5 0 

- 4 5 

, °C 

Upper Shelf 

98 
97 

106 
105 

98 

50 ft-lb 

- 2 3 
- 5 

- 2 2 
+ 8 

- 6 

Embrittled, °C 

Upper Shelf 

96 
93 

100 

^T 

40 
42.5 

48 
58 

39 

''1000°C for 1 h; oil quench; 650°C for 4 h; 483°C for 1000 h. 
*1000°C for 1 h; simulated cool at 7°C/min; 700°C for 4 h; 483°C for 1000 h. 
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FIG. \0—Impact properties of base + O.SMn + O.SNi tempered at 650°C. 
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O.SNi; AT = 39°C) and +8°C (IMn; AT = 58°C) (Table 5 and Fig. 11). 
The properties were comparable with those of the base steel after tempering 
at 700°C followed by isothermal aging at 483°C for 1000 h. 

Some preliminary results have also been obtained from base 2V4Cr-lMo, a 
remelt of this steel, and a second remelt with a rare-earth addition. The com
positions of these steels are given in Table 2. Several authors [25] have sug
gested that additions of rare-earth elements may reduce temper embrittle-
ment significantly in steels containing commercial levels of phosphorus. Seah 
et al [25] have proposed an optimum addition of La = 8.7%S -|- 2.3%Sn + 
4.5%P (wt %) or an equivalent amount of misch metal. Based on this calcu
lation, a laboratory ingot containing 0.11%Ce and 0.03%La was cast. The 
embrittlement susceptibility of this steel was compared with that of the base 
steel after a heat treatment consisting of austenitizing at 1000°C for 1 h, 
simulated cool 7°C/min, temper at 700°C for 4 h, and isothermal aging at 
483°C for 1000 h. A tempering temperature of 700°C was used for direct 
comparison with the data of Seah et al [25]. Preliminary results (Table 6 and 
Fig. 11) indicate that this addition was effective in reducing the 50 ft lb im
pact transition temperature to — 42°C (compared with — 2°C for the embrit
tled base steel). The impact fracture surfaces broken at — 196°C for the em
brittled remelt and remelt + rare-earth addition are shown in Figs. 12 and 
13. It can be seen that whereas the remelt exhibited extensive embrittlement 
(as indicated by decohesion at prior austenite grain boundaries), the rare-

120 
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20 

-200 
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542 M 
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Tempered ot 650°C 
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547E 
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FIG. 11—Impact properties of temper embrittled modifications and remelted alloys. RB5E 
= base; 542M = remelt + rare-earth: AAA = remelt: 547 E = base + O.SMn + O.SNi: 
543E = base + IMn. 
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Alloy 

Base" 
Remelt" 
Remelt + R.E." 

TABLE 6 '—Temper embrittlement. 

Unembrittled 

50 ft lb 

- 5 
- 5 
- 5 

Upper Shelf 

105 
105 
105 

50 ft-lb 

- 2 
- 8 

- 4 7 

Embrittled 

Upper Shelf 

117 
112 
112 

AT 

3 
- 3 

- 3 7 

"lOOO^C for 1 h; simulated cool at 7°C/min; 700°C for 4 h; 483°C for 1000 h. 

earth alloy failed by transgranular cleavage. Further work to investigate the 
role of the rare-earth additions in reducing temper embrittlement suscep
tibility of 2V4Cr-lMo steel is now in progress. In addition, detailed transmis
sion electron microscopy studies of these alloys are also being carried out. 

Overview of Current Research Program 

Hydrogen Attack—In the past, selection of steels for petrochemical appli
cations has been made on the basis of the well-known Nelson [9] diagrams 
which indicate temperature-pressure regimes where low-alloy steels would be 
safe from hydrogen attack. However, little is known about the behavior of 
2'/4Cr-lMo steel in hydrogen pressures of 20 700 to 27 580 kPa (3000 to 4000 
psi) that would be typical of coal liquefaction systems [2]. In addition, the 
important factors governing carbide stability are not fully understood. 
Geiger and Angeles [4] have suggested that precipitation of alloy carbides in 
2"/4Cr-lMo steel improves the hydrogen-attack resistance; research is cur
rently in progress to compare the susceptibilities of the base and modified 
alloys. 

Samples of simulated-cooled (7°C/min) 2'/4Cr-lMo steel tempered at 
650°C (TTP = 34.1) which showed very little alloy carbide precipitation are 
being compared with the modified alloys (which had extensive alloy carbide 
precipitation at 650°C). Samples are being exposed to high-pressure hydro
gen at temperatures in the range of 450 to 550°C for time periods of up to 
1000 h. The hydrogen-attack susceptibilities will be compared by the reduc
tion in ductility during tensile tests. Further detailed microstructural studies 
are being undertaken of exposed specimens to establish the role of the non-
carbide forming elements, nickel and manganese, in determining the hydro
gen-attack resistance. 

Weldability—It is well known [26] that increasing the hardenability of low-
alloy steels can raise the hardness levels in the heat-affected zone (HAZ) and 
contributes to problems such as cold cracking of the weldments. The addi
tions of O.SMn + 0.5Ni to 2'/4Cr-lMo steel in the present work are thought 
to be sufficiently low as to have little effect on the weldability of these steels. 
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However, detailed microstructural characterizations are required to ensure 
that these alloy additions have no detrimental effect. Rather than begin with 
a synthetic weld test (such as a Gleeble test), it was decided to run a series of 
bead on plate tests using the submerged arc welding process so that the 
"worst case" HAZ microstructures could be examined. Experiments are cur
rently underway to investigate the effects of heat input (40, 80, and 120 
kJ/in.) and preheats (300, 400, and 500°F) on the HAZ microstructures. 
Welds will be evaluated by magnetic particle testing microhardness tests, op
tical metallography, and bend tests. The weldability of the modified alloys 
will be compared with 2V4Cr-lMo steel. 

Conclusions 

1. The effect of minor alloy additions of nickel and manganese to 2'/4Cr-
IMo steel resulted in improved tensile and impact properties for simulations 
characteristic of spray-quenched 300- to 4(X)-mm-thick plates. 

2. Microstructural examination revealed that the effect of alloy modifica
tion was to eliminate formation of polygonal ferrite from 2'/4Cr-lMo steel for 
all the cooling rates used. Further, additions of manganese and nickel al
tered the morphology of the continuously cooled bainite that formed in 
2'/4Cr-lMo steel from upper bainite to lower bainite. 

3. Modification of 2'/4Cr-lMo steel through alloy additions of manganese 
and nickel altered its tempering response so that alloy carbide precipitation 
occurred at a lower temperature. 

4. Preliminary reversible temper embrittlement studies on the manganese-
nickel modified alloys indicate that the alloy additions do not appear to alter 
the temper embrittlement susceptibility of 2'/4Cr-lMo steel for quenched 
and tempered treatments. 

5. The effect of rare-earth additions to 2'/4Cr-lMo steel appears to be ef
fective in reducing the temper embrittlement susceptibility, since isothermal 
aging of 2'/4Cr-lMo steel modified with cerium and lanthanum did not result 
in severe temper embrittlement. 
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755, G. S. Sangdahl and M. Semchyshen, Eds., American Society for Testing and 
Materials, 1982, pp. 255-274. 

ABSTRACT: As energy demands steadily increase, industry will require a new genera
tion of pressure vessels to expand the capacities of existing crude oil refineries and to 
establish synthetic fuels capabilities. These vessels will be a challenge to fabricators. The 
probable choice of 2'/4Cr-lMo steel will require special attention during fabrication to 
maintain metallurgical quality. Many of the vessels will be larger than ever; wall 
thicknesses of 250 to 410 mm (10 to 16 in.) and total weights of 1800 metric tons (2000 
tons) and more will be realities. This may necessitate complete field assembly, including 
welding, nondestructive examination, and postweld heat treatment. 

The sizes of the vessel are formidable, but the complexity of the projects is not new and 
the technology is available. Shop fabrication of components which are then shipped to 
the site is the typical approach. However, when site location or size of the pressure vessel 
prohibits transportation, extensive fabrication and complete assembly in the field is re
quired. Lifting equipment can be tailored to the configuration of the vessel and the 
demands of the project. Heavy plates can be welded with various techniques that ensure 
good mechanical properties without sacrificing quality. Nondestructive examination 
(NDE), including radiography, is the same quality available in the shop. Postweld heat 
treatment (PWHT) can be accomplished in sections, or the entire structure can be in
sulated and stress relieved in a single operation. 

Fabrication of the new generation of large pressure vessels is a natural extension of 
previous experience in field-assembled structures. The techniques and technology 
necessary to build quality vessels on schedule exist now. 

KEY WORDS; pressure vessels, 2'/4Cr-lMo material, heavy wall thicknesses, field 
fabrications, preheat, postheat, automatic submerged arc welding, stainless steel over
lay, nondestructive examination, machining, erection, postweld heat treatment 

A new generation of extremely large pressure vessels will be needed to pro
cess synthetic fuels. Pressure vessels with wall thicknesses approximating 380 
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mm (15 in.) and total weights of 1800 metric tons (2000 tons) and more are 
on designers' drawing boards. Because they will require extensive field fabri
cation, these vessels pose a formidable challenge to fabricators. 

Several recent papers have questioned the adequacy of applying current 
fabrication techniques in the field to these giant pressure vessels [1-3].-^ These 
papers have issued challenges to industry and to the scientific community to 
characterize existing materials, to develop new materials, to find faster 
welding processes without sacrificing mechanical properties, and to improve 
techniques for nondestructive examination (NDE). Research and develop
ment of materials are beyond the scope of this paper, but have been ad
dressed in other papers in this volume. The state of the art of field fabrication 
and erection indicates that the technology for building quality heavy-wall 
pressure vessels exists now. In fact, fabricating extremely large pressure 
vessels in the field is a natural extension of techniques and capabilities 
already proven in both the petrochemical and the nuclear industries. 

Synthetic-Fuels Vessels—Family of Giants 

Figure 1 shows an exploded view of a pressure vessel typical of those that 
will be used for synthetic fuels. The immensity of these vessels is evident 
when we consider one proposed design: 

Diameter = 12.2 m (40 ft) 
Tangent length = 38.1 m (125 ft) 
Thickness = 318 mm (12.5 in.) 
Weight = 3900 metric tons (4250 tons) 

While the dimensions and weight cited in this example are impressive, this is 
not an extreme case. Plates and forgings up to 510 mm (24 in.) thick are 
commercially available. If the vessel in this example were 410 mm (16 in.) 
thick, the total weight would be 5150 metric tons (5600 tons)! 

Shop versus Field Fabrication 

Fabrication Approaches 

There are several approaches to fabricating a vessel: 

1. A shop built-up vessel (shop BU) is a vessel that is completely fabri
cated in a shop and shipped to the jobsite as one complete package. 

2. A field-erected vessel usually has individual plates or rings, internals, 
and various components fabricated in the shop and then shipped to the job-
site for erection. The welding, NDE, and postweld heat treatment (PWHT) 
necessary for the joints are performed in the field. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Exploded view of typical heavy-wall reactor. 

Size Limitations for Shop BU Vessels 

The decision to completely fabricate a vessel in the shop is usually based on 
size limitations. If navigable waterways exist from the shop to the jobsite, 
larger vessels can be accommodated than if shipping must be via rail or 
highway. It should be pointed out that in some cases the size of a vessel may 
permit barge shipment, but adequate lifting equipment may not be available 
at the jobsite. A shop BU vessel must be unloaded, transported, and placed 
in its final position at the site. 

Rail shipments are more restrictive than those by barge and are usually 
limited to overall widths of 4.6 m (15 ft), heights of 6.4 m (21 ft), and weights 
of approximately 500 metric tons (550 tons). There are length restrictions 
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which vary with the route. Thus a vessel greater than 4 m (13 to 14 ft) in 
diameter or exceeding 500 metric tons (550 tons) in weight could probably 
not be completely shop built-up [4]. 

The magnitude of the synthetic fuels pressure vessels quickly dwarfs these 
size restrictions and makes field assembly mandatory. But field assembly 
should not be viewed with pessimism: the technology to build quality vessels 
to ASME Code requirements is available now and studies have shown field 
fabrication can be advantageous. 

Fabrication Schedules 

Comprehensive planning for an entire synthetic fuels plant may be facil
itated by field assembly of the pressure vessels. Shop turnover of individual 
components as opposed to an entire vessel is usually relatively short. Fabrica
tion begins immediately as partially fabricated components are shipped to 
the site. Shipping time should not be a factor because the field work proceeds 
as other components are en route to the site. Field fabrication also eliminates 
the time necessary for shipping and setting a shop BU vessel. Certain con
struction phases may have to be delayed pending delivery of a large shop BU 
vessel which requires a special path through the jobsite for clearance. Field 
assembly, which does not require this site accessibility, can allow construc
tion of the plant to proceed faster [4]. The overall project completion date 
will not depend on delivery of one vessel. 

A 1976 ERDA study of shop assembly versus field assembly of heavy-wall 
coal gasifier reactor vessels compares overall mechanical plant completion 
time for a plant with two large field-fabricated pressure vessels and a plant 
with eleven shop BU vessels. Conservative completion time was 60 months 
with the field-fabricated vessels and 61 months with the shop BU vessels [5]. 
This study indicates that construction schedules with field-fabricated vessels 
are comparable with those for shop BU vessels. 

Comparative Costs 

The referenced ERDA study conducted an intensive cost comparison of 
shop assembly versus field assembly of heavy-wall coal gasifier reactor 
vessels. The project's objectives were to determine and compare costs for a 
minimal number of field-assembled vessels required for a given plant capac
ity versus the minimal number of shop-built vessels required for the same 
capacity. In this case, the minimum number of vessels was two large field-
assembled reactors versus eleven smaller shop vessels. This is the only known 
study to compare capital investments, initial costs, maintenance and oper
ating costs, completion schedules and annual unit production costs. In an ef
fort to take into account the best and the worst conditions, the two cases were 
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considered for two plant locations—one which could utilize barge shipment 
of large plant components and one limiting all shipments to railway. 

The results of the study were conclusive [5]: 

The findings of this study indicate that the utilization of large, field erected gasifiers 
. . . with high unit through-puts will reduce the investment, operating and mainte
nance costs of coal conversion plants when compared to plants of the same design and 
total capacity utilizing the largest shop-fabricated gasifiers . . . that can be shipped in 
the United States. 

Achievements in Field Erection 

The technology of field fabrication is a reality, not a concept. In the past 
fifteen years, field pressure vessels for nuclear as well as petrochemical ap
plications have been built in full compliance with the ASME Code (Section 
III for nuclear and Section VIII for petroleum and chemical pressure 
vessels). Fabricators have successfully field fabricated and assembled numer
ous large structures. These include: 

1. Field-erected full-pressure nuclear containment vessels with diameters 
up to 46 m (150 ft), heights over 73 m (240 ft), unit weights exceeding 6350 
metric tons (7000 tons), and field PWHT of the entire structure. 

2. Field-erected heavy-water columns with diameters up to 8.5 m (28 ft), 
heights in excess of 91 m (300 ft), 1900 metric tons (2080 tons) total unit 
weight, and field PWHT of the entire structure. 

3. Field-erected nuclear reactors with diameters up to 8 m (26 ft), unit 
weights of 695 metric tons (765 tons), wall thicknesses up to 184 mm (7.25 
in.), and field PWHT of the entire structure. 

4. Field-erected coal-conversion vessels which involved a fabrication facil
ity in addition to field erection. These vessels had an overall height of 59 m 
(194 ft), unit weights of 760 metric tons (835 tons) each, and wall thicknesses 
up to 89 mm (3.5 in.). 

The fabrication techniques and processes that were implemented in the 
construction of these field vessels are the same that will be required to con
struct the super-large synthetic fuels vessels. These include preheat, welding, 
NDE, local PWHT, machining, fitting, and final PWHT of the entire struc
ture. 

Materials for Synthetic-Fuels Vesseb 

Materials to be Used 

The probable material to be chosen for these pressure vessels is 2'/4Cr-lMo 
steel (SA 387 Grade 22, SA 336 F22). This steel has been utilized often in 
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petrochemical pressure vessels and has been proven to have good high-
temperature tensile strength. The thick-plate material will require quenching 
and tempering to satisfy the mechanical properties of the ASTM plate 
specification. Weld metals will match the base metal with a nominal I'MCr-
IMo composition. High-alloy weld overlays to protect the low-alloy 2V4Cr-
IMo materials from corrosive environments must be considered. The type 
and thickness of the overlay will vary depending upon design conditions and 
exact service of the vessel. 

Metallurgical Considerations 

These materials—low-alloy base metal, low-alloy weld metal, and high-
alloy overlay—are integral parts of a synthetic fuels pressure vessel. There 
are advantages that necessitate their use, but there are also disadvantages to 
these materials that require special considerations. Some of these considera
tions pertain to degradation of various materials properties during extended 
service at elevated temperatures in a highly pressurized and corrosive en
vironment. Variations in microstructure with thicker sections and accom
panying changes in properties may also affect mechanical properties. These 
properties include fracture toughness characteristics and creep rupture prop
erties. Several research projects to further characterize these properties are in 
progress. 

The materials problems of concern to fabricators are those which may be 
caused by the fabrication process itself and can be minimized by the 
fabricator through careful planning and ordering of materials. These prob
lems include lengthy PWHT times required during fabrication, temper em-
brittlement of the 2'/4Cr-lMo materials, and control of delta-ferrite in 
austenitic stainless steel weld overlay. 

The characteristics of these potential material problems are discussed in 
detail by Canonico et al [/], Scott [2], and Dempsey and Tunnell [3]. The 
fabricator can minimize these problems, as summarized below: 

1. Lengthy PWHT times necessitated by ASME Code regulations can be 
reduced by carefully planning construction sequences and providing a vessel 
with sound weldments prior to final PWHT. This will ensure that any area of 
the vessel will see minimum final PWHT during fabrication. 

2. Temper embrittlement of all 2'/4Cr-lMo plates, forgings, and weld 
metal can be minimized by ordering all material to chemical specifications 
which limit the elements that cause temper embrittlement. These elements 
are phosphorus, silicon, and manganese, and, to a lesser extent, tin, an
timony, and arsenic. All materials can also be subjected to special temper 
embrittlement testing prior to being used in the vessel. 

3. An optimum amount of delta-ferrite in the austenitic stainless steel 
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overlay can be achieved by controlled purchasing of consumables for the 
overlay and by frequent checking of ferrite levels during production. 

Fahricatkm Precautions 

There are several inherent characteristics of I'ACr-lMo material that re
quire special attention during fabrication. These include high hardenability 
that can result in high heat-affected zone (HAZ) hardnesses^ serious suscep
tibility to hydrogen that can be introduced during welding, and sensitivity to 
cracking when the material is formed and welded. In addition to compromis
ing the metallurgical integrity of the completed vessel, these problems can 
cause costly repairs and schedule delays during vessel fabrication. The solu
tion to these problems can be summed up in one word—heat. All joints must 
be preheated to an adequate temperature prior to welding to minimize the 
formation of martensite in the HAZ and to minimize hydrogen in the 
deposited weld. Holding the joint at preheat temperatures (postheat) after 
the weld is completed allows hydrogen to diffuse out of the weld. 

Fabrication of Heavy-Wall Pressure Vessels 

Having considered the awesome sizes of the large pressure vessels that will 
be required for synthetic fuels projects and having discussed the materials 
problems that must be considered during the manufacture of chromium-
molybdenum vessels, it is obvious that field fabrication will be a challenge to 
fabricators. Figure 2 shows the basic operations in field fabrication of a 
pressure vessel. Field techniques for preheat, welding, NDE, machining, and 
PWHT have been developed by transferring knowledge from the shop and 
adapting it to the rigorous demands of the field. These field capabilities have 
been proven numerous times on ASME Code pressure vessels. While the 
heavy thickness of the giant synthetic fuels vessels will require some adapta
tions of existing equipment, the necessary technology is available. The large 
field-fabricated pressure vessels can be built with the same quality as shop 
BU vessels. 

Forming 

Plate can be formed in existing shop presses and then shipped to the field. 
Thus it will not be necessary to install costly forming facilities in the field. 
Shop presses have a capacity of 11 000 metric tons (12 000 tons), which will 
permit forming plates as thick as 400 mm (16 in.). Shell rings up to 3.9 to 4.3 
m (13 to 14 ft) can be fabricated in the shop and shipped to the field. Rings 
with a greater diameter will be fabricated in the field from components 
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FIG. 2—Field fuhriculhii of hcuvy-wullpressure vessels. 

formed in the shop. Components formed in the shop will be trial-fit before 
shipping to the field. This will alleviate fit-up problems at the site. 

Preheat and Postheat 

As previously discussed, sound metallurgical reasons require preheating 
and postheating all 2'/4Cr-lMo welds. In the case of a 9-m (30-ft)-diameter 
vessel, it could be necessary to maintain preheat on seven or eight vertical 
joints at one time or on nearly 30 m (100 ft) of girth joint until PWHT can be 
performed. This must be done in a manner that minimizes fuel consumption 
while maximizing welder comfort. 
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Welding Processes 

The methods available to weld heavy-wall pressure vessels in the field are 
subjects of vital concern to those planning synthetic fuels projects. Vessel 
completion—therefore project completion—can progress only as smoothly 
and rapidly as the welding can be performed. In addition to the obvious need 
to produce welds with minimal repairs, there is a demand for automated pro
cedures that can improve welding. The large wall thicknesses create joints re
quiring huge volumes of weld metal. This volume alone makes the conven
tional field welding process, shielded metal arc welding (SMA), costly and 
time consuming. It has been estimated that on one proposed vessel, welding 
of one girth joint would require 4000 man-hours (mh) or 2 man-years [J]. 
This was estimated on a basis of 80 man-hours per foot of completed weld. 
Most fabricators will agree that this is a conservative estimate. 

In comparing welding processes for heavy-wall fabrication, Weber et al [6J 
have calculated a joint completion rate (JCR) based on volume of the joint, 
density of the weld metal, deposition rate, and arc time. The differences in 
these completion rates can be startling—from 17.7 mh/m (5.4 mh/ft) for a 
submerged arc vertical joint to 0.49 mh/m (0.148 mh/ft) for an electron 
beam vertical joint. A JCR may provide an adequate comparison for actual 
welding times, but it does not take into account the total fabrication time for 
a joint welded with a given process. For example, the actual welding time for 
the electron beam process is practically negligible when compared with the 
time spent on machining and setting up the precision joint. It should be con
sidered that a JCR will vary greatly among fabricators due to different con
struction sequences and techniques. 

Shielded metal arc welding will always be a vital tool used in conjunction 
with other processes. Recent work indicates automatic submerged arc weld
ing in final position of both vertical and girth joints can be successfully ac
complished in the field. 

Before discussing various processes for welding thick sections, it must be 
emphasized that quality welding can only be achieved with proper training 
and equipment before any welding commences. In the field, all welds must 
be protected from unfavorable weather conditions, particularly wind and 
moisture. This can be done with temporary covering or with portable 
shelters. These shelters will facilitate preheating of the joint, maintaining the 
preheat until the weld can be heat treated, and could function as a furnace 
for PWHT. Because one setup can be maintained from preheat through 
PWHT of the weld, both efficiency and quality can be maximized. 

Submerged Arc Welds 

Submerged arc welding (SAW) is a high-deposition rate process (in com
parison with SMA welding). Because the weld is deposited in multiple 
passes, the weld metal and the HAZ receive the benefit of grain refinement as 
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subsequent passes are deposited. Good physical properties are attained in 
2'/4Cr-lMo submerged arc welds in the PWHT condition (austenitizing heat 
treatments are not required). 

To build a large pressure vessel in the field, vertical welds must be made to 
join formed plates into shell rings. Horizontal girth welds are made to join 
the shell rings after they are placed on top of one another. In the shop, the 
girth joints are made in the downflat position through the use of large posi
tioners and turning rolls. In the field, the girth joints must be welded in posi
tion. Until recently, SMA welding has been the only field process for welding 
vessels of appreciable thickness. Techniques are now available to allow 
automatic SAW of both vertical and horizontal joints in the field. The 
submerged arc techniques described next are designed for field application. 

Vertical Submerged Arc Welds—The technique of welding thick plates in 
the vertical position with the submerged arc process was introduced ten years 
ago by a fabricator of nuclear reactors [7]. Figure 3 is a schematic diagram 
depicting this "sub-vert" procedure. The plates require a square edge in
stead of a conventional weld bevel. This edge preparation is less expensive to 
fabricate and provides a weld joint with 50 to 70 percent less volume than a 
standard joint detail for SMA welding. The weld metal is deposited in a flat-
down position through the thickness of the plate. The numerous layers give a 
desirable metallurgical structure. The HAZ is small and benefits from grain 
refinement by subsequent passes. By decreasing volume and welding with a 
more efficient process, substantial savings over SMA welding can be real
ized. The vertical welds can be made on the ground and then the completed 
ring can be erected, or the vertical welds can be made with the ring in final 
position. 

Horizontal Submerged Arc Welds—After the rings are erected, they would 
be joined with an automatic SAW technique that operates in the horizontal 
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position. Horizontal SAW equipment has been used for years in field fabrica
tion of storage tanks and pressure vessels. Maximum wall thicknesses for 
storage tanks have been 45 mm (1.75 in.) and for pressure vessels 90 mm (3.5 
in.). As wall thicknesses increase, the volume of a horizontal manual weld 
with a conventional joint design becomes prohibitive. The depth of the joint 
impedes proper flux coverage at the back of the joint. These problems have 
been solved. Equipment has been developed for horizontal submerged arc 
welds in plates up to 410 mm (16 in.) thick. By utilizing a "double-V" joint, 
the working thickness of the weld is decreased to one half the total thickness 
of the plate. Both sides can be welded at once, minimizing distortion and im
proving completion time by as much as 50 percent. Figure 4 illustrates 
horizontal SAW of a heavy-wall joint of 2'/4Cr-lMo material. 

The mechanical properties of welds with this setup are good. As with any 
out-of-position welding, small passes must be deposited to keep the molten 
weld metal from succumbing to the force of gravity. Small passes usually 
result in good physical properties, particularly notch toughness character
istics. When proper techniques are used, welds made with the horizontal 
SAW process have been proven to have low repair rates. 

Stainless Steel Overlay 

A variety of welding processes will be employed to overlay the internal sur
faces of large pressure vessels. Inside surfaces of heads and shell rings re-

FIG. 4—Horizo/ihil siihiiwrjied arc welclifig. 
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quire a high-deposition welding process. Attachments such as nozzles and 
forgings are often out-of-position or too small to be efficiently automated, so 
shielded metal arc welding is usually the best method. Some nozzles and 
forgings have a small diameter and long neck and cannot be reached with an 
electrode. For these pieces, an automatic gas metal arc system can be devised 
to overlay the inside surfaces. 

The alloy type for the overlay is usually decided by the user of the vessel. 
The alloy is chosen to withstand the corrosive environment and the operating 
conditions. Electrode suppliers have developed a complete range of elec
trodes, wires, and fluxes for most of the austenitic stainless steel alloys. 

By far the largest area of overlay will be deposited on the heads and shell 
rings. There are several high-deposition techniques to accomplish this, but 
all require welding in the downflat position. In the shop, these large com
ponents are placed on turning rolls and positioners. The part moves while the 
welding head remains stationary. The overlay can then be deposited with a 
series arc, submerged arc, or strip process. The series arc and submerged arc 
processes have been the established overlay procedures until the development 
of strip overlay in the past few years. The strip overlay has better deposition 
rates than the other two methods, but consumables (metal strip and flux) are 
expensive. 

Several factors are vital to a successful weld overlay operation. The overlay 
must be continuously bonded to the backing steel. The chemical composition 
of the overlay must meet the requirements of the specified alloy after dilution 
with the base metal. Austenitic stainless steel overlay must have an optimum 
amount of delta-ferrite. Too little delta-ferrite will cause microfissuring in 
the overlay. Excessive amounts of delta-ferrite can result in ductility loss in 
the overlay due to increased transformation of delta-ferrite to the brittle 
sigma phase during PWHT or service at high temperatures. 

Usually, the best overlay process is the one the fabricator has proven to be 
structurally sound and to have optimum metallurgical properties. To facil
itate field fabrication of large pressure vessels, the large components will 
probably be weld overlayed in the shop with one of the high deposition rate 
techniques. These processes can be performed in the field; however, the need 
for turning rolls, positioners, and suitable foundations would reduce their 
cost effectiveness. After being overlayed, the components will then be 
shipped to the jobsite. Field joints will be overlayed in position by a suitable 
process, probably shielded metal arc. 

Other Welding Processes 

There are two welding processes in the developmental stage that may affect 
fabrication techniques of heavy-wall pressure vessels in the future. These are 
the narrow-gap gas metal arc process (narrow gap MIG) and the electron 
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beam (EB) process. The narrow-gap MIG process combines the advantages 
of automation with a narrow weld groove. Welding labor and the cost of weld 
consumables can be reduced. The process has good out-of-position capa
bilities, but is dependent on precise operator controls and tight fabrication 
tolerances. Due to the fast rate at which the welding proceeds, even slight 
deviations can result in sizeable errors. Narrow-gap MIG has seen shop ap
plication by some fabricators, but field application seems questionable at 
this time. 

The most promising process of the future may be electron beam welding. 
By directly joining plates fit flush together, EB welding eliminates the need 
for weld consumables. The weld metal has essentially the same properties as 
the base metal. Other advantages of EB welding are that preheat is not 
necessary, heat-affected zones are small (relative to other welding processes), 
and PWHT may not be necessary. At least one manufacturer of electron 
beam equipment has published satisfactory data on EB welds in 2'/4Cr-lMo 
material up to 60 mm (2.4 in.) thick [<̂ ). 

The welding time for an EB weld is very low in comparison with other pro
cesses. The reduced fabrication time, coupled with the savings in weld con
sumables, make EB welding a very attractive method for fabricating heavy 
wall vessels. These advantages are somewhat offset by the fact that setting up 
an EB process is expensive and all components must be machined to precise 
tolerances. Machining and fitting require additional fabrication cost and 
time which must be considered in the overall evaluation of the process. 

Techniques for EB welding of thicker sections are now being developed. In 
addition to private work by suppliers and fabricators, a Department of 
Energy (DOE) sponsored study on EB welding is in progress [6\. The recent 
development of portable vacuum chambers makes field application of EB 
welding feasible. 

Narrow-gap MIG and electron beam welding, when properly developed, 
will greatly facilitate fabrication of heavy-wall vessels. The processes must 
undergo a development period in the shop before they can be used in the 
field. Fabricators are still a few years away from using either of these pro
cesses in the field. 

Electroslag 

Electroslag welding is basically a shop procedure because of the heat treat
ment and quenching facilities required. A large number of shop BU vessels 
have utilized this process. This single pass, high heat input process produces 
quality welds with high-deposition rates, but the large grain size in both the 
weld metal and the HAZ results in unacceptable mechanical properties. It is 
Code-required to austenize, accelerate cool (that is. water quench), and 
temper electroslag welds to refine these large grains. On large projects where 
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many vessels are to be field fabricated, it might be advantageous to install the 
necessary facilities at the job site. For projects now being planned, though, 
vertical joints will probably be welded with the submerged arc process. 

Nondestructive Examination 

The fabricator must build quality into a vessel from the forming of the first 
plate until the last weld is checked for defects. Nondestructive examination 
(NDE) is an essential tool for assuring all components of the vessel—plates 
and forgings as well as welds—do not contain any defects that exceed the 
limits specified by the ASME Code or by customer specifications. 

There are several methods of NDE; these are summarized in Table 1. Ex
cept for visual examination, the ASME Code specifies the procedures for 
these methods. All NDE except radiography can be performed at preheat 
and welding temperatures as well as ambient temperatures. 

The three techniques that are used to find surface and near-surface 
defects—visual, dye penetrant, and magnetic particle examination—can be 
performed in the field as well as in the shop with virtually the same pro
cedures. The techniques that are used to find defects throughout the 
thickness of the material are ultrasonic and radiographic examination. 
Radiographic examination requires special considerations for application in 
the field. 

The success of NDE depends on using the correct techniques and pro
cedures for each type of examination and in using the different NDE 
methods to complement each other. It is also essential to maintain a staff of 
well-trained people who are familiar with all aspects of NDE. Fabrication se
quences must be well planned so that accessibility for in-place examination is 
maintained from the first to the final examination. 

Ultrasonic Examination 

The equipment to perform ultrasonic examination (UT) in the field is 
essentially the same as that used in the shop, but special techniques may be 
required to examine the thicknesses of the synthetic fuels vessels. Ultrasonic 

TABLE 1—Methods of nondestructive exuniinalion. 

Method Application 

Visual surface defects 
Liquid penetrant surface defects 
Magnetic particle surface and near-surface defects 
Radiography through-thickness defects 
Ultrasonic through-thickness defects 
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examination of pressure vessels has been perfected in the shop. Ultrasound 
can be introduced into the metal as either longitudinal or shear waves to 
detect echo signals from imperfections that are oriented parallel or at an 
angle to the surface of the plate. As plates and welds become thicker, a new 
calibration block for every 50 mm (2 in.) of additional thickness must be used 
to establish the examination procedures. Lack of bonding between dissimilar 
metals, which may occur with stainless steel overlay, can be found with the 
proper technique. 

Radiographic Examination 

Radiographic examination (RT), in the shop or in the field, requires many 
precautions because of the hazard radiation poses to personnel. Thick plates 
can only be penetrated by high-energy sources such as a linear accelerator. 
The high-energy source and the extensive X-rays emitted require more pro
tective shielding. Shops equipped with linear accelerators have permanent 
X-ray buildings with thick concrete walls and sometimes earthen reinforce
ment to contain the X-rays. Field RT has been limited to thicknesses that can 
be examined by lesser sources such as X-ray machines or radioactive 
isotopes. Reliable portable linear accelerators are commercially available, 
and operating licenses can be obtained from the states where the equipment 
would be used. 

The portable linear accelerators (Linacs) penetrate steel from 76 to 550 
mm (3 to 22 in.) thick to Code requirements. Manufacturers can furnish an 
overhead bridge crane for support and maneuvering the X-ray head. 

At least one state has responded favorably to an inquiry about licensing a 
field linear accelerator. As long as all Federal and State regulations are 
upheld, an operating license can be obtained. 

Proper shielding to protect jobsite personnel and surrounding areas re
quires extensive planning, but it can be accomphshed. One approach is to 
provide a shelter for examining joints welded on the ground (vertical seams, 
nozzles). A larger shelter can be built to encompass a portion or all of the 
vessel, which allows radiography in place. This concept is shown in Fig. 5. In 
addition to adequate shielding, field RT with a linear accelerator will be 
scheduled during night or off shifts to minimize the chance of personnel ex
posure. The first priority of radiography work is safety. 

Machining 

Field erection of nuclear reactors and containment vessels necessitated the 
development of sophisticated machining capabilities that can be performed 
in the field. The cover of a containment vessel was field fabricated in 1966, in 
which the plate flanges were welded, PWHT, and field machined to contract 
requirements. Figure 6 depicts a setup for field machining. If required, past 
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FIG. 5—Radiographic examination "in the air". 

experience indicates extensive machining can be readily accommodated in 
the field. 

Erection 

After shell rings are fabricated on the ground, they will be lifted into place 
and the horizontal girth joints made. Other typical lifts will include internal 
fittings. The last major lift will be the top head, which closes the vessel. A 
typical field lift is seen in Fig. 7. In this photo, a 43-m (140-ft)-diameter ring 
weighing approximately 109 metric tons (120 tons) is lifted into place on a 
nuclear containment vessel. The Ringer Crane which is being used to make 
the lift is a commercially available piece of equipment which has been 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BONTA AND SIKORA ON HEAVY-WALL PRESSURE VESSELS 271 

FIG. b—Field imichiiiiiig equipment used for preparing fUiiige surfaces of large opening in 
field-erected structure. 

mounted on a tower to accommodate the height of the vessel. The lift being 
made here requires only about 20 percent of the capacity of the Ringer. 

The size of a lift is usually a matter of economics. With the proper plan
ning, maximum capacity lifts can be made to benefit schedule and costs. 
When field fabricating pressure vessels, the vessel can be built horizontally 
and lifted into place in one piece, or the vessel can be erected in position 
utilizing multiple lift techniques. The latter approach is usually the most 
economic. 

Shop fabricators now have the equipment to make lifts up to 910 metric 
tons (1000 tons). Rigging companies advertise capabilities of 1800 metric 
tons (2000 tons). A competent fabricator will be able to meet any erection 
demands made by the synthetic fuels vessels. 
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I 

n-
FIG. 7—Ringer crane selling llO-metric-lon Il20-lon) ring in place. 

Postweld Heat Treatment 

As explained earlier, the 2'/4Cr-lMo material will receive intermediate 
PWHT during fabrication as well as a final. Code-required PWHT. Fabrica
tion of these pressure vessels will require welding of several joints simulta
neously. This is particularly true if more than one vessel is being fabricated. 

PWHT on one joint or an area of a vessel can be accomplished in several 
ways. If the component is not in position on the vessel, PWHT of the weld-
ment can be accomplished in a PWHT furnace. This same furnace could 
have served as a shelter during preheat and welding. If the component is in 
place, the joint can be insulated and given a local PWHT or a portable 
PWHT furnace can be built around the joint. The PWHT setup must include 
a sufficient number of reliable thermocouples and recording equipment so 
that the piece is adequately monitored. The area to be given the PWHT, as 
well as the surrounding metal, must be analyzed for thermal gradients. Im
proper heating of sections of a vessel can create undesirably high stresses in 
adjacent areas of the vessel. 

Final PWHT can be accomplished in sections (local PWHT) as the vessel is 
fabricated. In some cases, the entire structure may be PWHT at one time. 
This minimizes the amount of PWHT time any one area of the vessel 
receives. 
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Figure 8 shows a nuclear containment vessel being insulated for final 
PWHT. The vessel when insulated becomes its own furnace. Luminous flame 
burners are placed at strategic openings in the vessel. Other openings for 
nozzles and flanges are closed off except for the outlet. The fabricator must 
perform detailed stress analysis which requires knowledge of the properties 
of the materials at PWHT temperatures to ensure that the structure is self-
supporting throughout the heat treating cycle. 

Field PWHT of large structures to Code requirements has been proven 
many times. Recently, the largest known single structure in the world was 

FIG. 8—Nuclear containment vessel being insulated for PWHT. 
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successfully PWHT in one operation. This nuclear containment vessel had a 
maximum wall thickness of 115 mm (4.5 in.), a diameter of 46 m (150 ft), 
and a height of approximately 67 m (220 ft). The total weight was about 5450 
metric tons (6000 tons). This vessel was fabricated from a carbon-manganese 
steel, so the final PWHT temperature was lower than that the Code requires 
for 2'/4Cr-lMo material. However, field PWHT experience with 2'/4Cr-IMo 
material has shown that attaining and holding the necessary temperature can 
be accomplished. 

Conclusion 

The intention of this paper has been to provide a state-of-the-art view of 
field fabrication of the super-large pressure vessels that will be an integral 
part of synthetic fuels system. A few large pressure vessels have been shown 
to have economic as well as scheduling advantages over several smaller, shop 
BU vessels. These vessels Will probably be fabricated from 2'/4Cr-lMo 
materials. In order to appreciate the challenge these pressure vessels will be 
to fabricators, one must recognize the technical problems inherent in the 
2'/4Cr-lMo material. While structures with wall thicknesses as great as 410 
mm (16 in.) have not been fabricated in the field to date, the technology to 
accomplish this is currently available. Present research and development 
programs may reduce the initial cost of these vessels. However, current 
techniques—including welding, NDE. machining, erection, and PWHT— 
can be utilized in the field to build pressure vessels to Code requirements. 
These field-fabricated vessels will be supplied to the same high-quality stan
dards as shop-fabricated vessels. 
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ABSTRACT: Electroslag weldments of 102-mm (4-in.)-thick annealed 2'/4Cr-lMo steel 
have been microstructurally and mechanically evaluated in the following conditions: as-
welded, stress relieved at 690°C, and stress relieved at 760°C. The fusion zones and heat-
affected zones were significantly toughened by postweld heat treatment, a result at
tributed to changes in the carbide composition and morphology caused by tempering. 

KEY WORDS: electroslag welding, chromium-molybdenum steel, microstructure 

Background and Scope 

Electroslag welding is a very high deposition rate welding process for join
ing heavy-steel sections. This method has been used to join various structures 
such as pressure vessels, ship hulls, and structural bridge tension members. 
The current criticism of electroslag welding is that to obtain satisfactory 
properties, the weldments must be reaustenitized after welding [1-6]? 
Numerous attempts have been made to improve the properties of electroslag 
weldments without resorting to reheat treatment. Khakimov et al [7] 
employed forced cooling and powder filler metal additions to improve the 
toughness of electroslag welds in 10G2FR steel. Makara et al [8] used inter-

'Politechnica del Litoral, Gauyaquil, Ecuador. 
^Professor, Department of Metallurgical Engineering, Colorado School of Mines, Golden, 

Colo. 80401. 
••The italic numbers in brackets refer to the list of references appended to this paper. 
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276 APPLICATION OF 2V4Cr-1Mo STEEL 

critical anneals on 09G2S and 16GS steels to improve impact strength, as did 
Malinovska and Hrivnak on 13123 and 13030M boiler steels [9]. Makara et 
al [10.11] later employed various filler metal additions to improve properties 
of the chromium-molybdenum steels 20Kh2Ma and 12KhM. In the latter 
studies, it was demonstrated that filler metal chromium contents greater 
than 1.8 percent, with 0.1 to 0.2 percent zirconium or 0.24 percent titanium, 
significantly improved toughness of the weld metal. 

There have been previous research efforts to improve the properties of elec-
troslag welds in 2'/4Cr-lMo steel. For example, Okurmura et al [12] have 
reported good fusion zone toughness in 2'/4Cr-lMo electroslag weldments 
joined with a modified filler wire. These investigators also studied the in
fluence of postweld heat treatment on the properties of the weldments. It was 
reported that weld metal compositions of 0.85 percent manganese and 0.02 
percent vanadium showed hot tensile strengths over 441 MPa (64 ksi) at 
435°C and Charpy V-notch (CVN) impact energies over 98 J (72 ft-lb) at 0°C 
when quenched at a cooling rate of 134°C/min (274°F/min) and then stress 
relieved under conditions corresponding to a temper parameter (TP) of 19.9 
to 20.7 K. The toughness and strength were still satisfactory when the cooling 
rate was reduced to —8.9°C/min (16°F/min). A rapid cooling rate after 
stress relieving increased the toughness of the weld metal. 

The purpose of this investigation was to apply commercial electroslag 
welding techniques to the joining of thick-section 2'/4Cr-lMo steel, and then 
to thoroughly characterize the weldment with respect to microstructure and 
CVN toughness. A major emphasis was to compare the microstructure and 
mechanical properties in as-welded specimens with those of postweld stress-
relieved specimens. The aim of this study was to evaluate the potential of 
developing a suitable electroslag welding technique for thick-section 2'/4Cr-
IMo steel which did not require a reaustenitizing postweld heat treatment. 

Microstructure and Thermal History 

More comprehensive discussions of the transformations in 2'/4Cr-lMo 
steel can be found in other papers in this volume. However, because thick-
section electroslag weldments experience a complex thermal history and con
sequently develop complex microstructures, a brief summary of microstruc-
tures and thermal history will help to orient the reader. 

Austenitizing of 2'/4Cr-lMo steel occurs at about 927°C and above. Slow 
cooling produces the annealed structure, consisting of equiaxed proeutectoid 
ferrite with typically about 20 percent upper bainite. The upper bainite in 
this structure often has a lamellar appearance similar to pearlite. A cooling 
rate on the order of 300°C/h (similar to normalizing) creates a microstruc
ture with a ratio of proeutectoid ferrite to bainite of about 55:45 [13]. The 
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resulting bainite has a lath-like morphology with cementite distributed at the 
ferrite lath boundaries. In addition, a small amount of acicular M02C is pres
ent in the normalized structure as fringes on the ferrite side of the ferrite-
bainite boundaries. 

Quenching I'ACr-lMo steel yields a microstructure which is predomi
nately bainite, with the carbide precipitates in a Widmanstatten array. It is 
difficult to form any martensite in 2'/4Cr-lMo steel just as it is difficult to 
form pearlite. The structure of 2'/4Cr-lMo steel, therefore, is typically a com
bination of proeutectoid ferrite and bainite, with the relative amounts of each 
being dependent on the rate of cooling from the austenitizing temperature. 

The sequence of carbide formation during tempering, as discussed by 
Baker and Nutting [13], is shown diagrammatically in Fig. I for both the 
quenched and normalized conditions. For the quenched steel, tempering for 
short times at 500°C resulted in the precipitation of large lenticular carbides, 
especially at the ferrite lath boundaries. On further tempering, the carbide 
precipitate thickened, accompanied by an increase in the amount of cement
ite. Long tempering times at 5(X)°C (1000 h) produced a well-dispersed and 
fine M02C precipitate within the ferrite, accompanied by a decrease in the 
amount of cementite. 

For the normalized steel, an early local precipitation of M02C in the ferrite 
occurred, and this phase persisted. Tempering at 400°C produced no change 
in the ferrite regions, but the bainite carbides gradually thickened. At 
500°C, the bainitic carbides became thicker, and fringes of M02C were 
detected at the ferrite/bainite boundaries. Tempering at 600°C resulted in a 
marked spheroidization of the bainitic carbides. At 650°C, the cementite 
spheroidized and the M02C precipitated more rapidly. 

The remainder of the carbide precipitation reactions resulting from 
tempering were found by Baker and Nutting [13] to be similar for both the 
quenched and normalized conditions. Fe3C, CryCj, M23C6, and M(,C were 
formed by nucleation at carbide particles already present. Cr7C3 formed by 
nucleation either within the cementite particles or at the ferrite/cementite in
terfaces. Mf,C nucleated at cementite boundaries where Cr7C3 was not 
already present. Mf,C grew at the expense of both cementite and M02C, thus 
reducing the number of particles. It was suggested that all carbides eventu
ally form M(,C. 

In summary, the difference between the as-quenched and normalized con
ditions is primarily a difference in the precipitation of M02C. Although most 
of the carbides formed during tempering tend to nucleate on previous car
bides within the structure, M02C forms by separate nucleation within the fer
rite matrix. In quenched 2'/4Cr-IMo steel, this nucleation occurs within the 
ferrite portion of the bainite, whereas in normalized 2'/4Cr-lMo steel the 
M02C precipitates on the ferrite side of proeutectoid ferrite-bainite bound
aries. 
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FIG. 1—Carbide stability diagram for 2'/4Cr-lMo steel in both the quenched and normalized 
conditions, as determined by Baker and Nutting [13]. 

Experimental Procedure 

The base metal for this investigation was 102-mm (4-in.)-thick 2'/4Cr-lMo 
steel seamless pipe in the annealed condition [ASTM Specification for 
Seamless Ferritic Alloy-Steel Pipe for High-Temperature Service (A 335-80), 
¥12]. Annealed steel would not be used to fabricate an actual pressure vessel, 
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of course. Current technology typically requires a quench and temper heat 
treatment [ASTM Specification for Pressure Vessel Plates, Alloy Steel, 
Chromium-Molybdenum (A 387-7%)] for I'ACr-lMo steel to ensure ade
quate base metal toughness. However, this initial electroslag welding study 
concentrated primarily on the characteristics of the fusion zone (FZ), and 
properties of the fusion zone after welding are not sensitive to the prior condi
tion of the base metal (BM). Although characteristics of the heat-affected 
zone (HAZ) are reported in this study for the sake of completeness, the 
reader is reminded that a truly adequate evaluation of the effect of elec
troslag welding on the HAZ will require the use of clean base plate in the 
quenched and tempered condition. 

Steel sections 178 mm wide by 229 mm high were oxyacetylene flame cut, 
and then a starting tab and two 38-mm-thick lateral hot shoes (also 2'/4Cr-
IMo steel) were welded to the plates to bound a 102 by 229 by 28.6 mm weld-
ment cavity. Welding was performed with a Hobart Porta-Slag unit. The 
welding parameters are given in Table 1, and the welding consumables are 
listed in Table 2. The thermal history of the welding process was recorded by 
an embedded array of Type K thermocouples, and then transposed to a 
typical continuous cooling diagram [14] as illustrated in Figs. 2 and 3. Cool
ing rates to a temperature of 543°C are shown in Table 3. 

For this investigation, two different stress-relief heat treatments in accor
dance with ANSI Code B-31-1 were performed. The weldments were held at 
690 and 760°C for 177 s/mm (1.25 h/in.) and 142 s/mm (1 h/in.), respec
tively, and then air cooled. The corresponding temper parameters for these 

TABLE 1 — Welding parameters. 

Voltage, V 
Current. A 
Wire speed, mm/s 

TABLE 2—Welding coiisi 

48 
750 
167 

imables. 

Arcos Chromenar 521V Filler Wire 
Size: 2.38 mm (•V.i2 in.) 

Composition 

C Mn P S Si 

0.11 0.64 0.007 0.014 0.15 

Cr Mo 

2.48 0.95 

Cu 

0.11 

Hobarr Guide (#48) 

fluxes 
Hobart PF-203 (starting) 
Hobart PF-201 (running) 
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FIG. 2—Macro-etched specimen of an electroslag weldment in 102-mm (4-in. )-thick 2 ACr-
IMo steel. This weldment was postweld stress relieved at 760°C. Both the thermocouple 
placements and the macroscopic grain structure are illustrated. 
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FIG. 3—Cooling rates observed at the thermocouple positions shown in Fig. 2 relative to a 
typical continuous cooling diagram for 2'/4Cr-lMo steel [14]. 
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TABLE 3—Cooling rates recorded by thermocouples— 
as-welded condition. 

Thermocouple 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Peak 
Temperature. 

1271 
832 
660 
577 
577 

<543 
>1370 

1104 
899 
693 

<543 

Time to 543°C, 
°C s 

1256 
1049 
850 
502 
384 

1034 
990 
842 
709 

Cooling Rate, 
°C/s 

0.58 
0.28 
0.14 
0.03 
0.09 

0.80" 
0.57 
0.42 
0.21 

"Cooling rate calculated with 1370°C as peak temperature. 

postweld heat treatments were 19.9 and 21.32 K, respectively. Weldments 
were analyzed using optical microscopy, hardness profiles, Charpy impact 
testing, and scanning electron microscopy. Standard Charpy V-notch 
specimens, spaced approximately at 6.4-mm ('A-in.) intervals across the fu
sion and heat-affected zones and into the base metal, were obtained to (/) 
evaluate CVN toughness versus position at room temperature, and (2) deter
mine the transition temperature of each major weldment region. Typical 
locations of Charpy V-notch specimens are superimposed on a profile of a 
transverse slice in Fig. 4. Impact tests were performed in accordance with 
ASTM Methods and Definitions for Mechanical Testing of Steel Products 
(A 370-77) and the fractures were subsequently evaluated. 

Results 

Macroscopic Observations 

The overall effect of the electroslag welding process and subsequent heat 
treatment on the macroscopic grain structure of 2'/4Cr-lMo steel is shown in 
Fig. 2. (This section is of a weldment that was postweld stress relieved at 
760°C.) The fusion zone is characterized by large columnar grains which 
grow radially inwards from the walls of the base metal plates and hot shoes, 
and upwards in the preferential direction of heat removal. (In the transverse 
section shown in Fig. 2, these grains appear equi-axed.) In the heat-affected 
zone ad ĵacent to the fusion line, large equi-axed grains, typical of those 
found in thick-section electroslag weldments, appear. This region of the 
HAZ in electroslag weldments sees temperatures well above the AC3, and 
significant grain growth can occur without careful process control. 
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CHARPY SPECIllEN LAYOUT, UPPER SECTION 

Z<MCi-\l*o ELECTROSLAG WELDMENT 

STRESS RELIEVED 

ScoM I'1.3 

FIG. 4—Typical layout for Charpy specimens from 102-mm (4-in.hthick I'ACr-IMo elec-
troslag welded steel. 

Microscopic Observations 

Weld zone microstructures at positions of recorded thermal history are 
shown in Fig. 5. The microstructures at thermocouple positions 3, 4, 5, 6, 
and 11 are of the base metal, and show the typical polygonal ferrite and 
coarse upper bainite of the annealed steel. Note the fine dispersion of M02C 
within the ferrite. 

Thermocouple positions 1, 2, 8, and 9 in Fig. 5 are in the HAZ, and the 
microstructures illustrate the sensitivity of the ferrite/bainite ratio to cooling 
rate. Microstructures at positions 1 and 8, both near the fusion line, are 
predominately bainite containing moderately large spheroids of carbide, 
probably FejC. Microstructures at positions 2 and 9 contain significantly 
larger fractions of ferrite (free of M02C precipitates) and coarse upper 
bainite. Note also the change in morphology of the ferrite, from patchy, 
almost acicular near the fusion line to quite equiaxed at a distance of 20 mm 
from the fusion line. 

The thermocouple positions and corresponding microstructures after elec-
troslag welding and a 760°C postweld stress relief are shown in Fig. 6. Car
bide coarsening in the base metal (positions 4, 5, 9, 10, and 11), especially at 
ferrite grain boundaries, resulted from postweld heat treatment at 760°C. A 
similar effect can be observed in the regions of the HAZ closest to the base 
metal (for example, compare microstructures at position 2 in both Figs. 5 
and 6). 
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FIG. S—Microstructures of a 2'/4Cr-lMo steel electroslag weldment in the as-welded condi
tion. 

In contrast, regions of the HAZ near the fusion line have undergone car
bide transitions which appear to have homogenized and refined the carbide 
distribution, probably by converting Yt^C to M02C (for example, compare 
microstructures at either position 1 or 7 in both Figs. 5 and 6). Recovery pro
cesses during the 760°C stress-relief heat treatment also coarsened the 
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substructure of the HAZ adjacent to the fusion line, a result also seen in com
paring microstructures at positions 1 and 7 in both Figs. 5 and 6. 

Selected metallographic samples from the different weldments and from 
the as-received base material were observed at high optical magnification to 
further clarify the microstructural differences. The microstructures of the fu-
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I I Zl 3 
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FIG. 6-
760°C. 

-Microstructures of a 2'/4Cr-IMo steel electroslag weldment after stress relieving at 
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sion zone and base metal of the as-welded, sttess-relieved at 690°C, and 
stress-relieved at 760''C electroslag weldments are shown in Fig. 7. A definite 
coarsening of the fine ferrite laths in the fusion zone was observed after stress 
relieving, with the most noticeable coarsening occurring at 7f)0°C. Perhaps 
more significant was the fact that the carbides were finer and more 
homogeneously distributed after stress relieving, especially in the 760°C 

FZ 

FIG. 7—Microslructures from the fusion zone (FZ) and the base metal (BMI of 2'ACr-lMo 
steel electroslag weldments. Conditions are (a) as-welded, (b) stress relieved at 690°C, and (c) 
stress relieved at 760°C. 
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specimen. This result is more clearly seen in the high-magnification 
micrographs of Fig. 8. Micron-size carbides, probably Fe3C in a nearly con
tinuous morphology at the ferrite lath boundaries of the as-welded bainite, 
are replaced by a finely divided and uniformly dispersed M02C after stress 
relieving, especially at 760°C. 

FUSION ZONE 

FIG. 8—Fusion zone of 2'ACr-lMo steel electroslag weldments at high optical magnifica
tions. Conditions are (a) as-welded, (h) stress relieved at 690°C, and (c) stress relieved at 760°C. 
Note the recovery in the ferrite laths and the refinement of the carbides caused by postweld heat 
treatment. 
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The effect of postweld heat treatment on the microstructure of the an
nealed base metal was less obvious. Some coarsening and redistribution of 
carbides during stress relieving is indicated in Fig. 7, and shown clearly in 
the high-magnification micrographs of Figs. 9 and 10. Both coarsening and 
spheroidization of the Fe3C in the upper bainite during stress relieving is 
shown in Fig. 9, while in Fig. 10, thickening of the carbide (probably Fe3C) 

FIG. 9—Bainite portion of the base metal in 2'/'lCr-IMo steel electroslag welclments. Condi
tions are (a) us-weldecl, (b) stress relieved at 690°C, and (c) stress relieved at 760°C. 
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FIG. 10—/emte portion of the base metal in 2'/4Cr-lMo steel electroslag weldments. Condi
tions are (a) as-received base metal (b) as-welded, (c) stress relieved at 690°C, and (A) stress re
lieved at 760''C. 

at the ferrite grain boundaries can be seen to result from a stress-relief heat 
treatment. The morphology of M02C within the ferrite grains was not 
markedly affected by postweld heat treatment. 

The grain sizes for both the as-welded and stress-relieved specimens were 
measured as a function of position, and the results are plotted in Fig. U. At 
the fusion line, the grain structure was quite coarse, with grain sizes larger 
than ASTM 1 [ASTM Methods for Estimating the Average Grain Size of 
Metals (E 112-80)]. Grain size decreased rapidly with distance away from the 
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FIG. 11—Grain sizes resulting from electroslag welding and stress relieving of I'ACr-lMo 
steel. 

fusion line, peaking at a grain size of about ASTM 7 at 20 mm from the fu
sion line, then increasing to a nominal ASTM 5 grain size characteristic of 
the base metal. Differences in grain size caused by postweld heat treatment 
were not significant. 

Mechanical Properties 

Cylindrical test specimens traversing the entire region of microstructural 
change were machined from as-welded samples and from samples stress 
relieved at 690 and 760°C. These specimens were subjected to both tensile 
testing and low-cycle (tension-tension) fatigue testing at ambient 
temperature to determine the "weakest link" region of each microstructural 
condition. All tensile failures occurred in the base metal, and tensile proper
ties were not markedly altered by postweld heat treatment. Nominal tensile 
properties of the annealed base metal (long transverse orientation) were 234 
MPa (34 ksi) yield strength, 496 MPa (72 ksi) ultimate tensile strength, and 
50 percent reduction in area. These values after a 760°C stress relief were 234 
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MPa (34 ksi) yield strength, 469 MPa (68 ksi) ultimate tensile strength, and 
57 percent reduction in area. 

Cyclic loading [31 to 310 MPa (4.5 to 45 ksi)] of tensile specimens also 
resulted in base metal failure, regardless of microstructural condition. 
Fatigue life under such conditions was approximately 10*" cycles, and crack 
propagation in the base metal was found to be transgranular. 

Thus both tensile and low-cycle fatigue testing indicated the base metal to 
be the weakest section of all weldments. Since these data did not differentiate 
the three microstructural conditions of weldments emphasized here, further 
details are omitted for the sake of brevity. 

The hardness profiles for the as-welded and both stress-relieved conditions 
are given in Fig. 12. A change in hardness from HRC 32 in the fusion zone to 
HRB 79 in the base metal for the as-welded specimen is consistent with the 
microstructural changes shown in Fig. 5. Stress relieving reduced the hard
ness of the fusion and heat-affected zones by coarsening the substructure of 
the bainite, as evidenced by a comparison of micrographs in Figs. 5 and 6. 

Extensive Charpy V-notch impact testing was performed on specimens in 
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FIG. 12—Rockwell hardness profiles resulting from electroslag welding and stress relieving of 
2'/4Cr-lMo steel 
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the as-welded and both stress-relieved conditions. Specimens were taken 
from closely spaced locations across the weld zones of all three weldments, 
broken at ambient temperatures, and analyzed as shown in Fig. 13. Both the 
energy absorbed and the fracture appearance (percent shear) were plotted as 
a function of distance from the fusion line. In the as-welded condition, 
Charpy impact energies were found to be low [a nominal 20 J (15 ft -lb)] and 
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essentially constant across the entire weld zone. In contrast, the CVN 
toughness of the fusion and heat-affected zones of the weldments were 
dramatically improved by the postweld heat treatments. Note, however, that 
the base metal lost impact strength when stress relieved at 760°C. 

Figure 14 compares the transition temperatures observed in the fusion 
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zone, heat-affected zone, and base metal for the as-welded specimen and the 
specimen stress-relieved at 690°C. Note that toughness has been slightly 
reduced by welding in a region which would normally be considered the base 
metal (64 mm from the fusion line). The salient feature of Fig. 14, however, 
is the improvement in both upper shelf energies and transition temperatures 
caused in the fusion and heat-affected zones by postweld heat treatment at 
690°C. A summary of the Charpy impact testing results for this study is 
given in Table 4. Transition temperatures, whether taken as the temperature 
at 54 J (40 ft • lb) (TT40) or the temperature at a fracture appearance of 50 
percent shear (FATT), were reduced over 65 degrees Celsius in the fusion 
zone and over 35 degrees Celsius in the heat-affected zone by a stress relief at 
690°C. 

Fractographic Observations 

Scanning electron fractographs representative of the fusion zone, heat-
affected zone, and base metal in each of the three weldments studied are 
shown in Fig. 15. In the as-welded specimen, all regions manifest a brittle 
nature; however, the characteristics of fracture in the fusion and heat-
affected zones are quite different from those of the base metal. A fine struc
tured quasi-cleavage mode is shown for the fusion and heat affected zones, 
while a coarse cleavage with river patterns is found in the base metal. Frac
ture between the carbide-decorated subboundaries in the bainite of the weld 
zones, and fracture unimpeded by the carbide-laden ferrite boundaries in the 

TABLE 4—Charpy V-notch impact data for annealed 2'ACr-lMo steel and 
electroslag weldments. 

Condition 

Annealed 

Annealed 

As-welded 

Stress-
relieved 
(690°C) 

Stress-
relieved 
(760°C) 

Properties at Room Temperature 

Specimen 
Orientation/ 

Location 

longitudinal 

transverse 

FZ 
HAZ 
BM 

FZ 
HAZ 
BM 

FZ 
HAZ 
BM 

Average CVN 
Energy, 
J (ft-lb) 

16(12) 

42(31) 

12(9) 
24 (18) 
28(21) 

61 (45) 
50 (37) 
26 (19) 

222(164) 
102 (75) 
16(12) 

Average 
Fracture 

Appearance, 
% shear 

17 

22 

0 
8 

20 

50 
42 
20 

100 
61 
10 

Transition Temperature at 

54 J 
(40 ft lb), 

°C (°F) 

63 (145) 

26 (78) 

114(237) 
70 (158) 
56(132) 

17(63) 
29(85) 
52(125) 

ND" ND 
ND ND 
ND ND 

50% Shear, 
°C (°F) 

68 (155) 

68 (155) 

91 (195) 
67 (152) 
72(162) 

25 (77) 
31 (87) 
57(135) 

ND ND 
ND ND 
ND ND 

"ND: Not determined. 
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AS-WELDED 

FIG. 15—Scanning electron micrograph of the fractures surfaces from the ambient 
temperature Charpy tests summarized in Fig. 13. 

base metal could yield the results shown. Stress relieving resulted in ductile 
rupture by microvoid coalescence in the fusion zones, and, in the case of the 
760°C stress relief, in the heat-affected zone. Stress relieving did not 
significantly alter the fracture mode in the base metal. 
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Discussion 

The cooling rates measured during electroslag welding of 102-mm 
(4-in.)-thick 2V4Cr-lMo steel, and the microstructures which resulted, sug
gest that the bainite created in the fusion and heat-affected zone by the 
welding process was upper bainite, in which carbides are dispersed along the 
ferrite lath boundaries [15.16]. Such a structure is not particularly tough, 
because neither the low angle boundaries between ferrite laths nor the car
bide concentrated at the lath boundaries provides major barriers to a 
cleavage crack [16]. Furthermore, upper bainite is not generally considered 
to be responsive to tempering because the low angle boundaries undergo 
sluggish recovery processes [15]. Clearly, the bainite in the fusion zones and 
heat-affected zones of this study responded to tempering, however, and a 
refinement and redistribution of precipitates was observed. We have at
tributed these microscopic observations and the marked increase in fusion 
and heat-affected zone toughness with stress relieving to the dissolution of 
Fe3C and the formation of homogeneously distributed M02C, known to 
nucleate within the ferrite [13]. Similar toughening effects have been ob
served in 10Ni-8Co-2Cr-lMo steels by Speich and Leslie [17]. This change in 
carbide composition and morphology, coupled with the coarsening of the fer
rite lath structure by recovery processes, apparently produced a tough 
microstructure. These results are promising and suggest that a careful stress 
relieving of quenched and tempered 2'/4Cr-lMo plate after electroslag 
welding may produce a sufficiently tough microstructure across the entire 
weldment. Postweld heat treatment without austenitizing would require a 
change in the current ASME code, and thus a very thorough demonstration 
must be made before this mode of electroslag welding receives serious con
sideration by fabricators. Additional improvement of toughness would result 
from increasing the hardenability of the fusion zone by filler metal additions 
[10-12], and by other grain refinement techniques, since grain size refine
ment is known to be effective in increasing the toughness of upper bainite 
[16]. Finally, numerous researchers [18-21] have demonstrated the effect of 
cleanliness on improving the toughness of 2V4Cr-lMo steel. It can be 
speculated that improving base metal cleanliness would likewise simplify 
thick-section welding of this steel, simply by reducing the magnitude of the 
impurity segregation that can occur in the HAZ during welding. 

Conclusions 

1. Electroslag welding of 102-mm (4-in.)-thick 2V4Cr-lMo steel creates 
bainitic fusion zones which can be dramatically toughened by stress-relief 
heat treatments. 

2. The heat-affected zones in 102-mm (4-in.)-thick 2V4Cr-lMo steel elec
troslag weldments are microstructurally complex. Nonetheless, these heat-
affected zones can be significantly toughened by stress-relief heat treatments. 
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3. Sufficient potential for making adequately tough electroslag weldments 
in thick-section 2'/4Cr-lMo steel plate has been demonstrated. Further study 
is warranted, and future efforts should include evaluation of weldments 
made from quenched and tempered plate, fusion-zone grain refinement 
studies, and evaluation of weldments from plates of improved cleanliness. 
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A Portable 100-kW Electron Beam 
Welding System for Pressure 
Vessel Fabrication 

REFERENCE: Farrell, W. J., "A Portable 100-kW Electron Beam Welding System for 
Pressure Vessel Fabrication," Application of 2'/4Cr-lMo Steel for Thick-Wall Pressure 
Vessels. ASTM STP 755. G. S. Sangdahl and M. Semchyshen, Eds., American Society 
for Testing and Materials, 1982, pp. 297-325. 

ABSTRACT: A program to demonstrate the application of a lOO-kW portable electron 
beam (EB) welding system to the production of girth welds in several pressure vessel 
shells in an industrial environment is detailed. Three-metre-diameter shells, one 80-mm-
thick 304L, the other 135-mm-thick ASTM A 533 Type B, were EB welded to ASME 
Boiler and Pressure Vessel code requirements without the use of a large vacuum 
chamber. Drawing upon this experience, the author presents a manufacturing plan for 
applying EB welding in the fabrication of thick-wall pressure vessels. 

Potential fabrication cost savings are described in terms of a measure of welding time 
called Joint Completion Rate expressed in hours per foot of completed weld seam for 
203-mm (8-in.)-thick plate. The values are: submerged arc welding (downhand), 3.0 
h/ft; manual arc welding, 40 h/ft; and EB welding, 0.067 h/ft. Energy input is 
calculated for 135-mm-thick plate to be 7338 kj/in. for submerged arc and 636 kj/in. for 
EB welding. 

The results of testing a series of EB butt welds in 63.5-mm (2'/2-in.)-thick ASTM A 
387 Grade 22 (2'/4Cr-lMo) produced without preheat or postheat, and subjected to 
various postweld heat treatments, are summarized. A Tl of — 107°C ( — 160°F) and a T2 
of -S0°C (-58°F) were obtained. 

Additional inherent benefits of EB welding thick plate are described. 

KEY WORDS: portable electron beam, thick-wall pressure vessels, potential fabrication 
cost savings, properties of electron beam weld 2V4Cr-lMo steel 

Our technology, and indeed our civilization, is based upon the abundant 
supply of low-cost, highly concentrated energy in several forms. These forms 
are petroleum, natural gas, and coal. The most useful form of such energy 

'Senior Vice President, Sciaky Brothers, Inc., Chicago, III. 60638. 
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has been petroleum, which we have consumed prodigiously; thus we are 
rapidly depleting this bountiful, but finite, resource. 

Civilization will have to replace this natural store of energy with machines 
that create concentrated energy from sources and raw materials other than 
petroleum or natural gas. The design and manufacture of these machines, 
which will substitute for the energy concentrated by nature over billions of 
years, will require a tremendous organized long-term effort. 

The "energy machines" that convert one form of natural stored energy, 
such as oil shale or coal, to another form, such as synthetic liquid petroleum, 
are characterized by the utilization of heat and pressure. Therefore these 
machines are essentially high-temperature pressure vessels, and will require 
welded heavy sections of low-alloy steel. A significant portion of the total 
quantity of labor expended in fabricating a large thick-wall pressure vessel by 
today's methods is utilized to produce the welded joints. For example, the 
joint completion rate for a butt-welded 203-mm (8-in.)-thick plate utilizing 
the automatic subarc process in the downhand position (shop fabrication) is 
reported to be 3.0 h/ft.^ If field closure is required, with the vessel in the ver
tical position, manual arc welding must be utilized and the joint completion 
rate becomes 40 h/ft. In contrast, the electron beam (EB) is potentially 
capable of welding 203-mm (8-in.)-thick plate at 3 in./min in one pass, for a 
joint completion rate of 0.067 h/ft! 

Electron beam welds are characterized by (/) virtually unlimited penetra
tion, producing a parallel sided weld in a single pass; (2) high welding speed; 
(J) minimal distortion and shrinkage; (4) no filler material or fluxes re
quired; and (5) inherent precision control of welding parameters, providing 
repeatability of developed procedures. 

These characteristics make EB welding economically attractive for welding 
heavy structures, such as very large pressure vessels. Therefore Sciaky de
cided to develop a portable welding system suitable for large pressure vessel 
fabrication that could be used in field erection as well as in shop fabrication. 
At the time of this decision, the most powerful EB welder produced a max
imum power of 42 kW. Our first step was to extrapolate this design to 60 
kW, and we produced such an experimental system in 1970. Working with 
this system over the next several years provided insight into the requirements 
of an electron gun (EG) for one pass welding of very heavy sections. 

We recognized that a more rigorous design approach was required if the 
EG were to produce a stable beam of the proper characteristics, and to 
demonstrate operating reliability. We therefore began the development of 
sophisticated computer programs which solve the differential equations 
defining the characteristics of the EB and permit optimization of the shapes 

^Weber, C. M. et al, "Factors Influencing the Welding of Coal Gasification Vessels-Report 
on Some Recent Developments," paper presented at Corrosion '79. 
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of the electron gun components (cathode, anode, magnetic coils) as well as 
the magnitude of the accelerating voltage.^ 

Finally, a 100-kW EG was designed utilizing these computer programs. 
This EG (and its associated power supplies) was designed to the following 
criteria: 

1. Produce an EB concentrated to a diameter capable of penetrating up to 
254-mm (lO-in.)-thick alloy steel at a welding speed of 6 in./min. Ex
trapolating from our previous work at 42 and 60 kW beams, resulted in our 
specifying a 100-kW EB, 2 mm in diameter. 

2. The EG must be small and rugged for maximum mobility. Our objective 
was to eliminate the need for a large vacuum chamber, and to move the EG 
and its associated apparatus from work station to work station. 

3. Small anode hole diameter to avoid interelectrode flash-over by ex
cluding metallic vapors from the cathode region. 

4. Long emitter life. 

These considerations led to the development of a compact EG producing a 
1-A beam at 100 kW. The lifetime of the emitter is 50 h. 

Electron Beam Welding Process 

Electron beam welding is a fusion welding process, in that the weld is pro
duced by local melting and coalescence. The energy source is a concentrated 
beam of very high velocity electrons which is directed at the joint to be 
welded. Upon striking the surfaces to be joined, each electron penetrates a 
small distance into the thickness of the material, giving up its kinetic energy 
in the form of heat. 

The energy density of the EB is so high that it literally bores a hole through 
the thickness of the material being welded. The hole is moved along the joint 
by advancing either the EG or the work. As the beam advances, it comes into 
contact with solid material at the leading edge of the hole. This material is 
melted, flows around the bore of the hole, and solidifies behind it to make 
the weld. 

The mechanisms of the formation of the hole or cavity are not completely 
understood. The theoretical penetration of an electron, accelerated by a 
voltage V, into the metal, is not enough to explain the great depths of the 
welds produced. 

Several models have been proposed to explain the cavity formation, none 
of which clearly account for the great depth of the penetration attainable 
with the EB. It is sufficient for our purposes to state that the following 
phenomena play a role in the cavity formation: (/) metal vaporization and 

^Sayegh, G. and Dumonte, P., "Theoretical and Experimental Techniques for Design of EB 
Welding Guns," in Third International Processing Seminar. March 1974, pp. 3al-3a87. 
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pressure on the molten pool created by vaporization; (2) the pressure of the 
EB due to the mass, velocity, and number of electrons striking the work sur
face per unit of time; and (J) the pressure of the metal vapors. 

It has been demonstrated by countless experiments that once the specific 
power of the incident EB is sufficiently high for the cavity to form, the cavity 
becomes progressively deeper until the depth reached is such that the total 
beam power is absorbed by the plasma trapped in the cavity before reaching 
the bottom.'' To fully penetrate a given thickness of plate, therefore, requires 
sufficiently high specific power for the cavity to form, and sufficiently high 
total beam power for the cavity to extend through the bottom of the plate. 
Such a beam of electrons, directed at the surface of a plate somewhere within 
its boundaries, will produce a full-penetration weld bead as it advances. If 
this process is applied along the line of junction of the butting faces of two 
plates, one obtains by melting a continuity of the materials over their entire 
thickness, and, upon solidification, a weld. This is illustrated in Fig. 1. 

The first distinguishing characteristic of an EB as applied to welding is 
thus seen to be its ability to penetrate completely through the maximum 
thickness of plate for which a given ^B welding system is designed. Thus 
square butt joints are most suitable for this process. In contrast, the conven
tional fusion welding processes, such as submerged arc, are limited in 
penetration by heat transfer considerations. Therefore one must gouge a 
trench on each side of the butting edges of the plates to be joined in order to 
give the energy source access to the midpoint of the plate thickness. These 

ELECTRON GUN 

EXCESS BEAM ENERGY 

FIG. \—Representation of the mechanism of full-thickness penetration EB welding. 

''Fartell, W. J., " The Use of the EB to Fabricate Structural Members," Creative Manufactur
ing Seminar, American Society of Tool and Manufacturing Engineers, 1962-63. 
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trenches must then be filled by expensive welding wire, in very many passes, 
to provide a weld joint through the entire thickness of the plate. 

The EB is produced by a device called an electron gun (EG). The prin
ciples embodied in the EG are illustrated schematically in Fig. 2. This figure 
depicts the 100-kW EG developed for welding heavy plates, revealing some of 
the features uniquely designed to satisfy the requirements of its intended ap
plications. 

Conventional electron guns utilize a resistance heated formed wire or strip 
for the emitter. Because this EG was developed to make very long duration 
continuous welds in very heavy plate, the indirectly heated slug emitter was 
developed in order to provide long life before failure. Another unique aspect 
is the fact that the EG housing is sealed, and fitted with a turbo-molecular 
pump. This tiny, purely mechanical pump is able to maintain a vacuum of 
1 X 10"^ torr within the gun housing, with the complete gun assembly im
mersed in an enclosure at a pressure of 6 X 10~^ torr. The fact that the hole 
through the anode communicates with the volume at the higher pressure ap
pears to contradict the earlier statement that the gun housing is sealed and 
separately pumped to a high vacuum. However, the hole in the anode is very 

EMITTER HEATING VOLTAGE -

VERY LOW POWER 
ELECTRON BEAM-

BIAS VOLTAGE 

ACCELERATING 
VOLTAGE (V) 

ELECTRON GUN HOUSING 

TURBO MOLECULAR PUMP 

^7777777777777777777777777777777^ 

FIG. 2—Schematic representation of the Sciaky lOO-kW electron gun. 
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small in diameter, and quite long. The high vacuum in the gun, and the in
termediate vacuum in the welding enclosure are both at sufficiently reduced 
pressure that the mean free path of the gas molecules approach system 
dimensions, and the gas molecules cease to interact. Under such cir
cumstances, termed the molecular flow region, such an orifice acts to block 
the passage of gas molecules from one region to the other. 

A high vacuum is needed in the region where the electrons are emitted and 
accelerated, both to protect the emitter from oxidation, and to avoid in
terference with the electrons when they are still at a low velocity. An in
termediate vacuum level is desirable in the welding enclosure to make the 
portable EB welding system concept practical. The small, lightweight, 
mobile, and efficient turbo-molecular pump makes this possible. 

In the case of the 100-kW EG, two 100 L/s turbo-molecular pumps are 
mounted diametrically to the gun body. When the gun housing is at at
mospheric pressure (local vacuum chamber situation) a small mechanical 
fore-pump is connected to the outlet port of the turbo-molecular pumps. 
When the gun is within an enclosure to be evacuated to the 10^^ torr range, a 
fore-pump is unnecessary. The turbo-molecular pumps simply exhaust into 
the main enclosed volume being pumped by the two stage mechanical 
pumps. 

Characteristically, the energy input for an EB weld is a small fraction of 
that associated with an electric arc weld. 

Since submerged arc welding in the flat or downhand position is the ac
cepted electric arc welding process exhibiting the highest deposition rate 
(resulting in the smallest number of passes to fill a joint), welding procedures 
for butt welds in 135-mm-thick Specification for Pressure Vessel Plates, 
Alloy Steel, Quenched and Tempered, Manganese-Molybdenum and 
Manganese-Molybdenum-Nickel (A 533-80) Type B alloy steel were obtained 
from several prominent pressure vessel manufacturers. The energy input for 
each procedure'obtained was calculated. The spread in values for the iden
tical thickness and alloy was surprising. Generalizing from this relatively 
small sample, it appears that machined joints result in the smallest volume to 
be filled and the lowest energy input. 

In any event, we chose the lowest energy input submerged arc process to 
compare with EB welding. Figure 3 shows this comparison. The values are: 
submerged arc welding, 7338 kJ/in.; EB welding, 636 kJ/in. of weld length. 
This substantial reduction results in energy cost savings and considerably less 
distortion of the weldment. In addition, the cost of welding wire and flux, 
plus, in the case of ASTM A 533 Type B and 2'/4Cr-lMo. the cost of 
preheating, are eliminated, a rather significant savings. 

In the modern EB welder, the process parameters are precisely controlled 
by closed-loop servo systems. These parameters therefore are accurately 
regulated and highly reproducible. Experience has shown that the EB 
welding process exhibits a similarly high level of reproducibility. This is 
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probably the result of the fact that the transfer of energy from the source 
(EG) to the work is at very high efficiency (no radiation or convection losses). 
As a result, EB parameters can be developed on relatively small test blocks, 
and then repeated without modification for production welding of large 
structures of the same alloy and thickness as the test blocks. 

It should be noted that the statement "relatively small test blocks" 
deserves quantification. If the test block is too narrow in width, the 
temperature distribution and the gradient during solidification of the molten 
zone will be affected. We have found that the test block should be 1.5 to 2 
times the weldment thickness. 

Application Technology Demonstration Program 

Sciaky is nearing completion of a program to demonstrate the application 
of its portable 100-kW EB welding system to the welding of the girth joints in 
several pressure vessels to code requirements in an industrial environment. 
This program was financed largely by an international group of pressure 
vessel fabricators. Two typical cases for the Application Technology Demon
stration Program were chosen by the sponsoring group: 

1. A simulated Reactor Core Barrel consisting of six cylindrical sections, 
3 m in diameter, constructed of 80-mm-thick 304L stainless steel. The rela
tively distortion-free weldments produced by this process, in addition to the 
inherent cost savings, were the driving forces for this choice. 

2. A simulated Reactor Containment Vessel consisting of three cylindrical 
sections, 3 m in diameter, constructed of ASTM A 533 Type B alloy steel of 
135 mm thickness. This selection allows resolution of the question of EB 
welding magnetic material in heavy sections; demonstration of acceptable 
weld mechanical properties, including Charpy V-notch; development of pro
cedures for one pass welding of heavy-section alloy steel; verification that EB 
welding does not require preheating as does conventional fusion welding; and 
investigation of postweld heat treating. 

This program required the development of EB welding procedures, deter
mination of maximum joint gaping and mismatch, development of slope out 
procedures, and nondestructive inspection of complete girth welds, verified 
by metallographic examination. 

At this writing, the program is nearing completion; welding procedures 
and all required data have been developed, the 304L cylindrical sections have 
been welded and tested, and the first pair of ASTM A 533 Type B rings have 
been welded. The concept of utilizing the pressure vessel being welded to 
enclose the vacuum welding environment has been reduced to practice. 

In all cases, joint preparation is a simple square butt, incorporating a 
small groove for electromechanical tracking of the joint. Recent technologi
cal advancements will allow elimination of the tracking groove. 
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Figure 4 depicts the concept utilized to weld the cylindrical sections with 
the general purpose portable EB system. The lower ring is placed on a 
fabricated base, resting on a large diameter O-ring to provide a vacuum seal. 
The upper ring is placed on top of and aligned with the lower ring. The 
square butt joint configuration, the optimum joint configuration for EB 
welding, makes it possible to utilize the force of gravity for positioning and 
sealing. Next, the small local chamber (sealing belt) is installed, straddling 
the two rings in order to seal the joint, which may contain relatively wide 
gaps. Finally, the cover plate assembly is lowered in place by an overhead 
crane. It contains a large O-ring that seals against the top surface of the up
per ring. 

The cover plate assembly is fitted with a mechanism to rotate the EG at 
preset welding speed. The EG is attached, through a servo-controlled cross 
slide, to a rigid bracket fixed to the rotating mechanism. Welding travel is 
provided by rotating the EG, fixed at a suitable lever arm with respect to the 

> CM gun, undtr ncuum 
2 T. V. cwmn 
3 Roution dnkt 
4 Gun-holdtr carri»g» 
5 Shtll iupiiort 
eS—lingMt 
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8 VMding joint Hill iKOtKtion 

Omnttr tokimt 
16000 L 

Sullna Ml mhim* 
330 L. 
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FIG. 4—Portable EB welding system for welding rings to form pressure vessel shell. 
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cylinder axis. This dimension is adjustable for rings of different diameters. 
Beam-to-seam alignment is maintained dynamically by the cross-slide servo 
mechanism in response to the output of the tracking device. 

With the cover in place, the two rings form the welding vacuum chamber. 
The interior enclosed space is pumped through a port in the base plate. 
Mechanical pumps only are required, since the system is designed to operate 
in an intermediate vacuum of approximately 6 X 10~^ torr. 

Figure 5 shows two ring sections in position ready to be EB welded, with 
the cover being lowered in place. The O-ring seal and the EG are clearly evi
dent. Figure 6 displays the apparatus in place, pumpdown completed, and 

FIG. 5—Lowering upper plate assembly into position. This is the final step in preparing to 
weld 3-m-diameter, 80-mm-thick 304L stainless steel rings from the inside. 
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FIG. 6—Setup completed and interior at vacuum. Ready to EB weld two 3-m-diameter rings 
from the inside. 

the girth welding ready to start. A closed-circuit television camera, mounted 
to the EG, allows observation of the welding process by a TV monitor. The 
completed EB welded 304L rings are shown in Fig. 7. The welding procedure 
utilized is described in Fig. 8. The welding time for the complete girth weld 
was 55 min. The welding time for the 135-mm-thick ASTM A S32i Type B 
rings was 70 min. 

Figure 9 shows cross sections through a weld joining two 304L rings. The 
mismatch encountered when the rings were assembled is evident. It is clear 
that the magnitude of mismatch and gapping encountered is not deleterious 
to the weld quality. A macrograph of an EB weld in 130-mm-thick ASTM A 
533 Type B is reproduced in Fig. 10. Figure 11 shows the ease with which EB 
welds can be repaired. The original weld was intentionally misaligned with 
respect to the joint. The repair weld was made by simply indexing the EG to 
the correct location with respect to the joint, turning on the power and re-
welding. It is not necessary, or even helpful, to grind out the original weld. 
Portable apparatus for welding the longitudinal joints in rings, and for 
welding nozzles have also been developed for use with the 100-kW system. 
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FIG. 7—Five 80-mm-thick. 3-m-diameter rings EB welded from inside. 

Manufacturing Plan 

A manufacturing plan for applying EB welding in the fabrication of 
pressure vessels has been formulated. This plan is built upon the following 
set of typical requirements: 

1. Production facilities for: 
1.1 Longitudinal welds in cylindrical sections up to 15 ft long. 
1.2 Nozzle to cylinder welds; nozzle weld diameter up to 5 ft. 
1.3 Girth welds joining cylindrical sections varying from 5 to 15 ft 

diameter. 
2. A facility for welding procedure development and for producing welded 

plates for procedure qualification. 

Since the EB equipment was designed to be portable, the plan requires a 
single 100-kW EG with its high-voltage cable, controls, and power supplies, 
plus a single pumping system shared between the following equipment units: 

1. A simple vacuum chamber for procedure development. 
2. A local chamber for longitudinal welds in rings. 
3. A local chamber for welding nozzles to rings. 
4. An apparatus for girth welds, providing a localized intermediate vac

uum environment inside the pressure vessel shell. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



FARRELL ON ELECTRON BEAM WELDING SYSTEM 309 
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80 MM THICK 304L STAINLESS STEEL 
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3. VACUl'M LEVELS 
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4. WELDING PARAMETERS 

Accelerating Voltage 
Beain Current 
Focus 
Oscillation 
Deftection 
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5. WELD WIDTH 

5 mm - Parallel Sided 

6. AXIAL SHRINKAGE 

= 65KV 
= 500 MA 
= Close to top surface 
= 35 HZ circular 3.0 MM amplitude 
= 4 CM trailing (8") 
= 15.8 mm/mln. = 6.22 IPM 

Measured axial shrinkage after welding - 0.7 nun 

FIG. 8—Sciaky vitry full-scale demonstration. 

Considering the inherently short EB welding time, such a sharing scheme 
is reasonable in the pressure vessel industry. 

The knowledge gained in carrying out the Applications Technology 
Demonstration Program was employed in specifying the EB system to be 
utilized with the aforementioned apparatus. 

The EG and its power supplies must be integrated with a system to provide 
logic and process control. Therefore the system utilizes a general purpose 
minicomputer, interface hardware, and a powerful software package to pro
vide process control, numerical control, digitizing, and quality assurance 
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FIG. 9—Macrographs of EB welds in 80-mm-thick 304L stainless steel: (a) square butt joint 
displaying negative mismatch: (b) square butt joint with 6 mm positive mismatch and 0.2 mm 
gap-

monitoring in a complete integrated package. The machine sequencing logic 
is in software. A number of diagnostic programs are provided to simplify 
system maintenance. 

Interactive communications are provided by an alphanumeric keyboard 
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FIG. 10—Square butt joint displaying positive mismatch. 

FIG. II—Joint rewelded by vertically displacing gun for second pass in order to demonstrate 
repair technique. 

and a 304.8 mm (12 in.) diagonal screen CRT. Special operator instructions 
can be included within the part program test and displayed on the CRT. 

Some of the capabilities which characterize the control system that are 
significantly important to the implementation of the manufacturing plan in
clude: 

1. Precision control and programmability of welding parameters. The 
welding parameters (accelerating voltage, beam current, focus, and travel 
speed) are controlled within ± 1 percent of commanded values by closed-loop 
systems. These parameters are controlled from a stored program with the 
>ame precision and repeatability. 
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2. The tie-in at the overlap area of the penetration and girth welds, and 
the subsequent slope out of the full-thickness penetration makes special 
demands on the control system when welding plate of 101.6 mm (4 in.) 
thickness or greater. The system must provide precision modulation of the 
beam current and of the beam focus magnitudes, with the relationship be
tween the resultant constantly changing values accurately controlled. With 
the system provided, these parameters are programmable as a function of 
travel distance or of time. The rate of parameter value change is pro
grammed by a set of discrete values, with the system providing linear inter
polation between the programmed points. Their relationship is controlled 
with the accuracy of a precision shaft encoder or a crystal clock. 

3. The ability to document and store each welding procedure once it has 
been developed, together with any special instructions text, is important con
sidering the large number of plate thickness and material combinations 
characteristic of this industry. 

4. On-line continuous monitoring of welding parameters for quality 
assurance, with the capability to document the performance of each weld. 

5. The Multi-Beam technique developed for EB heat treating is proving to 
be beneficial for welding as well. In limited tests to date, this technique has 
allowed increasing the maximum joint gap dimensions, has provided unique 
control over weld geometry, and has been beneficial in slope-out. 

The proposed manufacturing plan is illustrated in the figures and text that 
follow. 

Figure 12 

This drawing illustrates the intermediate vacuum chamber and work car
riage, plus the associated multi-use equipment as utilized for procedure 
development and the production of qualification test plates. Included are: 

100-kWEBgun. 
EB gun traversing mechanism, including a sliding seal and seal plate, 

which can be mounted in any one of two positions for vertical, horizontal, or 
downhand procedure development. In the vertical up position, the EG axis 
(Z in this setup), in combination with the work table axis (X), provides a cir
cular weld path of selectable diameter and welding speed. Circular interpola
tion is provided through the control system to simplify keyboard program
ming of such welding procedures. Position read-out for each axis is provided 
on the CRT, as are all welding parameters, deflection parameters, etc. The 
mechanism for translating the EG is self-contained, and can also be utilized 
as a local vacuum chamber to produce straight line welds of 1.2 m (4 ft) max
imum length. The seal slides on a continuous ground surface, is properly 
lubricated, is protected from environmental contamination, and is not ex
posed to the intense heat of the welding process. 
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L i j r ^ l . 

1. VERTICAL UP WELDING (POSITION f 1) 
A LONGITUDINAL WELDS IN CVLINDERS 
B BIRTH WELDS JOINING CYLINDERS 

2. HORIZONTAL WELDING (POSITION » 1) 
GIRTH WELDS JOINING CVLS. IN FIELD ERECTION 
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3 NOZZLE WELDING (COMBINED HORIZONTAL AND 4 DOWN HAND WELDING (POSITION It 2) 
VERTICAL WELDING BY CIRCULAR INTERPOLATION 
OF T AND "X" AXIS) (POSITION « 1) 

PROCEDURE DEVELOPMENT CAPABILITY 

FIG. 12—Intermediate vacuum chamber for procedure development with portable EB 
welding and vacuum pumping systems applied. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



314 APPLICATION OF 2V4Cr-1Mo STEEL 

Minicomputer-based control system, high voltage tank, and automatic 
voltage regulator, mounted on a sturdy base fitted with crane hooks. 
Welding parameters can be commanded and programmed for welding inter
val and for up and down slope functions. The functions (accelerating voltage, 
beam current, and focus) are keyboard programmed with manual over-ride 
precision potentiometers for development convenience. Interpolation be
tween programmed points provides complete control and all possibilities for 
up-and-down slope procedure development. Multiple time shared EB 
capability is provided, as are circular and elliptical beam oscillation. The 
Multi-Beam and the ellipse are steered to maintain any designated orienta
tion with respect to the direction of the weld path. The multiple time shared 
beam capability provides a new direction in the EB welding process. 

TV camera mounted to the EB gun allows observation of the weld pool 
while the EB weld is in progress. Beam to weld joint alignment is facilitated 
by the joint scanning function of the system. 

Vacuum system is generously sized for this chamber, as it is intended for 
the production case as well. It will evacuate the chamber to 6 X 10"^ torr on 
the order of 4 to 5 min. It is also equipped with a large and effective filter to 
protect the pumps over the long haul. 

On the lower portion of the drawing are shown the basic welding pro
cedures to be developed, together with the machine setup associated with 
each procedure. Each procedure shown ties in with the production welding of 
heavy-wall pressure vessels in the figures that follow. A fourth procedure, 
downhand welding of relatively thin plate, can also be practiced with the pro
duction apparatus shown. 

Figure 13 

This drawing illustrates the production utilization of the EB equipment 
provided with the procedure development chamber for subsequent produc
tion application. This is the first step in the welding of the pressure vessel-the 
longitudinal seams in the cylindrical sections. The pumping system, gun, 
high voltage cable, console, and control systems are taken from the pro
cedure development chamber. 

It is only necessary to add the local vacuum chamber to perform these 
longitudinal welds. 

Figure 14 

This drawing shows the welding of nozzles to rings. Again, the same EG, 
controls and pumps are utilized. The addition of only the local chamber 
which contains the drive for translating the gun along the circular path is re
quired. 

As the local chamber is shown, the nozzle flange size adjustment is from 
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TO VACUUM -»̂  

TO VACUUM Vair AL 

FIG. 13—Local vacuum chamber for longitudinal weld in rings, utilizing portable EB and 
vacuum pumping systems. 

101.6 to 762 mm (4 to 30 in.) radius. The path radius is adjusted and the sur
face contour adapter replaced as the penetration and the ring diameters 
change from one job to the next. A similar apparatus has already been 
proved in production application. 
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FIG. 14—Local chamber for welding nozzles to rings. 
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Figure 15 

Cylindrical sections can be joined to form the shell as previously described 
with their axes in the vertical plane or with their axes in the horizontal plane. 

This drawing is an overall view of the apparatus for producing girth welds 
with the cylinder axis in the horizontal plane. The cylindrical sections are 
mounted on existing turning rolls. The welding apparatus accepts the same 
EB gun and high voltage cable, and after installation in the cylindrical sec
tions, will be plug connected to the existing control and pumping systems. 

As the apparatus is shown, the EG is stationary (except for cross-seam 
travel) in the nine o'clock position, and the cylindrical section is rotated by 
the rolls to provide travel speed. 

POWER DRIVEN ROLLS 

VACUUM LINE TAKE UP REEL 

^sdSL 

POSITIONING / ANTI-ROTATION 
DEVICE 

RUN-OFF CARRIAGE 

FIG. 15—Apparatus providing local evacuated enclosure for portable EB system to girth weld 
rings to produce pressure vessel shell. 
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A number of options are available as to the method of positioning the 
welding apparatus, and of fixing it to take the reaction from the antifriction 
bearings and 0-ring seals while the cylinder is rotating. One possible method 
is shown. 

Figure 16 

This drawing, a conceptual floor plan of a pressure vessel fabrication shop, 
shows how the portable 100-kW EB system is used successively for producing 
longitudinal welds in cylindrical sections, for welding nozzles to cylinders, 
and for girth welding cylinder to cylinder. The same EG, power supplies, 
controls, and vacuum pumping apparatus are utilized for each welding 
operation as required. Specialized equipment is minimized. There is no need 
for large vacuum chambers, although large chambers operating at the in
termediate vacuum level can exhibit high throughput, and prove economical 
where production volume is sufficiently high. 

Mechanical Properties of Electron Beam Welded 2V4Cr-lMo Alloy Steel 

A program was conducted to verify the feasibility of electron beam welding 
the 2'/4Cr-lMo alloy steel without preheat or postheat, and to evaluate the 
resultant weldments for mechanical properties at various degrees of postweld 
heat treatment.^ 

The program consisted in welding a number of square butt joints in 
63.5-mm (2.5-in.)-thick ASTM Specification for Pressure Vessel Plates, 
Alloy Steel, Chromium-Molybdenum (A 387-7%) Grade 22, which, for 
reasons of availability, were cut from a heat not melted to special practice. 
Accordingly, the gas content was relatively high (1920 ppm), as were the 
sulphur (0.029) and the phosphorus (0.011). Therefore this test program 
could be considered a "worst case" condition from the materials standpoint, 
which makes the excellent mechanical properties achieved even more 
remarkable. 

The test plates were electron beam welded by Sciaky in Chicago, and 
shipped to Houston for postweld heat treatment (PWHT) and mechanical 
testing by CBI. The welded plates were subjected to the following tests: (/) 
reduced section tensile, (2) transverse side bend, (J) hardness test (Rockwell 
C, Vickers), and (4) Charpy V-notch. All of these tests were performed on 
each of the six welded plates, each plate being given a different PWHT. The 
heat treatments were (/) no heat treatment (as-welded); (2) minimum 
PWHT; (J) maximum PWHT; (4) minimum PWHT, step cool; (5) quench 

^Dickenson, J. C , "Evaluation of 2'/4Cr-lMo Welded with the Electron Beam Process," 
Research Contract R-0363, CB&I Welding R&D Internal Report, 29 Dec. 1980. 
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and temper, minimum PWHT; and (6) quench and temper, maximum 
PWHT. 

Figure 17 is a cross section showing the electron beam weld in the test 
weldment receiving minimum PWHT. Rockwell C and Vickers hardness 
traverses were made on the top and bottom of such polished and etched weld 
cross sections in order to measure the base metal, heat-affected zone (HAZ), 
and weld metal hardness. The specimen subjected to minimum PWHT ex
hibited a hardness range of 9.5 to 11 R̂ ,; that receiving the maximum PWHT 
of 8.5 to 9.5 R .̂ The quench and tempered specimens showed the following 
values: with minimum PWHT, a range of 7.5 to 9.0 Rj.; with maximum 
PWHT, a hardness range of 7.0 to 9.0 R̂ ,. The Vickers (30-kg load) tests 
verify the general trends, but with a smaller degree of scatter, as should be 
expected for R^-values lower than twenty. The PWHT plates and the quenched 
and tempered and PWHT plates exhibited a maximum hardness of 202 

FIG. \7—Cross section of EB weld in 63.5-mm (2'/2 in.l-lhick 2'ACr-IM(). This section has 
had the miniiniiin PWHT (Nitiil etch: X2.5). 
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D.P.H. and a minimum hardness of 188 D.P.H. The "as welded" test plate 
showed a HAZ maximum hardness of 318 to 350 Vickers (DPH) while the 
maximum hardness of the weld metal ranged from 332 to 339 DPH. These 
data indicate that martensite was present in the "as welded" microstructure. 

Metallographic examination revealed that the microstructure is 
predominantly of a lath type of martensite (Fig. 18). The hardness test data 
indicate that the PWHT reduces the hardness to a specific value from which 
no further reduction occurs by either extended PWHT or by quench and 
temper followed by PWHT. Thus it may be concluded that once an electron 
beam welded joint has been subjected to PWHT, subsequent PWHT will not 
soften its microstructure. Since the heat from which the test plates were cut 
had a carbon content of 0.120 percent, the hardness of all the samples sub
jected to any of the postweld heat treatments employed in this program 
would indicate a tempered martensitic microstructure. 

The ultimate tensile strength was above 572 MPa (83 ksi) with elongations 
of above 27 percent for the reduced section tension tests of all the PWHT test 
plates. The transverse side bend tests for all the test plates were satisfactory. 

FIG. 18—Weld metal microstructure of the "as welded" sample. The structure is one of lath 
martensite. 
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Charpy V-notch impact tests were taken at 1.6 mm ('/i6 in.) depth, 'A T 
depth, and V2 T depth. The data are summarized in Table 1 for each of the 
PWHT conditions. 

Alloy steels, such as the 2'/4Cr-lMo tested in this program, are subject to 
temper embrittlement, a phenomenon whereby the notch toughness is con
siderably reduced. The degree of temper embrittlement experienced by the 
EB welded joints was measured by a combination of three vafues: Tl , T2, 
AT. 

Tl is the temperature at which 54 J (40 ft-lb) of Charpy impact value is 
reached after the test specimen has been subject to a minimum PWHT. T2 is 
the temperature at which the 54 J (40 ft-lb) transition is achieved after the 
test plate is given a minimum PWHT plus a step cool. The difference be
tween these two values is AT. This investigation yielded the following values: 

Tl = -107°C(-I60°F) 

T2 = - 5 0 ° C ( - 5 8 ° F ) 

AT = 57°C(102°F) 

Temper embrittlement acceptance requires fulfilling one of the following 
relations: 

T2 < -29°C(-20°F) 

Tl + 2'/2AT < 38°C(100°F)(socal factor) 

Tl + II/2AT < 10°C(50°F) 

TABLE \—Impact lest data. 

Test Plate Condition 

As welded 
Minimum PWHT 
Maximum PWHT 
Minimum PWHT, step cool 
Quenched and tempered, 

minimum PWHT 
Quenched and tempered. 

maximum PWHT 

54 J (40 ft-lb) 
Transition 

Temperature, • 
°C (°F) 

- 8 ( 1 8 ) 
-107 (-160) 
- 7 9 (-110) 
-SO (-58) 

-111 (-168) 

-106 (-158) 

Maximum 

J (ft-lb) 

105 (78) 
247(182) 
235(173) 
194(143) 

142(105) 

157(116) 

Impact Value 

at °C (°F) 

79 (175) 
- 1 (30) 

- 3 4 ( -30) 
32 (90) 

- 7 3 " (-100) 

- 9 0 " (-130) 

"The maximum testing temperature for these specimens was — 73°C ( —100°F). 
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The electron beam welds passed all of the aforementioned requirements: 

T2 = -50°C( -58°F) 

Tl +2'/2AT = 35°C(95°F) 

Tl + l ' /2AT= - 2 1 ° C ( - 7 ° F ) 

Since the test plate material was not melted to special temper embrittle-
ment practices, this indicates very satisfactory performance for large 
pressure vessel fabrication of EB welded butt joints in 2'/4Cr-lMo material. 
It should be recalled that neither preheating nor postheating was employed 
while electron beam welding the test plates. 

Conclusion 

An integrated manufacturing plan for applying EB welding for the 
fabrication of pressure vessels has been presented. The plan encompasses 
procedure development and qualification, longitudinal welding of rings, 
penetration to ring welding, and girth welding of rings with a single EB 
welding and vacuum pumping system. Specialized, yet flexible local 
chambers avoid the need for very large vacuum chambers. Electron beam 
welding is accomplished at a vacuum level in the range of 5 X 10~' to 6 X 
10~^ torr to preclude the need for diffusion pumps and excessively long 
pumpdown times. 

The substantial cost savings that can be realized by utilizing EB welding to 
replace conventional fusion welding was mentioned in the introduction. In 
addition to such cost advantages, EB welding offers several less obvious 
benefits for pressure vessel fabrication. 

1. Hydrogen-Induced Weld Metal and Heat-Affected Zone Crack
ing—Pressure vessels are designed to stringent code criteria, resulting in 
very generous safety factors. Accordingly, the chemistry of the constructional 
steels is enriched, and the resultant alloys are heat treated in order to provide 
sufficiently high physical properties to permit a practical design. Such steels 
are subject to weld metal and heat-affected zone cracking as a result of 
hydrogen pickup during conventional fusion welding. There can be no 
hydrogen pickup in even an intermediate vacuum EB welding process. 

2. Preheating—Many of the constructional steels for pressure vessels re
quire preheating for successful conventional fusion welding. Sciaky has suc
cessfully EB welded ASTM A 533 Type B and 2'/4Cr-llVlo without preheat. 
Babcock & Wilcox has shown that 516 Grade 70 steel can be EB welded 
without preheating. These steels must be preheated prior to welding by 
submerged arc or stick electrode methods. The elimination of preheating 
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represents a cost and energy savings. It is probable that preheating can be 
eliminated while EB welding many of the other alloy steels of interest. 

3. Welding Position—EB welding of plate thicknesses in excess of 102 mm 
(4 in.) is constrained to the horizontal and vertical positions. It cannot be ap
plied to the welding of heavy plate sections in the downhand position. 
Submerged arc welding is usually constrained to the downhand position. 
This latter limitation eliminates submerged arc welding for many field erec
tion tasks, thus giving an additional economic edge to EB welding. 

4. Weld Geometry—The geometry of the EB weld, that is, essentially 
straight parallel sided, is favorable when the weld is placed in a high-stress 
field. The geometry of conventional welds, that is "V" or "hour-glass" 
shaped, is unfavorable under these conditions. 

5. Joint Preparation—Square butt joints are less expensive to prepare and 
far simpler to align than are double "V" or "J" groove joints. 

6. Weld Repair—Weld repairs are effected by simply re-welding the joint. 
Grinding out the defective weld is not necessary or beneficial. 

r. JOINT PflEmRATION 

EB. — • • 

2.EB WELD 10* LAND IN ONE PASS 

3. COMPUETE JOINT BY FUSION WELDING 

FIG. \9—Method for composite welding 305 to 457 mm iI2 to IH in.) thick-wall pressure 
vessels. 
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7. Quality Assurance—EB welding parameters are inherently amenable to 
precise control and repeatability. Therefore, with the computer-based con
trol system, the welding procedure for a given combination of alloy and 
thickness, once developed, is documented and can be filed for later retrieval 
whenever the same combination repeats. Furthermore, the system has the 
ability to document the performance of each weld in hard copy, thus pro
viding permanent quality control records for every EB welded pressure 
vessel. 

8. Environmental Considerations—EB welding takes place in a vacuum. 
Any gases liberated or evolved from the metal pass through the vacuum 
pumps and are exhausted to the outside after passing through a filter. Such 
gases are necessarily in extremely small quantities, since they must evolve 
from the metal itself, as no organic material containing flux or electrode 
covering is utilized in the process. Metal vapors plate on surfaces inside the 
vacuum enclosure. Consequently, no airborne particles or metallic aerosols 
are possible. 

9. Mechanical Properties—In the case of the specific alloy of interest, 
2'/4Cr-lMo, superior mechanical properties are exhibited by EB butt welds 
produced without preheat or postheat and subjected to PWHT. 

10. Limitations—This portable EB welding system was conservatively 
designed to butt weld a maximum of 254-mm (10 in.)-thick alloy steel plate 
in one pass. Although this limitation will probably be exceeded in practice, it 
is unlikely that the maximum capacity will be stretched beyond 120 percent. 
Nevertheless, EB welding can be practically and economically applied in 
welding pressure vessels of, say, 406 mm (16 in.) wall thickness by the 
method shown in Fig. 19. 
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Case Study on Hydrocracking 
Reactor Inspection after an 
Emergency Shutdown 

REFERENCE: Calvo, V. M., Ruiz, R. R., and Mitani, Yoshito, "Case Study on 
Hydrocracking Reactor Inspection after an Emergency Sliutdown," Application of 
2'ACr-lMo Steel for Thick-Wall Pressure Vessels. ASTM STP 755, G. S. Sangdahl and 
M. Semchyshen, Eds., American Society for Testing and Materials, 1982, pp. 326-339. 

ABSTRACT; Since 1973 hydrocracking reactors have been operating in the oil refinery of 
Salamanca, Mexico. These reactors are composed basically of 2'/4Cr-lMo steel, overlaid 
with 347 stainless steel, of 262 mm total thickness. In early 1979 one of these reactors ex
perienced an emergency shutdown caused by a fire originating in the recirculation pump. 
In this paper several observations made during a field inspection are presented. It was 
found by ultrasonic methods that some parts of the reactor suffered overlay separations, 
including a total of about 12 percent of the surface area on the first ring. Metallographic 
analysis was carried out to find whether the material had suffered damage due to the 
emergency cooling conditions. Possible causes of the overlay separation and its behavior 
after re-starting operations are reported. 

KEY WORDS: nondestructive testing, ultrasonic tests, inspection, calibration, test 
blocks, steels, pressure vessels 

The emergency shutdown due to a fire at the finishing unit originated with a 
large leakage of hydrogen and hydrocarbons at the bottom of the reactor. It 
raised an important question as to the reactor's safety. According to the tech
nical report, the shutdown procedure was as described in the following section. 
The temperature profile was as shown in Fig. 1. 

Shutdown Pw^edure 

In approximately 20 min the reaction section was depressurized from 20 
MPa down to 0.5 MPa, with the temperature at approximately 420°C. These 
conditions were maintained for 3 h. Cooling oil at 205°C was introduced to 

'Coordinator of Inspection, RIAMA-PEMEX, Salamanca, Mexico. 
^Senior Lecturer, ESIQIE-IPN, Mexico City, Mexico. 
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maintain the temperature below the ignition temperature of the cracking 
products, which were still leaking. 

The temperature at the bottom of the reactor was 235°C 19 h later. Under 
this condition, with a pressure of 0.9 MPa, outgassing took place for approx
imately 150 h, followed by steady cooling for 45 h, reaching the temperature 
of 86°C while the pressure remained constant. Then, after repair of the 
damage, which was located at the seal oil cooling coil of the recirculation 
pump, the temperature was raised to 300°C and maintained for 72 h in order 
to complete the hydrogen outgassing. Since the leaking oil ignited in contact 
with the air, water was sprayed by fire hoses until the temperature was 86°C. 
Before starting operation again the following questions had to be considered: 

1. Did the reactor suffer any damage due to the aforementioned shutdown 
procedure? 

2. Is it possible to determine the underlying cause? 
3. Does the damage, if any, allow a safe operation? 

With these questions in mind, in addition to the visual and dye penetrants 
inspection, ultrasonic inspection was employed. Based on these results the ef
fects of temper embrittlement, hydrogen-assisted cracking, and fracture 
mechanics analysis were considered. 

Ultrasonic Inspection 

Calibration Block for Ultrasonic Testing 

In accordance with the ASME Code, Section VIII, Division 2, 1968 ed., 
the manufacturer carried out an ultrasonic inspection at the time of con
struction, using a reference test block containing a 19-mm (V4-in.)-diameter 
flat-bottomed hole machined in the base metal to the overlay/base metal in
terface. For the present inspection, another reference test block was 
prepared. Originally, the manufacturer supplied a test block with 9.5-mm 
(Vs-in.) reference holes without an overlay (which was overlay welded in the 
workshop later). For further reference, several 1.6-mm ('/6-in.) holes and 
2.4-mm (%2-in.) slits at different depths were machined as shown in Fig. 2 
to obtain the standard attenuation curves (Figs. 3 and 4) and standard reflec
tion (Fig. 5a). For the overlay inspection, the 19-mm (^/4-in.) hole was 
machined from the overlay side to the interface, for which the back reflec
tions were observed, depending on the area scanned by a longitudinal beam 
transducer of 25.4 mm (1 in.) diameter with a frequency of 2.55 MHz. 

Field Inspection 

The areas inspected are indicated in Fig. 6. For comparison, five zones (A 
to E) were chosen: of these, C and D were the most rapidly water cooled; 
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Bottom I0C4 
Inlet I0C2 
Normal Shutdown (Inlet I0C2) 

FIG. 1—Temperalure conlrol during the shutdown procedure. 

these zones include the bottom head and the welds at the nozzles. B is the in
termediate neighboring area, A is the top zone of the reactor, and E is the 
reference zone. The inspection was carried out mainly from the outside 
diameter (backing steel side) with a longitudinal beam probe, accompanied 
by an angled beam probe for complementary inspection in several areas. 

The inspection results are summarized as follows: 

1. There was no significant defect in the wall which could be considered a 
crack. 

2. In Zone C, a defect pattern similar to the calibration block was obtained 
in several areas (Fig. 5b). It is quite clear, comparing patterns C and D in the 
same figure, that the back reflection due to the inside wall disappeared; that 
is, the back reflection came from the overlay-base metal interface, which is 
indicative of overlay detachment. 

From these results it can be concluded that the main damage suffered by 
the reactor was the localized overlay detachment in Zone C, amounting to 
around 12 percent and whose distribution is shown in Fig. 7. 

As the detailed topography in Figs. 8 and 9 shows, the separation is 
located at the interface between the overlay and the base metal. The previous 
visual and penetrants inspections of the inside wall (overlay side) revealed 
that no crack was present in these areas, which confirms that only overlay 
detachment occurred and that the overlay still provided a protective barrier. 
This evidence may be very favorable for a safe operation. In addition, it is 
quite interesting to note that the detachment has not occurred in other areas 
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FIG. 3—Reference attenuation curves with longitudinal tieam. 

except for a few points in Zone E. This fact suggests water cooling by spray
ing with hoses was the reason for this detachment; in other words, the bime
tallic stresses due to the drastic water cooling spray, which was employed 
mainly in this zone, might have induced the separation. 

Discussion 

It has been pointed out that the principal problems to be considered in this 
type of reactor are temper embrittlement of 2'/4Cr-lMo steel and hydrogen-
assisted cracking due to hydrogen charged under operation with high 
hydrogen content atmospheres, temperature, and pressure. In both cases, it 
is important to take into account the real or potential crack size, which may 
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FIG. 4—Reference utlemiation curves with angled beam. 

be called a critical crack size. According to the present inspection, the ex
istence of such crack-like defects have not been detected, but circumferential 
defects due to overlay detachment were evident. The following safety analysis 
is based on the assumption of the existence of a crack; also, the possible 
cause of overlay separation is considered. 

Temper Embrittlement 

It is now widely accepted that the Z'ACr-lMo steel is susceptible to temper 
embrittlement. Its Charpy V-notch (CVN) impact upward shift of energy 
transition temperature, after exposure to temperatures in the range of 400 to 
480°C, can be as high as 150°C to a maximum 54 J (40 ft-lb) transition 
temperature of 175°C. As extreme examples, Sawada et al [7]^ presented two 
cases of 2V4Cr-lMo steel that was temper embrittled after long-time 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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c d 
FIG. 5—Reflection patterns of overhy separation. 

hydrocracking service in the range of 349 to 449°C. In these cases, the shift 
in the 54 J (40 ft-lb) CVN transition temperature was about 90 and 115°C 
after 30 000 and 60 000 h, respectively. 

Despite the fact that Reactor lOC-2 may be temper embrittled to some 
degree after 32 000 h service, no cracking was found on inspection following 
the emergency shutdown. The major reason for this is that the reactor 
pressure was reduced to a pressure of 0.5 MPa before the reactor was allowed 
to cool below 175°C, which is in accordance with ASME Code procedures to 
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WELD NS IS 

FIG. 6—Schemalic representation of field inspection zones. 

avoid massive brittle fracture in pressure vessels [2]. With reduced pressure, 
stresses are significantly reduced in the vessel, and brittle fracture does not 
occur even in situations when the toughness of the steel may be degraded by 
temper embrittlement. Watanabe et al [3] have proposed a method of 
fracture-safe analysis for temper embrittled materials that follows the 
method of pressure reduction below a minimum temperature, which is 
generally practiced in regard to operation of hydrocracking reactors. It is in
teresting to note that the microphotographs do not reveal any evidence of 
microscopic changes due to temper embrittlement (Fig. 10). 

Hydrogen Effects 

A major concern in an emergency shutdown is the possibility that an accu
mulation of hydrogen will cause cracking when the reactor is rapidly cooled. 
A reactor shutdown under normal circumstances involves slow cooling or 
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OVERLAY THICKNESS 
I I mm 

FIG. 8—Topography of overlay separation of Detail A in Fig. 7. 

FIG. 9—Over/oy detachment profile at No. 3 and No. 13 levels (scale: none: Detail A of Fig. 7). 
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sometimes a hold period at elevated temperature under reduced pressure to 
outgas hydrogen dissolved in the steel during operation. As shown in Fig. 1, 
during the emergency shutdown the reactor reached a minimum temperature 
of 150°C in about 10 h, which would not have been sufficient time to fully 
outgas the reactor. Results of the ultrasonic inspection, as mentioned before, 
found that no significant cracking occurred in the reactor despite the rapid 
cooling experienced. 

Kerr et al [4] studied the susceptibility to hydrogen cracking of 2V4Cr-lMo 
steel at different strength levels. They found that 2V4Cr-lMo steel with UTS 
below 689 MPa (100 ksi) was resistant to cracking due to hydrogen, while the 
same steel with UTS above 827 MPa (120 ksi) was highly susceptible to 
cracking by hydrogen. Because the UTS of 2'/4Cr-lMo steel in Reactor lOC-2 
is 641 MPa (93 ksi), from Table 1, it is not surprising to find no cracks even 
after the emergency shutdown. This finding demonstrates that when large 
flaws do not exist in a vessel prior to shutdown, 2V4Cr-lMo steel with UTS 
below 689 MPa (100 ksi) is almost immune to hydrogen cracking, in agree
ment with the findings of Kerr et al. 

Overlay Separation 

Conditions are encouraging to date for a safe re-starting operation in spite 
of the overlay separation, whose origin has not been discussed. Vinckier and 
Pense [5] reviewed underclad cracking in pressure vessel components, which 
is generally produced during postweld heat treatment due mainly to suscepti
ble microstructure, a critical residual stress pattern, and a thermal treatment 

TABLE I—Technical data of Reactor lOC-2. 

Dimensions 
Internal shell diameter thickness 
Base metal 2'/4Cr-lMo 
Overlay 309 and 347 

Mechanical Properties—Shell C 
Yield stress 
UTS 
Elongation in 50.8 mm 
Reduction of area 
Charpy V-notch (CVN) at 7°C 

Operation Conditions 
Pressure 
Hydrogen partial pressure 
Temperature 

Statistics 
Total hours of operation" 
Total number of shutdowns 

2905 mm 
251 mm 

11 mm 

500 MPa 
641 MPa 
26.6% 
75.7% 

310 J 

20 MPa 
15 MPa 

42S°C 

32 376 
50 

"Including the recirculation period under the conditions: tempera
ture at 350 to 380°C; pressure at 19 MPa; natural gas. 
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between 600 and 650°C. Since laboratory tests show that 2V4Cr-lMo steel 
clad with austenitic steel is not susceptible to cracking under normal condi
tions, it is necessary to investigate under similar operational conditions. Ob
serving the distribution of the overlay separation, one might say that the 
main cause of its localized appearance seems to be the drastic outer surface 
cooling by water. 

Conclusions 

The reactor wall is in good condition for operation in spite of the localized 
overlay separation. It is necessary to study further the cause of overlay sepa
ration under fully operational conditions and to continue monitoring its 
behavior during further cycles of operation. 
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REFERENCE: Wada, Tsuguyasu and Eldis, G. T., "Transformation Characteristics of 
2V4Cr-lMo Steel," Application of 2'/4Cr-lMo Steel for Thick-Wall Pressure Vessels, 
ASTM STP 755. G. S. Sangdahl and M. Semchyshen, Eds., American Society for 
Testing and Materials, 1982, pp. 343-362. 

ABSTRACT: For application to lieavy-tiiickness plates, steels based on the 2'/4Cr-lMo 
system should have sufficient hardenability to provide the appropriate microstructure 
and mechanical properties. This investigation was undertaken to evaluate the effects of 
several composition variations on the hardenability of 2'/4Cr-IMo steel, and thereby to 
provide useful information in applying this steel in sections up to 400 mm thick. Con
tinuous cooling transformation diagrams were determined by dilatometry for variations 
of carbon, manganese, and minor additions such as nickel and vanadium. The critical 
cooling rate for polygonal ferrite formation, A"̂ , defined as the slowest rate at which the 
material can be cooled and still result in a microstructure free of polygonal ferrite, is con
sidered the parameter of greatest significance. In terms of the average cooling rate be
tween 800 and 500°C, K, tor 2V4Cr-lMo steels containing 0.11 to 0.13 percent carbon is 
approximately 30°C/min; this corresponds to the cooling rate at the center of a 200-mm-
thick plate during water quenching. Variations in carbon and manganese content and in 
the content of minor elements such as nickel significantly affect Kf. Vanadium does not 
significantly increase hardenability (decrease Kf), but it does increase temper resistance 
and hence the final strength after tempering and stress relieving. The average cooling 
rate (800 to 500°C) at the center of a 400-mm-thick plate during water quenching is 
about 8°C/min. A 2'/4Cr-lMo steel on the high side of the ASTM A 387 Grade 22 com
position range and containing about 0.5 percent nickel has a fully bainitic microstructure 
after cooling at this rate. Maximum hardenability was observed in an experimental steel 
containing 0.15 percent carbon, 0.60 percent manganese, 2.37 percent chromium, 1.10 
percent molybdenum, 0.50 percent nickel, and 0.08 percent vanadium that exhibited no 
polygonal ferrite after cooling at about 4°C/min. After tempering at 700°C for 120 h, 
this steel had a tensile strength of 590 MPa. 

KEY WORDS: 2i/4Cr-lMo steel, hardenability, transformation, CCT diagram, critical 
cooling rate for polygonal ferrite formation, pressure vessels, Aci temperature, Acj 
temperature, bainite 

'Staff Metallurgist, Climax Molybdenum Company of Michigan, Ann Arbor, Mich. 48105. 
Manager, Ferrous Metallurgy, Climax Molybdenum Company of Michigan, Ann Arbor, 

Mich. 48105. 
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The 2'/4Cr-lMo steel has been widely used for pressure vessels and reac
tors in the petrochemical industry. The manufacture of vessels up to 200 mm 
wall thickness is quite common. Some vessels of greater wall thickness have 
been produced, but experience with these has been limited. Another rela
tively new application for this steel, where experience is also limited, is in the 
manufacture of heavy-section well-head equipment, in which high resistance 
to sulfide stress cracking is required. The purpose of this paper is to provide 
information on the transformation characteristics of 2'/4Cr-lMo steel and to 
evaluate the effects of compositional variations on hardenability. Such infor
mation is of value in the application of this steel for heavy-section plates up to 
400 mm thick. 

Among the metallurgical features of 2'/4Cr-lMo steel, probably the most 
important are (1) high bainitic hardenability, and (2) formation of stable and 
competing alloy carbides. A high bainitic hardenability means that 2'/4Cr-
IMo steel transforms to a fully bainitic microstructure over a wide range of 
cooling rates. This feature makes the steel suitable for heavy-section applica
tions. The well-balanced chromium and molybdenum contents of the steel 
ensure that the stabilities of various alloy carbides such as M2C, M7C3, and 
M23Q are close to each other. Thus, the transformation of one carbide 
species to another is sluggish, which gives a high elevated temperature 
stability to the steel. Alloy carbide formation also provides resistance to 
hydrogen attack. The present study focuses primarily on the hardenability of 
2V4Cr-lMo steel. 

The continuous-cooling transformation (CCT) diagram provides useful in
formation on hardenability, defining quite accurately the cooling rates at 
which various transformation products will form. In this study, quench 
dilatometry combined with metallographic observations were used for con
structing the CCT diagram. In addition, mechanical properties were deter
mined on specimens that were heat treated to simulate heavy-section plates. 

Experimental Procedures 

Materials 

The steels examined in this study are listed in Table 1. Steels B and I are 
commercial heats, while all others are laboratory heats. All laboratory heats 
were 25 to 30 kg in size, melted in a vacuum induction furnace and cast in 
cylindrical ingot molds under an argon atmosphere. The ingots were forged 
and rolled to 13 to 25 mm thick plates before heat treatment. 

Transformation Studies 

CCT diagrams were established by dilatometry, using a Formastor-F 
quench dilatometer. This instrument employs induction heating of the test 
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346 APPLICATION OF 2V4Cr-1Mo STEEL 

specimens in vacuo and allows controlled cooling over a wide spectrum of 
cooling rates. The specimen length and temperature are simultaneously 
recorded during heating and cooling. In the present study, the cooling rates 
employed ranged from 7000 to 0.6°C/min.' For the faster cooling rates 
(> 1200°C/min), helium gas quenching was employed. Slower cooling rates 
were attained by controlled radiation cooling. 

All dilatometer specimens were of cylindrical geometry, 3 mm diameter by 
10 mm long. A 2-mm-diameter hole was drilled axially into one end to a 
depth of 5 mm to accommodate a thermocouple spot-welded in place for 
temperature measurement and control. Specimens were taken from the 
plates in the as-rolled condition. 

The Ac| and Acj temperatures were determined using the same For-
mastor-F dilatometer by heating the specimen at a constant rate of 2°C/min 
from 600 to %0°C. The Ac^temperature thus determined on each test steel 
provided a basis for selecting the austenitizing temperatures in determining 
the CCT diagram; that is, Ac, plus 30°C. 

All test specimens were austenitized in the dilatometer for 20 min prior to 
cooling. Construction of each CCT diagram was based on the dilatometer 
cooling records and metallographic observations of the transformed speci
mens. Metallography was performed on specimens mounted in epoxy resin 
and with at least 1.5 mm ground from the surface prior to final mechanical 
polishing and etching. Hardness was determined on the same surface using a 
Vickers hardness indenter with a 10-kg load. 

Mechanical Testing 

Tensile tests were performed on specimens machined from 13 to 25-mm-
thick plates heat treated to simulate much heavier section sizes. The required 
slower cooling rates were attained by enclosing the thinner plates in boxes 
made of insulating firebrick and/or steel and air cooling the entire box-and-
plate assembly. Temperatures were monitored during heat treatment via 
thermocouples attached to the enclosed plates. The finished tensile specimen 
geometry was cylindrical, with 6.35 mm gage diameter and 25.4 mm gage 
length. 

Results and Discussion 

General CCT Behavior 

Figure 1 shows the CCT diagram for a "standard" 2'/4Cr-lMo steel. Steel 
A in this study (see Table 1). The reader unfamiliar with the general features 

•'All cooling rates specified herein are based on the time to cool the specimen from 800 to 
500°C. 
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TIME TO COOL FROM 9 0 0 " C 

FIG. \—CCT diagram for 0.1 perceiil carbon 2'ACr-IMo sled iSleel A): ASTM grain size 
No. 7: F = polygonal Jerrite: F = pearlile: B = hainile: M = niarlensile. 

of such diagrams or the manner in which they are constructed from the 
original dilatometer records is referred to the literature [1].^ In Fig. 1, the 
numbers written adjacent to the cooling curves near the top of the diagram 
are the cooling rates (°C/min) associated with the respective curves. The 
number inscribed in a circle at the end of each cooling curve gives the hard
ness (HVIO) of the respective dilatometer specimen cooled as indicated. 

One of the most striking features of the CCT diagram for 2'/4Cr-lMo steel 
is the wide range of cooling rates over which bainite is the predominant 
austenite transformation product. For Steel A (Fig. 1), cooling rates ranging 
from about 3300 to about 30°C/min result in a fully bainitic microstructure. 
A convenient parameter for expressing this bainitic hardenability is the 
critical cooling rate for ferrite formation, K/. This is the slowest rate at which 
the steel can be cooled and still attain a structure free of polygonal ferrite. A 
portion of a hypothetical cooling curve associated with K/ is shown as a 
dashed curve in Fig. 1; tangent to the knee of the polygonal ferrite transfor
mation region. 

The polygonal ferrite that forms on cooling at rates slower than K/ affects 

''The italic numbers in brackets refer to the list of references appended to this paper. 
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348 APPLICATION OF 2V4Cr-1Mo STEEL 

the mechanical properties. This is illustrated in Fig. 2, where hardness is 
plotted as a function of cooling rate. Beyond Kf, hardness decreases rapidly 
as the softer microconstituent, polygonal ferrite, becomes an increasing por
tion of the microstructure. 

Examples of the bainitic transformation products obtained in 2'/4Cr-lMo 
steel are shown in Figs. 3 and 4. Figure 3 shows optical micrographs of Steel 
C cooled at rates faster than Kf (Fig. 3«), and just slightly slower than Kf 
(Fig. 3/j). The polygonal ferrite that forms at the slower cooling rate is in
dicated by an arrow. Figure 4 shows scanning electron micrographs of the 
bainite formed in Steel A and illustrates a rather characteristic feature of the 
bainitic microconstituent in 2'/4Cr-IMo steels. Whereas in lower alloy steels 
the bainite consists of laths of dislocated ferrite and particles of M^C car
bides, the bainite in 2'/4Cr-lMo steel is generally free of the carbide phase. 
In place of the carbides one finds "islands" of martensite plus retained 
austenite (MA constituent). Whether or not the bainite contains carbides or 
MA appears to be dependent on both composition and cooling rate. In this 
work, the authors noted a general trend toward more carbide and less MA in 
the bainite as the carbon content of the steel was increased and as the cooling 
rate was decreased. The cooling rate effect can be seen by comparing Figs. Au 
and Ab. 

The CCT diagram in Fig. 1 indicates three critical temperatures for the 
2'/4Cr-lMo steel: the usual upper and lower critical temperatures, Ac^ and 
Ac|, and a third temperature designated as Tc. 

There is some disagreement among the reported Ac|-values in the 
literature. Table 2 shows Acptemperatures measured in this study as well as 
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FIG. 2—Hardness versus cooling rale for several of llie steels investigated. Vertical arrows 
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U ; 

i.b) 

FIG. 3~Microstniciiire of Steel C after CCT. Arrow inilkutes polvsumul ferriie. (a) Cooled at 
70°C/nw,: (b) Cooled ar 30°C/mii,. 
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350 APPLICATION OF 2V4Cr-1Mo STEEL 

(a) 

FIG. 4—Scanning electron micrographs of Steel A after CCT. (a) Cooled at 400°C/min; (b) 
Cooled at ll°C/min. 
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TABLE 2—Ac I temperaliires of standard 2'/-iCr-IMo steels. 

Observer 

This study—Steel A 
This study—Steel B 
This study—Steel C 
Rose et al 
Kunitake et al 
Atkins 
Leynionie et al 

Reference 

2 
.? 
4 
5 

Ac, -Tei mperature.°C 

750 
750 to 778 (see Table 3) 

760 
780 
773 
735 
815 

data reported by others [2-5]. (The compositions of the steels from Refs 2 to 
5 are given in Table 4.) Atkins [4] reports the lowest Acpvalue, 735°C, while 
Leymonie et al [5] give a value of 815°C. Except for these two extremes, the 
data fall within a reasonably narrow range of 750 to 780°C. 

Because of the variation in reported data, an experiment was performed 
to determine the extent to which prior heat treatment might affect the Ac,-
measurement. The heat treatments employed and the Ac|-temperatures 
subsequently measured are shown in Table 3. Figure 5 shows some of the ac
tual dilatometer records. Clearly, Ac| is dependent on prior treatment, rang
ing from a low value of 750°C to a high of 778°C. Metallographic examina
tion of a specimen tempered in a gradient furnace and subsequently quenched 
confirmed the dilatometric results. A portion of that specimen heated to 
780°C is shown in Fig. 6. The presence of fresh martensite indicates that 
transformation to austenite occurred at this or a lower temperature. The 
most frequent nucleation site for the austenite appears to be at grain bound
ary triple points, which may indicate that grain boundary diffusion has a role 
in the transformation. 

The dilatometer records obtained during heating (Fig. 5) show a deviation 
from normal thermal expansion behavior in the vicinity of 730 to 740°C, in
dicating some phase transformation occurs in this region. Specimens 
tempered in this range did not reveal any positive metallographic evidence of 
austenite formation. The authors believe the observed phenomenon is due to 
the formation of alloy carbides, or the transformation of one alloy carbide 

TABLE 3—Effect of prior heat treatinetil on Acj temperature. Test 
steel—Steel B. 

As-received 
930°C, 
930°C, 
930°C, 

1 h, 
1 h, 
1 h, 

Condition 

A . C 
A . C 
A . C 

' plus 
' plus 
' plus 

630°C, 
730°C, 
730°C, 

45 min 
3h 
20 h 

Ac, -Temperature, 

750 
778 
770 
764 

°C 

"Air-cooled as 16 mm square bars. 
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352 APPLICATION OF 2V4Cr-1Mo STEEL 

FIG. 5—Examples of dilatometric curves during heating. Heating speed: 2°C/min. Steel B. 
air cooled from 930°C. and (a) tempered at 630°C. 45 min: (b) tempered at 730°C. 3 h: (c) 
tempered at 730°C. 20 h. 

FIG. 6—Scanning electron micrograph of Steel B after normalizing from 950°C and temper
ing at 780°C for 45 min. Arrows show fresh martensite particles. 
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species to another, at the slow heating rate (2°C/min) employed. The sub-
critical transformation is indicated as Tc on the CCT diagram in Fig. 1. 

Effect of Composition on Hardenability 

Figure 2 shows hardness versus cooling rate for several of the steels ex
amined and indicates the shifts in Kf resulting from compositional changes. 
Table 4 gives the /C^-values determined in this work, as well as some data 
from the literature. For standard 2'/4Cr-lMo steel (0.15 percent maximum 
carbon, 0.5 percent maximum silicon, 0.30/0.60 percent manganese, 
2.00/2.50 percent chromium, and 0.90/1.10 percent molybdenum), Kf is 
generally in the range of 15 to 35°C/min. The cooling rate at the center of 
water-quenched 200-mm-thick plate is about 30°C/min. Thus standard 
2'/4Cr-lMo would generally be suitable for section sizes up to 200 mm. The 
reason for the exceptionally high AT̂ -value (low hardenability) reported by 
Rose et al [2] is not clear. 

Additions of carbon, manganese, chromium, and molybdenum are all 
known to increase the hardenability of steel. In this work, the effects of car
bon and vanadium were systematically studied in some detail using steels in 
which all other elements were held at a constant level. Steels A, E, and F 
formed a series with a carbon variable, while Steels C, J, K, and L formed a 
series with vanadium as the variable. The effects of carbon and vanadium on 
Kf are shown in Fig. 7. Carbon strongly increases hardenability (decreases 
Kf). The carbon effect can be described by the relation 

logA:, (°C/min) = 2.03 - 5(% carbon) (1) 

Vanadium has relatively little effect on hardenability, resulting in a modest 
decrease with additions of up to about 0.3 percent, and a relatively small in
crease with further additions [6], Vanadium does contribute to the 
mechanical properties of the steel, however, as discussed below. 

Table 4 also illustrates the effects of chromium and nickel compositional 
variables. The data of Kunitake et al [JJ show that chromium additions are 
relatively ineffectual; that is, raising chromium to as high as 3 percent has lit
tle effect on Kf. In contrast, the addition of 0.5 percent nickel to 2'/4Cr-lMo 
has a potent effect, decreasing Kf by nearly an order of magnitude compared 
with the standard composition. As discussed further below, these nickel-
modified steels would yield fully bainitic microstructures if water quenched 
in sections as heavy as 400 mm. 

Two of the steels in Table 4, Steel I and Steel M, show exceptionally high 
hardenability. Steel I is a higher carbon modification of the standard grade 
plus 0.5 percent nickel. This steel was prepared as a commercial trial heat in
tended for oil well components. The other high-carbon steels in Table 4 have 
also been proposed and examined by the Climax Laboratory for oil field ap-
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0.1 0.2 0.3 

% CARBON OR VANADIUM 

FIG. 7—Effects of carbon and vanadium on K| in 2V4Cr-lMo steel. 

plications. Steel M was developed by Wada et al [7] and designed for air-
cooled plates of 200 to 300 mm thickness. 

Tensile Properties 

The tensile properties after heat treatment of several of the steels in
vestigated here are summarized in Figs. 8 and 9. Data from the literature 
[8,9] are also presented. 

As noted previously, vanadium does not contribute significantly to harden-
ability of 2'/4Cr-lMo steel. However, it does contribute significantly to the 
strength of the steel after heat treatment. As shown in Fig. 8, the addition of 
0.28 percent vanadium raises both the yield and tensile strengths at room 
temperature in the quenched and tempered condition by about 150 MPa. 
The strengths at 425°C are increased about 100 MPa by the vanadium addi
tion. 

The aim tensile strength of 400-mm-thick 2'/4Cr-lMo steel plate would be 
that of ASTM Specification for Pressure Vessel Plates, Alloy Steel, 
Chromium-Molybdenum (A 387-7%) Grade 22, Class 2; that is, 517 to 690 
MPa (75 to 100 ksi). Accelerated cooling with dip- or spray-water quenching 
would be useful to maintain this strength after tempering and stress reliev
ing. Depending on the amount of tempering, the tensile strength could be on 
the very low side of the specified range. If tempering and postweld stress 
relieving take, for example, the equivalent of 30 h at 730°C, the tempering 
parameter T.P. = T(A:) [20 + log t (h)] is about 21.5 X \(fi. As shown in 
Fig. 9, the tensile strength of standard 2'/4Cr-lMo steel [8.9] is quite 
marginal after such tempering. Two of the 2V4Cr-lMo-0.5Ni steels studied 
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0 TENSILE STRENGTH 

A YIELD STRENGTH (0 .2 ; ' OFFSET) 

0.1 0.2 

•I VAHADIUI1 

FIG. 8—Effect of vanadium on tensile and yield strength of 2'ACr-iMo steel. Heal treat
ment: cooled from 955°C at 50°C/min and tempered at 730°C for 2 h. 

SAWADA e t a l . STANDARD 2 - I / 4 C r - l ( t o STEEL, 
40"C/ni in 

niYANO AND ADACHI' 
STANDARD 2 - l / 4C r - IMo 
STEEL, 6°C/mi"n 

n STEEL G 

B STEEL H 

V STEEL D 

T STEEL I 

20 21 

TEflPERING PARAMETER = T (K) [20+ loq t ( h ) ] x 10"-* 

FIG. 9—Tensile strength of 2'ACr-lMo steels after tempering. 
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here, Steels G and H, one with and one without 0.08 percent vanadium, ex
hibit much higher strength than the standard steels after similar tempering. 
Vanadium certainly improves the tensile strength, but even Steel G, without 
vanadium, exhibits satisfactory tensile strength after tempering to T.P. = 
21.5 X 10 .̂ 

Tempering of 2'/4Cr-lMo steel at high temperatures (high T.P. values) is 
desirable to maintain high resistance to hydrogen attack [10] or to decar-
burization [//]. The increased stability of alloy carbides resulting from 
tempering is the reason for this resistance to hydrogen attack and decar-
burization. 

General Discussion 

The cooling rates of heavy-section plates during heat treatment have been 
reported in several papers [12-18]. The articles by Stout [12], Lorentz [13], 
and Struck et al [14] contain good summaries of the cooling rates. Figure 10 
shows the cooling rates in both water-quenched and air-cooled plates from 
these sources, after converting their data to the cooling rate definition used in 
this work, namely, the average cooling rate between 800 to 500°C. Data from 
two more recent papers [17,18] are also included in Fig. 10. There is good 
agreement among the various authors. 

According to Fig. 10, the cooling rate at the center of a 400-mm-thick 
plate is only about 8°C/min during water quenching. The cooling rate in 
water-quenched 200-mm plate would be about 30°C/min, which is approx
imately the same as the K/ of standard 2'/4Cr-lMo steel. This means that 
avoiding ferrite formation in standard 2'/4Cr-lMo steel plates at thicknesses 
greater than 200 mm may not be easy, even by water quenching. A small 
amount of ferrite may not be harmful to mechanical properties; Table 5 
presents data from unpublished work of one of the authors (Wada) which 
show that 2 percent polygonal ferrite in Steel D (0.2 percent carbon 2'/4Cr-
IMo) does not significantly affect the mechanical properties. However, it is 
apparent that some adjustment in chemistry is necessary to maintain 
hardenability sufficient for 400 mm thickness; for instance, at the 8°C/min 
cooling rate involved, standard 2V'4Cr-lMo steel could contain 50 or more 
percent polygonal ferrite (see Fig. 1). 

The 2V4Cr-lMo-0.5Ni steels tested in this study exhibit sufficient harden
ability to produce a fully bainitic microstructure in water-quenched 400-mm-
thick plates. Since a few percent polygonal ferrite in the structure would not 
significantly affect the mechanical properties after tempering, the chemical 
compositions of Steels G and H are probably more than adequate for 
400-mm-thick plates. A steel in the range of 0.13 to 0.15 percent carbon, 
0.55 to 0.6 percent manganese, and 0.3 to 0.5 percent nickel would be ade
quate for this section size. 

Although vanadium does not increase hardenability, it does retard soften-
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100 

PUTE THICKNESS, mm 

1000 

FIG. 10—Cooling rates at center of steel plate. 

ing during tempering and this increases tensile strength after heat treatment. 
Its addition to the steel might therefore be advantageous where weldability is 
concerned. A beneficial effect of addition of 0.02 percent vanadium to heavy-
section electroslag welds has been reported by Okumura et al [19]. 

Temper embrittlement susceptibility should be carefully evaluated when 
the chemistry of 2'/4Cr-lMo steel is modified. There are results [20.21] which 
show that nickel in 2'/4Cr-lMo steel at residual element levels does not signif
icantly influence the temper embrittlement susceptibility, but the effect of 
0.3 to 0.5 percent nickel is not well known. Manganese has a mildly adverse 
effect on temper embrittlement resistance [21.22]. However, the effect of in
creasing manganese to the highest level within the ASTM A 387 Grade 22 
composition range could be offset by careful control of phosphorus and 
silicon. 
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Conclusions 

1. The 2'/4Cr-lMo steel has a high bainitic hardenability which, in con
junction with its high elevated temperature strength and resistance to 
hydrogen attack, makes the steel well suited for heavy-section pressure vessel 
applications. 

2. The critical cooling rate for polygonal ferrite formation, Kf, of standard 
I'ACr-lMo steel is about 30°C/min, which is approximately equivalent to 
the cooling rate at the center of water-quenched 200-mm-thick plates. 

3. Slightly modified steels, such as one containing carbon and manganese 
at the high side of the specified ranges and 0.5 percent nickel, exhibit a fully 
bainitic microstructure in water-quenched 400-mm-thick plates. 

4. The tensile strength of these modified steels is satisfactory for ASTM A 
387 Grade 22, Class 2, that is, 517 to 690 MPa (75 to 100 ksi), even after 
tempering to a parameter T.P. = T(A:) [20 + log? (h)] = 21.5 X lO-', which 
is equivalent to 730°C for 30 h or 700°C for 120 h. 
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DISCUSSION 

R. J. Kar^ and J. A. Todd^ (written discussion)—We find it difficult to 
agree with your interpretation of your scanning electron micrographs of 
2'/4Cr-lMo steel cooled at ll°C/min (Fig. 4) as being bainite with "islands" 
of retained austenite and martensite. Habraken and Economopoulos-' un
doubtedly have shown such "islands" to exist in 2'/4Cr-lMo steel cooled at 
220°C/min; however, the cooling rates you have referred to in your presenta
tion are one order of magnitude slower. Further, as discussed in our paper,'' 
we have examined the microstructure of 2'/4Cr-lMo steel in detail after slow 
cooling at similar rates, and have failed to detect retained austenite either 
through transmission electron microscopy or X-ray analysis. The microstruc
ture we have observed consisted of mixtures of polygonal ferrite and lower 
and upper bainite, and is in agreement with the findings of Lonsdale and 
Flewitt,^ who failed to observe retained austenite in normalized 2'/4Cr-lMo 
steel. 

Tsuguyasu Wada and G. T. Eldis {authors' closure)—As we noted in the 
text, the formation of so-called MA constituent (Fig. 4a) is both composition 
and cooling rate dependent. In 2'/4Cr-lMo steels, carbon content appears to 
have a particularly strong effect. For example, at 0.1 percent carbon (Steel 
A), at all cooling rates resulting in fully bainitic transformation (see Fig. 1), 
MA was the only "second phase" observed in the microstructure. Carbides 
were observed only at cooling rates slow enough to result in some transforma
tion to polygonal ferrite prior to the start of the bainite reaction, as shown in 
Fig. 4/7. At 0.2 percent carbon (Steel E), the bainitic transformation product 
contained both carbides and MA at all cooling rates investigated, the relative 

'Senior Metallurgist, Anamet Laboratories, Inc., Berkeley, Calif. 94710. 
^Assistant Research Engineer, University of California, Berkeley, Calif. 94710. 
•'Habraken, L. J. and Economopoulos. M., "Symposium on Transformation and Hardenabil-

ity in Steels," Feb. 1967, Climax Molybdenum Company of Michigan. Ann Arbor. Mich. 
''This publication, pp. 228-252. 
'l-onsdale, D. and Flewitt, P. E. J., Metallurgical Transactions, Vol. 9A, 1978, pp. 

1619-1623. 
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amount of MA decreasing and the amount of carbide increasing with 
decreasing cooling rate. At 0.3 percent carbon (Steel F), carbide was the only 
second phase present in the bainitic transformation product, regardless of 
cooling rate. 

You investigated'' slow-cooled 2V4Cr-lMo steels containing 0.15 percent 
carbon or higher and did not observe any MA islands. Habraken and Econo-
mopoulos^ observed the islands in a 0.11 percent carbon 2'/4Cr-lMo steel 
cooled at 220°C/min. They did not investigate a specimen cooled at a rate 
between 220 and l.l°C/min. We think that these results do not conflict with 
our results; rather, these confirm our observations on the conditions under 
which the MA islands form. 

We used the term martensite-plus-austenite (MA) islands according to the 
conventional terminology for this type of microstructure. In many cases, low-
alloy steels form austenite islands instead of carbides during bainite transfor
mation. These austenite islands partially transform to martensite during fur
ther cooling. What portion of austenite islands eventually transforms to 
martensite is dependent on the composition of steel; it is possible that the 
portion of martensite is very high in chromium-molybdenum steels. The 
point which we would emphasize is that 2'/4Cr-lMo steel can transform, 
under certain conditions, to ferrite plus austenite islands rather than ferrite 
plus carbides. This does not necessarily mean that 2V4Cr-lMo steel contains 
large amounts of retained austenite after cooling to room temperature. 
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ABSTRACT: The effects of austenitizing temperature and manganese, silicon, and phos
phorus contents on temper embrittlement of 2'/4Cr-IMo steel associated with its strength 
were studied using laboratory heats. 

High manganese content or high austenitizing temperature improves the strength and 
the initial toughness by suppressing the formation of ferrite. Once a fully bainitic struc
ture is obtained, the increase in strength and the decrease in toughness are small even if 
the manganese content or the austenitizing temperature increases. 

The manganese content should be as low as possible under the condition where the 
fully bainitic structure is obtained for toughness in the step-cooled condition. The in
crease in susceptibility to temper embrittlement caused by a high austenitizing tempera
ture is small. It may be compensated for by reducing manganese, silicon, or phosphorus 
content. 

The addition of silicon, intended to obtain higher strength, must be compensated for 
by lowering the phosphorus content to decrease the susceptibility to temper embrittle
ment. 

On the basis of the laboratory experiments, a 2'/-iCr-IMo steel forging with a thickness 
of 397 mm was produced. The forging exhibited a good combination of strength and 
toughness in the step-cooled condition. 

KEY WORDS: strength, toughness, temper embrittlement, austenitizing temperature, 
austenite grain size, manganese, silicon, phosphorus 
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In the petrochemical industry, 2'/4Cr-lMo steel is widely used for pressure 
vessels such as desulfurization and reforming reactors. This steel must main
tain good toughness even after being subjected to elevated temperatures for 
long times which can cause temper embrittlement. This requires improved 
initial toughness and low susceptibility to temper embrittlement. Also, this 
steel is often required to have a strength at elevated temperatures which re
quires a higher strength at room temperature than the minimum specified 
value of ASTM Specification for Steel Forgings, Alloy, for Pressure and 
High-Temperature Parts (A 336-80a) Class F22 steel forging or ASTM 
Specification for Pressure Vessel Plates, Alloy Steel, Chromium-Molybde
num (A 387-7%) Grade 22 Class 2 steel plate. In addition, for the manufac
turing of larger vessels, heavier section steels are required. 

High hardenability is required to prevent a decrease in strength and initial 
toughness, which can result from a decrease in cooling rate during the 
quenching of heavier section steels. Most of the factors which decrease 
susceptibility to temper embrittlement [1-3],-^ however, cause a decrease in 
hardenability. Therefore it is necessary to find suitable procedures to obtain 
high strength and toughness and to keep low susceptibility in heavier section 
steel. 

This study is conducted to examine the effects of austenitizing temperature 
and manganese content on hardenability and susceptibility to temper embrit
tlement. The effects of silicon and phosphorus contents on the susceptibility 
were also studied. 

Experimental Procedure 

The steels used in the experiment were induction-melted 50-kg ingots. 
Their chemical compositions are given in Table 1. These ingots were heated 
at 1250°C and forged to 20-mm-thick plates. Subsequently the plates were 
subjected to the following heat treatments. 

Experiment 1—To examine the effect of manganese content, Steels A-1 to 
A-5 were used. For comparison, a low-silicon steel, A-6, was included in the 
experiment. After normalizing at 950°C for 5 h, the steels were reausten-
itized at 950°C for 3 h, and subsequently controlled cooled to ambient 
temperature. The cooling rates for controlled cooling were 65 and 22°C/min 
(average rate from 800 to 400°C). The cooling rate is defined in this manner 
throughout the study. These cooling rates are equivalent to those at mid-
thickness of 140- and 250-mm-thick plates, respectively, during water 
quenching. They were subsequently tempered at 690°C for 7.5 h, air cooled, 
and finally step cooled (Fig. 1). 

Experiment 2—To examine the effect of austenitizing temperature, Steel 
B-1, normalized at 950°C for 2 h, was reaustenitized at 950, 1050, or I200°C 

''The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 1—Chemical compositions of steels used (weight percent). 

Steel 

A-1 
A-2 
A-3 
A-4 
A-5 
A-6 
B-1 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 

C 

0.13 
0.12 
0.13 
0,14 
0.13 
0.14 
0.14 

0.13 
0.12 
0.11 
0.11 
0.12 
0.12 
0.12 
0.12 
0.10 

Si 

0.26 
0.26 
0.27 
0.27 
0.27 
0.07 
0.26 

0.02 
0.02 
0.02 
0.16 
0.16 
0.26 
0.25 
0.36 
0.45 

Mn 

0.10 
0.30 
0.50 
0.69 
0.97 
0.50 
0.15 

0.50 
0.50 
0.49 
0.50 
0.51 
0.51 
0.51 
0.50 
0.54 

P 

0.010 
0.010 
0.009 
0.010 
0.010 
0.009 
0.004 

0.008 
0.014 
0.021 
0.009 
0.015 
0.009 
0.016 
0.005 
0.009 

S 

0.003 
0.003 
0.004 
0.004 
0.004 
0.004 
0.004 

0.006 
0.007 
0.003 
0.003 
0.003 
0.003 
0.007 
0.004 
0.010 

Cr 

2.42 
2.42 
2.42 
2.40 
2.40 
2.42 
2.48 

2.25 
2.25 
2.16 
2.20 
2.19 
2.22 
2.21 
2.20 
2.58 

Mo 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.02 

1.04 
1.07 
1.00 
1.03 
1.05 
1.05 
1.04 
1.04 
1.04 

Al 

0.013 
0.013 
0.012 
0.013 
0.013 
0.013 
0.010 

0.010 
0.011 
0.017 
0.014 
0.016 
0.016 
0.014 
0.013 
0.003 

N 

0.0054 
0.0054 
0.0048 
0.0046 
0.0046 
0.0050 
0.0075 

0.0085 
0.0083 
0.0076 
0.0073 
0.0080 
0.0067 
0.0076 
0.0077 
0.0019 

Others 

V:0.013 
V:0.013 
V:0.014 
V:0.0I4 
V:0.014 
V:0.014 
Cu:0.12, 
Ni:0.20 

593»C 

t A96°C 

• B.S'C/h 

"2.8»C/h 

C A6e°C 

1h 15h 2«h 60h 125h 

FIG. 1—Step-cooling treatment used in the experiment. 

for 2 h, and controlled cooled to ambient temperature at the rate of 
5°C/min. This was to simulate the cooling condition at midthickness of a 
500-mm-thick plate during water quenching. It was then tempered at 690°C 
for 19 h, furnace cooled, and subsequently step cooled (Fig. 1). 

Experiment 3—To examine the effects of manganese, silicon, and 
phosphorus contents on susceptibility to temper embrittlement in steels with 
fine or coarse austenite grain, Steels A-1 to A-5 and C-1 to C-9, after nor
malizing at 930°C for 3 h, were reaustenitized at 900 and at 1200°C for 2 h, 
and oil quenched at the rate of 500°C/min. This was intended to magnify the 
susceptibility to embrittlement. They were then tempered at 690°C for 17 h, 
and subsequently water cooled to minimize embrittlement during cooling, 
followed by step cooling (Fig. 1). 
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Tension tests at room temperature were performed after tempering using 
12.5-mm-diameter specimens with a 50-mm gage length. 

Impact tests were carried out before and after step coohng using the 2-mm 
V-notch Charpy specimen [the Type A specimen of Fig. 11 indicated in 
ASTM Methods and Definitions for Mechanical Testing of Steel Products 
(A 370-77)]. For one condition, 15 specimens were prepared, and the tests 
were performed at intervals of 20°C, sometimes at intervals of 10°C, using 
two or three specimens at each temperature. All of the broken specimens 
were subjected to measuring of the length and width of the cleavage portion 
of the fracture surface, and the percent shear fracture was determined at in
tervals of 5 percent. From the plots of the average value of the absorbed 
energy and the percent shear fracture against the test temperature, the 40 
ft • Ibf (54 J) energy transition temperature (TT40) and 50 percent shear frac
ture appearance transition temperature (FATT) were determined by graphic 
interpolation. The shift of FATT (AFATT) and that of TT40 (ATT40) were 
also determined. By regression analysis using the obtained data shown in 
Tables 2 to 4, the relation between FATT and TT40, and that between 
AFATT and ATT40, are calculated by the following equations: 

FATT (°C) = 1.14 X TT40 (°C) + 21.6 
Coefficient of correlation: 0.971 
Standard deviation: 7.5°C 

AFATT (°C) = 1.20 X ATT40 (°C) + 2.6 
Coefficient of correlation: 0.977 
Standard deviation: 6.4°C 

The austenite grain size number (G) was determined by counting the num
ber of grains per unit area (AO, using the following equation: 

7V(mm-2) = 2G+3 

Results and Discussion 

Strength and Toughness 

Figure 2 shows typical microstructures of steels with various manganese 
contents and a low-silicon steel. Steels with 0.10 and 0.30 percent manganese 
contents, cooled at a rate of 22°C/min, developed microstructures with fer-
rite of 70 and 50 percent, respectively. Steels with manganese contents more 
than 0.50 percent, and even the 0.10 percent manganese steel cooled at a rate 
of 65°C/min, exhibit fully bainitic structure. 

Figure 3 shows the strength and FATT of these steels. They are closely 
dependent on the microstructures. As seen in Fig. 3b, below the critical 
manganese content that is required to achieve a fully bainitic structure, the 
strength rapidly decreases and the FATT rises, with an increasing fraction of 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SATO ET AL ON STRENGTH AND TEMPER EMBRITTLEMENT 367 

i2 
o 

^ 
1 
1 

U 

_) CO 

< H 

+-

g. 
£ 
^ 
S 
s H 

1- o 
f -

< ° 

5 ^ 

e 

<0 .!= l> c 
K O S \ 

I — - n UO I (N fO TT ' -

-^ o -^ uo (^ r^ 
I — ro (N UO - -

00 r~~~ <:> m r<i oo "r)- rt IT) rt , i>-

I I I I I I I I I I ' I 

00 O O ^O uO X 
t^ >,o ̂  •^ I r^ 

•^ GO rN 0^ ^ \0 
ID ro -^ rJ —• ^ 

I I I { I I I I I 

r̂  LO 00 ro X n̂  
00 O I^ 00 O X 

I I I I I ' 

*D 00 ^ •'T -O oO 
r^ -^ r^ ID •^ " 

I I M i l l 

•JOO^C?^ — -— •^ —"(NO^OOiOf^ 

o o o o o o o o r - o o ^ O ' o o ^ o i o o ^ 

a ^ f ^ Q ' ^ ^ o o r s i f s - o o o o o 

-:i 

. < 
Ml g 

E o 

^ ^ 3 1) . £ 

CI1.C , . 4> (U 

»i S 

•a j i i 

J= Bo 
CJ c 

o S •« 
.. c « 

M 0) " 

u j r V, 

^r^r 2 

E o 

•g £ f- fe 
"- " ^ s 
u **- <3 -O 
0 - 0 - ^ a-TT u. o 
•^ ° < •• 
3 H l i . Q 
W H <1 Z 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



368 APPLICATION OF 2V4Cr-1Mo STEEL 

";̂  

t*)' 

< ° 

u 

w ^ 

^ S 

c/1 Cu 

S 2 E 
< 0 5 

.S ^ 

3 OJ 

'^ r \ 

<D o 
Cu 

£ 

I i 

o r-- -̂  
0 0 ^ ' ^ 
rN r-j fS 

lO O lO 

' I I 

^ -^ Q 
!> o y 
(N fN ^ 

0 0 C> <N 
( N - H <N 
UO ^ ^ 

r- a^ o 
O a^ — 
m TT U-) 

ON O; ^ 
vd r^ O 

O O O 
lO LO O 
O O (N 

a. 
B 

- ^ 
c S S 

aw 
O . J : 

1/5 C 

6 = 

it! 
Hi 

nil S o 

i ; -S £ H g 
4J »4-' < ] T 3 

i H ;2 Q 
W H O Z 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SATO ET AL ON STRENGTH AND TEMPER EMBRITTLEMENT 369 

< 

1- o 

f- ° 
<1 

li 
ir 

^ _ o 

Q 
z 

I I I I { I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I { I I 

o^ — a ^ o ^ ~ < N O C J O — 0 ( 

i j i i j V T T T T 7 
^ O C J Q O O ' O O C X Q O O O O ^ ' 

7 7 I I M I I I 

I I 

(N rsi (N CM (N r~i 
•o ^ 1^ in r~- r^ -o 
^1 f^i I-.1 *vi ^1 ^1 (-sj z Z rs (N »N r-i C4 
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FIG. 3—Strength and FATTplotted against manganese content in steels with two levels of 
silicon content. Austenitizing condition is 950°C for 3 h: cooling rates are (a) 65°C/min and (b) 
22°C/min. Tempering condition is 690°C for 7.5 h. followed by air cooling. 

ferrite. As long as the microstructure consists of fully bainitic structure, the 
strength and the FATT increase gradually with increasing manganese con
tent. The low-silicon steel has a slightly lower FATT. but lower strength. For 
example, when cooled at 65°C/min, even the 0.10 percent manganese steel 
exhibits higher strength than the low-silicon steel. It is shown that the 
strengthening effect of silicon is larger than that of manganese in the ferrite 
and pearlite structure [41. This effect is also observed in the bainitic structure 
of this study. As for the TT40. the same tendency is observed as for the FATT 
(see Table 2). 

The effect of austenitizing temperature on microstructure in Steel B-1 is 
shown in Fig. 4. A microstructure austenitized at 950°C has 50 percent fer
rite, while that austenitized at 1050 or 1200°C exhibits fully bainitic struc
ture; prior austenite grain size numbers are 6.9, 3.9 and 0.1, respectively. 

Figure 5 shows the effect of austenitizing temperature on strength and 
FATT. There is good correspondence between the microstructure and these 
properties. When the microstructure consists of bainite and ferrite, the 
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strength is low and the FATT is high, whereas a microstructure consisting 
fully of bainite exhibits low FATT and much higher strength. Once the 
microstructure becomes completely bainitic, the strength and FATT increase 
slightly with increasing austenitizing temperature. The lowest FATT is ob
tained at 1050°C. The TT40 varies almost in the same manner as the FATT 
does (see Table 3). 

When steel is cooled from various austenitizing temperatures at a constant 
cooling rate, it is sometimes observed that FATT is lower for a higher 
austenitizing temperature than for lower one. This is well explained in terms 
of changes in unit crack path and microstructure [5]. 

Figure 6 shows the brittle-fractured surface of the Charpy specimens 
revealed by a scanning electron microscope. The unit crack path of the 
specimen with a fully bainitic structure austenitized at 1050 or 1200°C is 
slightly finer than that of the specimen with a large amount of ferrite 
austenitized at 950°C. In addition, the latter exhibits cleavage fracture with 
river patterns, while the former exhibits quasi-cleavage fracture with many 
tear ridges. These observations suggest that a fully bainitic structure has a 
larger resistance to brittle fracture than a structure with a large amount of 
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ferrite owing to smaller unit crack path and many tear ridges. Therefore it is 
important to obtain a fully bainitic structure, even though the prior austenite 
grain becomes coarser. 

Temper Embrittlement 

Figure 7 shows the FATTs in the unembrittled and step-cooled conditions, 
and the AFATT of the steels with various manganese contents, as well as the 
low-silicon steel. In Fig. la, all of the steels have fully bainitic structure, and 
in this case, the FATT increases abruptly with increasing manganese content 
in step-cooled condition. In Fig. lb, a fully bainitic structure is obtained 
when the manganese content is more than 0.50 percent, and in this case, the 
FATT behaves in the same manner as in Fig. la. On the other hand, below 
0.50 percent manganese, where the microstructure consists of bainite and 
ferrite, the FATT decreases with increasing manganese content in the step-
cooled condition. The lowest FATT is obtained at manganese content of 0.50 
percent, where bainite becomes just 100 percent. These results imply that so 
long as a fully bainitic structure is formed, manganese content should be as 
low as possible for toughness in the step-cooled condition. The low-silicon 

UO 

60 

(J 

if 

Open: Unembrittled 
Solid : Step-Cooled 

o 0.26 - 0.27'/. Si 
c^ 0.07V.Si _ 

0.5 1.0 0 0.5 

Mangonese Content,°/o 

1.0 

FIG. 7—FATTs in unembrittled and step-cooled conditions and AFATT plotted against 
manganese content in steels with two levels of silicon content. Austenitizing condition is 950°C 
for 3 h; cooling rates are (a) 65°C/min and (b) 22°C/nnn. Tempering condition is 690°C for 
7.5 h. followed by air cooling. 
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376 APPLICATION OF 2V4Cr-1Mo STEEL 

steel has low susceptibility to temper embrittlement, and therefore a low 
value of FATT in the step-cooled condition. The same tendency is observed 
for the TT40 and ATT40 (see Table 2). 

Figure 8 shows the effect of austenitizing temperature on the FATT in the 
unembrittled and step-cooled conditions, and the AFATT. Ferrite and 
bainite mixed structure and fully bainitic structure are obtained for 950°C 
and more than 1050°C, respectively (see Fig. 4). The lowest FATTs are ob
tained at 1050°C in both unembrittled and step-cooled conditions. This is 
the lowest temperature required to obtain the fully bainitic structure; it is the 
same for the TT^^ (see Table 3). 

Capus has studied the effect of austenite grain size on temper embrittle
ment, using a nickel-chromium steel with 0.023 percent phosphorus or 0.074 
percent tin, as well as a base steel, and showed that temper embrittlement 
depended less on grain size for the pure steel than for the steel with 0.023 
percent phosphorus or 0.074 percent tin [6]. To confirm this tendency, an 
additional study was conducted using Steels A-1 to A-5 with different manga
nese contents and C-1 to C-9 with different silicon and phosphorus contents. 

Figure 9a shows the effects of manganese content and austenite grain size 
on susceptibility to temper embrittlement. Figure % shows the effect of man
ganese content on the grain size dependence of susceptibility, AAFATT/ 
( — AG), where AAFATT and AG are shifts of AFATT and G, respectively, 
caused by raising the austenitizing temperature from 900 to 1200°C. It is 
noteworthy that even with coarse austenite grain size, caused by higher 
austenitizing temperature, the susceptibility can be sufficiently decreased by 

40 
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o 

12 
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10 

0 

O Unembrittled 
• Step-Cooled 

900 1000 1100 1200 1300 
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FIG. 8—Effect of austenitizing tempenilure on FATTs in iineinhriltlecl iinil step-cooled con
ditions and AFATT in Steel B-l. Cooling rate from austenitizing temperature is 5°C/min. Tem
pering condition is 690°C for l<) h. followed by furnace-cooling. 
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2 It (solid mark): cooling rate is 5()0°C/min. Tempering condition is b90°C for 17 h, followed by 
water cooling, (b) Effect of manganese content on aastenite grain size dependence of snscep-
lihility to temper emhrittlement. \AFATT/(~\G). where AAFATT and AG are shift of 
AFATT and G, respectively, canscd by raising austenitizing temperature from 900 to I200°C. 

reducing the manganese content. This is because lower manganese content 
results in a decrease not only in susceptibility to temper embrittlement, but 
also in the increase in susceptibility caused by coarsening of austenite grain 
size (Fig. 9b). 

Figure 10 shows the same tendency in steels with different silicon and 
phosphorus contents. This figure also shows that a lower phosphorus content 
compensates for the increase in susceptibility to temper embrittlement caused 
by silicon. For example, the steel with 0.36 percent silicon and 0.005 percent 
phosphorus contents shows low AFATT even when the austenite grain size 
becomes coarser. This tendency is also observed for the TT40 (see Table 4). 
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from 900 to I200°C. 

Manufacture of Actual Size Forging 

A 2'/4Cr-lMo steel nozzle forging with a maximum thickness of 397 mm 

was manufactured. The material was required to meet the following specifi

cations: 
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1. Austenite grain size number is greater than 4. 
2. 0.2 percent yield strength is more than 314 MPa at both room tempera

ture and 425°C. 
3. Tensile strength is 520 to 686 MPa at room temperature. 
4. TT40 + (1.5 X ATT40) is less than 38°C. 

The steel was refined by a basic oxygen furnace and a ladle refining fur
nace, and poured into an 18-ton ingot. The ingot was healed at 1250°C and 
hollow forged by a 6000-ton press. The forging was normalized at 950°C for 12 
h, and machined into the shape shown in Fig. 11. Then it was austenitized at 
1000°C for 11.8 h to obtain high hardenability while satisfying the require
ment for the austenite grain size, and quenched in water. Subsequently it was 
tempered at 680°C for 15.5 h, followed by air cooling. A test coupon was cut 
from the location shown in Fig. 11, simulated postweld heat treated at 690°C 
for 19 h, followed by furnace cooling, and finally step cooled (see Fig. 1). 

The chemical composition of the steel is given in Table 5. Manganese con
tent was adjusted so as to obtain fully bainitic structure, and silicon was 
added to obtain higher strength. Phosphorus content was reduced to an ex
tremely low level to compensate for temper embrittlement caused by silicon. 

Tension and impact test specimens were prepared from the coupon. Their 
axes were parallel to the tangential direction. Tension tests at room tempera
ture and impact tests were performed under the same conditions as those in 
the laboratory experiment. Tension tests at elevated temperatures were car
ried out using l2.5-mm-diameter specimens with a 50-mm gage length. 

Figure 12 shows that a fully bainitic structure is obtained. A prior austen
ite grain size number is 4.6. 

Table 6 shows the mechanical properties in the unembrittled and step-
cooled conditions. The forging has high strength and low susceptibility to 
temper embrittlement, and therefore has good toughness even in the step-
cooled condition. 

- 6 8 0 - 700 

Test Coupon ̂ ^.m 

FIG. 11—Cross section of 2'/4Cr-lMo steel forging. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



380 APPLICATION OF 2V4Cr-1Mo STEEL 

<: 

on 

Z 

< 

o 

s 

z 

3 

t / 1 

a. 

C 

2 

K 

o 

8 
d 

8 
o d 

8 
d 

oo 

8 
d 

s 
d 

d 

d 

d 

8 
d 

§ 
d 

d 

d 

d 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SATO ET AL ON STRENGTH AND TEMPER EMBRITTLEMENT 381 

FIG. \1—Micmslnicliire oj 2'ACr-lMo steel forging. 

TABLE b—Tensile and impact properties of 2'ACr-lMo steel forging. 

0.2 % Yield Tensile Strength. Reduction 
Test Temperature Strength, MPa MPa Elongation, % of Area, % 

Room temperature 

400°C 

425°C 

450°C 
500°C 
550°C 

460 
462 

400 

391 
385 

380 
369 
353 

584 
• 586 

495 

479 
477 

469 
431 
383 

29 
27 

19 

21 
20 

22 
24 
28 

79 
78 

72 

73 
74 

73 
79 
84 

Quenched, Tempered, and Postweld Heat Treated 

Unembrittled 

Eus, FATT, 
J °C 

TT,o, 
°C 

Eus, 
J 

Step-Cooled 

FATT, 
°C 

TT40. 
°C 

AFATT, 
°C 

Shift 

ATT40, 
°C 

TT40 + 
(1.5 X 

ATT40), 
°C 

289 -59 -71 289 -46 -61 13 10 -56 

Unembrittled: quenched, tempered, and postweld heat treated. 
Step-Cooled: see Fig. 1. 
Eus: upper shelf energy. 
FATT: 50% shear fracture appearance transition temperature. 
TT4(]: 40 ftlbf (54 J) energy transition temperature. 
AFATT, ATT4Q: shift of FATT and TT4(j, respectively, by step cooling. 
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Conclusions 

1. High manganese content or high austenitizing temperature improves 
the strength and initial toughness by suppressing the formation of ferrite. 
Once a fully bainitic structure is obtained, the increase in strength and the 
decrease in toughness are small even if the manganese content or the 
austenitizing temperature increases. 

2. The manganese content should be as low as possible under the condition 
where the fully bainitic structure is obtained for toughness in the step-cooled 
condition. The increase in susceptibility to temper embrittlement caused by a 
high austenitizing temperature is small. It may be compensated for by reduc
ing manganese, silicon, or phosphorus content. 

3. The addition of silicon, intended to obtain.higher strength, must be 
compensated for by lowering the phosphorus content to decrease the suscep
tibility to temper embrittlement. 

4. On the basis of the laboratory experiments, a 2'/4Cr-lMo steel forging 
with a thickness of 397 mm was produced. The forging exhibited a good com
bination of strength and toughness in the step-cooled condition. 
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Heavy-Section 2V4Cr-1Mo Steel for 
Hydrogenation Reactors 
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ABSTRACT: 2i/4Cr-lMo steel has been widely used for high-temperature, high-pressure 
hydrogenation reactors such as hydrodesulfuri/ing reactors. Material degradations that 
have been found to occur during the .service life of such equipment are hydrogen damage, 
creep embrittlement. and temper embrittlcment. A brief review is made of these em-
brittlenients, among which the latter has been considered the most serious. A study of the 
effect of chemical composition on temper embrittlement showed that susceptibility of 
2'/4Cr-lMo steel to temper embrittlement can be well expressed by the y-factor |(Si + 
Mn) (P + Sn) X lO**! and therefore can be reduced by lowering the y-factor value. 
2'/4Cr-lMo steel with very low y-factor is easily obtained by lowering silicon content by 
applying the vacuum carbon deoxidation (VCD) process. Temper embrittlement suscep
tibility of the weld heat affected zone can be also minimized by the same compositional 
countermeasures as in the base metal. Temper embrittled steel was found to be further 
deteriorated by the presence of hydrogen so as to exhibit extremely low fracture tough
ness. Such hydrogen embrittlement can be reduced by minimizing temper embrittlement 
susceptibility. Seeking the scale merit of units and to meet the future requirements of 
coal liquefaction processes, reactors of considerable size (much larger than now exist) are 
being considered. From this viewpoint, availability of material for heavy-section pressure 
vessels is discussed based on the heal-treatnient characteristics of 2'/4Cr-lMo steel. The 
formation of polygonal ferrite must be avoided in order to ensure adequate mechanical 
properties of 2i/4Cr-lMo steel. This was found possible for a thickness up to about 450 
mm when accelerated cooling in water was applied. Mechanical properties of a heavy-
section, low-silicon 2'/4Cr-lMo steel with thicknesses of 450 and 300 mm were also 
studied, and sufficient and homogeneous properties were confirmed. 

KEY WORDS: cracking, creep, ductility, fracture toughness, heat treatment, heat af
fected zone (HAZ), homogeneity, hydrogen attack, hydrogen embrittlement, isothermal 
treatment, mechanical properties, notch toughness, phosphorus, pressure vessels, sili
con, steels, step cooling, temper embrittlement, tin, transition temperature 
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In the oil refining industry, many hydrogenation units, such as hydro-
cracking, hydrodesulfurizing, and catalytic reforming, are in operation. 
2'/4Cr-lMo steel has been one of the most familiar reactor materials in the 
hydrogenation unit, mainly because of its excellent resistance to hydrogen at
tack and its high temperature strength. Additionally, long industrial experi
ence has shown that 2'/4Cr-lMo steel has good stability of metallurgical and 
mechanical properties. However, recent studies pointed out the possibility of 
environmental degradation of 2'/4Cr-lMo steel during service, and the im
portance of minimizing the degradation in order to ensure reactor safety 
[/.2].-' Such material degradation problems and their countermeasures will 
be discussed. 

In an effort to upgrade the service condition and to search the scale merit, 
larger and thicker reactors are required in hydrogenation processes. At the 
same time, coal liquefaction technology, which is considered one of the major 
alternative energy technologies, also requires the large-size reactor in order 
for the process to be economical. From this point of view, availability of 
heavy-section 2'/4Cr-lMo steel will be discussed based on its heat-treatment 
characteristics. 

Finally, mechanical properties and homogeneity of the heavy-section 
2'/4Cr-lMo steel forging made by the vacuum carbon deoxidation (VCD) 
process, which is recommended in view of temper embrittlement, will be pre
sented. 

Requirements for 2'/4Cr-lMo Steel for Hydrogenation Services 

It is common practice to design, fabricate, and inspect pressure vessels in 
accordance with the American Society of Mechanical Engineers (ASME) 
Boiler and Pressure Vessel Code. The Code calls for the following material 
properties: (/) strength necessary for the guarantee of the allowable stress, 
including room and design temperature tensile, creep, and fatigue properties, 
(2) notch toughness at the lowest operating (including the pressure test) tem
perature, and (3) weldability. 

In addition to these minimum Code requirements for the as-fabricated 
condition, 2'/4Cr-lMo steel for high-temperature, high-pressure hydrogena
tion services is required to have good resistance to such environmental degra
dation problems during long-time operation as toughness deterioration due 
to temper embrittlement, hydrogen damages, and creep cracking. 

Notch Toughness 

Many hydrogenation reactors made of chromium-molybdenum steels are 
operating at the temper embrittlement temperature range of 325 to 575°C. 

^The italic numbers in bracicets refer to the list of references appended to this paper. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MURAKAMI ET AL ON HYDROGENATION REACTORS 385 

Figure 1 illustrates the change in fracture toughness for a 2'/4Cr-lMo steel 
that was temper embrittled during approximately seven years of service life of 
a hydrodesulfurizing reactor [3]. Thus temper embrittlement reduced frac
ture toughness and then the critical flaw size for the brittle fracture. A 
prediction method of the fracture toughness from Charpy-V notch impact 
properties and yield strength has been proposed for 2V4Cr-lMo steel [3.4]. 
Temper embrittlement susceptibility of various Cr-Mo steels (Tables 1 and 2) 
was compared by means of a step cooling (Fig. 2), which is an accelerated 
embrittling treatment used to predict temper embrittlement susceptibility in 
relatively short test period. The results are shown in Fig. 3. Temper em
brittlement susceptibility of 2'/4Cr-lMo steel is ve,ry high among Cr-Mo steels 
and ranks next to (but almost equal to) that of 3Cr-lMo steel. Though stud
ies on the mechanisms of temper embrittlement and on the less sensitive 
steels are still continuing [5,6], effective countermeasures are desired for 
2'/4Cr-lMo steel, whose manufacturing and service experiences in the hy-
drogenation process cannot be easily replaced by other materials. 

EJfect of Chemical Composition—In order to predict the temper embrittle
ment susceptibility of 2'/4Cr-lMo steel, /-factor (Si + Mn) (P + Sn) X IC 
has been proposed [7]. The other known contributors to temper embrittle
ment, arsenic and antimony, are less effective in 2'/4Cr-lMo steel when they 
are controlled under 0.020 and 0.(X)4 percent, respectively. Figures 4 and 5 
show relations between /-factor and 50 percent shear fracture appearance 
transition temperature (FATT) in the various embrittling conditions, which 
were obtained from tests on 48 heats of 2'/4Cr-lMo steel forgings and plates 
with thicknesses ranging from 64 to 450 mm. Good correlations between J-
factor and temper embrittlement susceptibility are obtained in spite of a wide 
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FIG. 1—Fracture toughness versus temperature behavior of 2^/4Cr-lMo steel [3]. 
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Total Time: 233 hr 
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FIG. 2—Step cooling used in this study. 
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FIG. 3—Comparison of temper embrittlement susceptibility among chromium-molybdenum 
pressure vessel steels. 

variety of manufacturing variables, such as thickness, heat treatment, and 
other chemical compositions. 

It is a known countermeasure for the temper embrittlement of IVACT-IMO 

steel to lower phosphorus content [8,9] by which the /-factor can be signifi
cantly reduced. Figure 6 shows the relation between silicon content and shift 
of FATT (AFATT) caused by a step cooling. Susceptibility of the steel de
pends noticeably on silicon content, and with silicon content less than 0.10 
percent, A FATT is very small. It may be thus concluded that lowering silicon 
content is also a good tool for minimizing temper embrittlement susceptibil
ity of 2'/4Cr-lMo steel. 2V4Cr-lMo steels with very low silicon content can be 
made by the vacuum carbon deoxidation (VCD) process. 

An isothermal temper embrittlement characteristic of a recently manu
factured 2'/4Cr-lMo VCD steel with low silicon content is shown in Fig. 7 
compared with the embrittlement behavior of a high silicon steel which was 
embrittled during approximately 30 000 h service at 332 to 432°C. Figure 8 
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FIG. 6—Effect of silicon content on the shift of FATT (AFATT) of 2'ACr-IMo steel caused 
by step-cooling. 

shows the effect of 7-factor on FATT after 10 000 h exposure at 427, 454, 
and 482°C. These experimental data proved that lowering silicon content 
and thus J-factor is effective in minimizing the susceptibility of 2'/4Cr-lMo 
steel to temper embrittlement caused by isothermal aging as well as by a step 
cooling. 

Temper Embrittlement Susceptibility of the Heat-Affected Zone—Some
times in the weld heat-affected zone (HAZ), metallurgical and mechanical 
discontinuities co-exist, and then it is considered meaningful to evaluate its 
susceptibility to temper embrittlement to secure the pressure vessel safety. 
Temper embrittlement behavior of the HAZ coarse region of various chro
mium-molybdenum steels synthetically produced by heating specimens at a 
peak temperature of 1350°C were compared by means of a step cooling; the 
results are shown in Fig. 9 [10], 

lCr-'/2Mo steel exhibits almost no temper embrittlement susceptibility 
even in HAZ. The microstructure of l'/4Cr-'/2Mo steel changes from the fine 
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FIG. 7—Comparison of temper embrittlement behavior between a conventional and a low 
silicon, vacuum carbon deoxidized 2'ACr-IMo steel. 

mixed structure of ferrite, pearlite, and bainite to the coarse bainitic struc
ture by the synthetic heat treatment of HAZ (Figs. 10a and 10^), and this 
microstructural change significantly increases temper embrittlement suscep
tibility of HAZ of the high-silicon, high-impurity steel. It was proved, 
however, that lowering silicon content (silicon: 0.50 to 0.60 percent) and im
purity control (P + Sn < 0.030 percent) was effective in reducing temper 
embrittlement susceptibility of HAZ of l'/4Cr-'/2Mo steel to the sufficiently 
low level justvas proved in the base metal. 

Though the microstructural change in 2'/4Cr-lMo and 3Cr-lMo steels due 
to HAZ heat cycle is not so remarkable as in l'/4Cr-'/2Mo steel, a certain in
crease in temper embrittlement susceptibility, probably attributable to the 
grain coarsening, is observed. The susceptibility of HAZ in these steels clearly 
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394 APPLICATION OF SVACMMO STEEL 

depends on the /-factor. FATT after a step cooling of the low-silicon, low-J-
factor steel is well below that of the base metal, showing that lowering silicon 
content and /-factor control are effective countermeasures for HAZ as in the 
base metal. 

Figure 11 shows the effect of peak temperature on FATT of the syntheti
cally produced 2'/4Cr-lMo HAZ before and after a step cooling. In addition 
to this single heat cycle study, effects of multiple heat cycle in the synthetic 
HAZ of 2'/4Cr-lMo steel have been discussed elsewhere [//]. From these re
sults, the following brief summary can be made for temper embrittlement of 
HAZ of 2V4Cr-lMo steel: 

1. Temper embrittlement susceptibility of the high-silicon, high-/-factor 
steel is increased by the low-temperature heat input below A^-,. 

2. In the high-silicon, high-/-factor steel, the susceptibility decreases in 
the grain refining condition (peak temperature: 800 to 1000°C) and increases 
in the grain coarsening condition (peak temperature: over 1100°C). 

3. In the low-silicon, low-/-factor steel, FATT of HAZ after a step cooling 
is lower than that of the base metal even in the grain coarsening condition. 
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FIG. 11—Effect of peak temperature on FATT of synthetic HAZ of 2'A Cr-1 Mo steel before 
and after step cooling [11]. 
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4. Effects of the multiple heat cycles of HAZ beyond Aci temperature may 
be determined by the peak temperature of the last heat cycle. 

5. The HAZ of the actual multi-pass weldment probably has the same 
level of temper embrittlement susceptibility as in the base metal because of 
the alternate repetition of the coarse and fine grained regions. 

It can be concluded that temper embrittlement susceptibility of HAZ in 
chromium-molybdenum steels can be controlled to the minimum level by a 
proper selection of the base metal chemistry. 

Effect of Hydrogen Environment 

Hydrogen Attack—The first consideration to be given in selecting mate
rials of the pressure vessels for a hydrogenation unit is hydrogen attack. At 
higher temperatures, hydrogen diffused in a steel can react with carbon 
atoms to form methane. The accumulation of methane at certain locations in 
steels, such as grain boundaries and nonmetallic inclusions, causes the irre
versible loss of strength and ductility. Elevated temperature exposure in hy
drogen sometimes results in surface decarburization. These damages in the 
steel are called hydrogen attack. The Nelson curve [72] gives a guide to 
selecting a material resistant to hydrogen attack at a given hydrogen pressure 
and temperature. The curve has been established from research and long-
term performance information and gives the basis to select steel chemistry, 
such as chromium and molybdenum. However, it must be noted that the 
resistance to hydrogen attack is affected by other metallurgical factors, such 
as the effects of tempering and postweld heat treatment, which are not 
reflected in the Nelson curve. 

The as-quenched steel shows severe loss of ductility due to the exposure in 
the high-temperature, high-pressure hydrogen, and the higher the tempering 
temperature the more resistance is observed [/J]. Figure 12 shows the effect 
of the postweld heat treatment on hydrogen attack of the weld joint. It shows 
a remarkable improvement in the tensile ductility by a postweld heat treat
ment. Yamazaki et al [14] report that if a postweld heat treatment of the 
2V4Cr-lMo steel weldment is omitted, it will be hydrogen attacked at tem
peratures about 100°C below the temperature the Nelson curve illustrates. 
Figure 13 shows typical intergranular cracks caused by hydrogen attack in 
the coarse grain region of HAZ of a Z'ACr-lMo steel weldment. These facts 
show that the stability of carbides has an important role in hydrogen attack 
and that a selection of a material by the Nelson curve should be limited to 
materials which receive sufficient tempering or postweld heat treatment. 

As clearly marked in Fig. 12, weld joint tensile specimens fail at HAZ 
when the severe condition of hydrogen attack is applied, even though they 
have been sufficiently postweld heat treated. This means that the damage in 
HAZ may be a critical problem in hydrogen attack of such a pressure vessel 
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FIG. 12—Effect of postweld heat treatment on resistance to hydrogen attack of 2'/4Cr-lMo 
weld joint (hydrogen pressure: 29.4 MPa: exposure time: 360 h) [13). 

weldment. In some coal liquefaction processes, the new reactor design being 
considered is severer than ever experienced in hydrocracking or hydrodesul-
furizing reactors in both temperature and hydrogen partial pressure. It 
would therefore be very desirable to accumulate the supporting data of the 
upper operation limit of 2'/4Cr-lMo steel in the Nelson curve with special at
tention given to HAZ [75]. 

Reversible Hydrogen Embrittlement—The base metal of the hydrogena-
tion reactor absorbs hydrogen during operation under the equilibrium con
dition. Groeneveld [16] reported that the absorbed hydrogen content in 
2'/4Cr-lMo base metal in such reactors is about 4 to 5 ppm when the 
temperature and hydrogen partial pressure are 454°C and 17.2 MPa. Since 
some of the absorbed hydrogen may remain in the steel after cooling down 
the reactor, the possibility of damage owing to reversible hydrogen embrittle-
ment should be considered. Groeneveld [16] gives an experimental result 
which shows that in normalized and tempered 2V4Cr-lMo steel with an ordi
nary tensile strength level of 550 to 650 MPa the threshold stress intensity for 
the hydrogen-assisted crack growth (ATiscc) is higher than about 100 MPaVm. 
With this high ATiscc. the possibility of hydrogen-assisted cracking is vety 
limited in so far as sufficient postweld heat treatment is carried out to elimi
nate the susceptible hardened HAZ. 
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398 APPLICATION OF 2V4Cr-1Mo STEEL 

Combined Effect of Temper Embrittlement and Hydrogen Embrittle-
ment—As already mentioned, 2'/4Cr-lMo steel of the normal strength level 
is considered as a resistant material to the reversible hydrogen embrittle
ment. However, when it is temper embrittled by long-time service, a study 
should be taken as to whether the steel could be further deteriorated by the 
combined effect of temper embrittlement and hydrogen embrittlement. 
Through recent studies on the ultrahigh strength steels, such as HY-130 and 
4340 steels [17,18], the combined effect between both embrittlement phe
nomena has been discussed and the relation between them is now gradually 
being understood. However, knowledge of the combined effect in the lower-
strength, less-sensitive 2'/4Cr-lMo steel is needed when discussing the safety 
of hydrogenation reactors. 

Figure 14 shows the effect of temper embrittlement on the delayed failure 
characteristics studied for 2'/4Cr-lMo steel in 500 ppm H2S solution [19]. 
Both time to failure and the lower critical stress in the static fatigue curve 
markedly decreased. Apparently hydrogen embrittlement susceptibility is 
raised by temper embrittlement. Fracture mode shifted from the quasi-cleav-
age type to the intergranular type with temper embrittlement (Figs. 15 and 
16). 

Correlation between the threshold stress intensity for hydrogen assisted 
crack growth {K^) (the same concept as A'jscc defined by Groeneveld [76]) 
and FATT is shown in Fig. 17 in comparison with the change of K^Q, where 
the absorbed hydrogen level ranged from 2.1 to 2.6 ppm [19]. Based on these 
experimental results, the correlation between temper embrittlement and 
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FIG. 14—Effect of temper embrittlement on static fatigue strength of 2V4Cr-lMo steel tested 
in 500ppm H2S solution /notch tensile strength—NE: 970 MPa: SC: 934 MPa) [19]. 
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FIG. 15—Fracture appearance of the static fatigue test specimen in the noiiembrittled condi
tion [19). 

hydrogen embrittlement can be expressed schematically as shown in Fig. 18, 
showing the following features: 

1. In the range of low FATT, temper embrittlement itself is very limited 
and there would be no significant effect of temper embrittlement on K\\{. 

2. In the range of extremely high FATT, the difference between A'lc and 
A'lH is small, because the fracture mode of the ATic (/ic) specimen has changed 
to the intergranular type through temper embrittlement, and then change of 
fracture mode due to hydrogen absorption is slight. ATIH in this range ap
proaches the certain limit with increase of FATT. 

3. In the range of intermediate FATT, the difference between K^Q and 
A'lH is very remarkable. It is considered that loss of grain boundary coherency 
due to hydrogen becomes larger with the grain boundary segregation, and 
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FIG. lb—Fracture appearance of the static fatigue test specimen in the step-cooled con
dition [19]. 

that the consequent preference of intergranular fracture mode in the more 
temper embrittled condition probably controls the phenomenon. 

Although it must be confirmed, change of K^ might be expressed by 
FATT, a tentative parameter of the degree of temper embrittlement, and 
hydrogen embrittlement would be minimized by suppressing temper embrit
tlement. 

High-Temperature Creep 

Creep strength data have been gathered for the high-temperature design of 
pressure vessels. However, recent experience reveals that attention should be 
paid to the creep ductility in order to avoid creep cracking. Figure 19 shows a 
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FIG. 17—Room temperature (K^^ and V^m) versus FATT of 2'ACr-1 Mo steel |19]. 

crack observed at a nozzle attachment weld of a reactor made of l'/4Cr-'/2Mo 
steel after approximately eight years of operation at about 530°C. The crack 
started at the weld toe and propagated along the coarse grain region of HAZ. 
Typical intergranular creep voids are observed near the main crack and in 
the crack tip area (Figs. 20 and 21), and the crack is judged to be a creep 
crack. The same type of cracking is often detected by recent careful in-service 
inspection at other stress raisers, such as attachment welds of skirts, external 
lugs, and pads. ICr-'/zMo steel is also found to be a sensitive material to the 
cracking. Relatively high operational temperatures, the peak stress at the 
weld toe, and poor creep ductility of HAZ are considered factors that work 
together. 

Creep test results at 550°C of smooth and notched specimens of the syn
thetic coarse grain region of HAZ (peak temperature: 1350°C) are compared 
for I'ACr-'/zMo and 2'/4Cr-lMo steels in Fig. 22. A remarkable difference of 
creep ductility is observed between those steels. In the less ductile 1 '/4Cr-'/2Mo 
steel, the notch weakening effect observed explains the cracking. On the 
other hand, 2'/4Cr-lMo steel is considered more resistant to the cracking 
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based on its excellent creep ductility and the consequent notch strengthening 
effect. 

In summary, a design to minimize the stress concentration at the weld-
ment is needed. At the same time, 2V4Cr-lMo steel should be considered as a 
candidate material for a high-temperature reactor when its operation tem
perature exceeds about 500°C. Careful in-service inspection is also required 
for the safe operation of existing reactors. 

Manufacturing of Heavy-Section 2V4Cr-lMo Steel 

Reactors for hydrogenation units have been continuously getting larger 
and thicker as operators seek economic efficiency. (The largest hydrogena
tion reactor fabricated to date has a 4500 mm inside diameter, 297 mm wall 
thickness, and 850 ton weight.) Because 2'/4Cr-lMo steel will still be used so 
far as the Nelson curve permits, two questions are of major concern from the 
standpoint of material manufacturing: 

1. What is the maximum thickness of Z'ACr-lMo steel with standard me
chanical and metallurgical properties? 

2. Are the properties of heavy-section 2V4Cr-lMo steels sufficient and 
homogeneous? 
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FIG 19-A crack observed at a nozzle attachment weld of a reactor made of I'ACr-'AMo 
steel after approximately eight years of operation at about 530°C. 
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FIG. 20—Intergranular creep voids observed in the vicinity of the main path of the creep 
crack shown in Fig. 19. 

Our knowledge of 2'/4Cr-lMo steel will now be summarized with special 
attention given to these questions. 

Heat-Treatment Characteristics of 2V4Cr-lMo Steel 

Recent improvements in steel-melting, refining, and ingot-making technol
ogy are remarkable. Large sound ingots for heavy-gage plates and forgings for 
large pressure vessels are now available. Troubles such as nonmetallic inclu
sions, laminations, and flakes have been almost eliminated. Currently, a major 
concern in pressure-vessel steel manufacturing is the heat treatment needed to 
obtain good, uniform mechanical properties in heavy-section steels. 

Effects of the cooling rate from the austenitizing temperature on the me
chanical properties of 2'/4Cr-lMo steel are shown in Figs. 23, 24, and 25, 
where the cooling rate is the average value in the range of 920 to 450°C. 
2'/4Cr-lMo steel has good hardenability, and a cooling rate from the austeni
tizing temperature faster than 5°C/min is enough to obtain good tensile and 
impact properties. With that cooling rate the polygonal ferrite in the micro-
structure disappears (Fig. 26). 

Change in the notch toughness of the steel during tempering is shown in 
Fig. 27. A drop of toughness due to the overaging that is observed in ICr-
V2M0 and lV4Cr-'/2Mo steels appears only when they are tempered a long 
time at high temperatures, beyond the practical tempering or postweld heat-
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FIG. 21—Crack-tip area of the creep crack shown in Fig. 19. 
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FIG. 22—Creep rest results at 550°C of smooth and notched specimens of the synthetic HAZ 
(peak temperature: 1350°C) of I'ACr-'AMo and 2'ACr-IMo steel (theoretical stress concentra
tion factor of the notched specimen: 1.9). 

treatment conditions. Accordingly, tempering conditions can be determined 
only with an attention to the required strength level. Figure 28 illustrates the 
strength reduction due to tempering of heavy-section, low-silicon-type plates 
and forgings with 108 to 450 mm thickness. The total tempering, including 
the effect of the postweld heat treatments, should be controlled within the 
permissible range. 

Estimated Maximum Thickness with Uniform Properties 

As shown previously, the cooling rate from the austenitizing temperature 
controls the mechanical properties of 2V4Cr-lMo steel, and the minimum re
quired rate to obtain good properties is about 5°C/min. The correlations be
tween the cooling rate during normalizing and the plate thickness were studied 
for various cooling methods and are shown in Fig. 29. This figure shows that 
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FIG. 23—Effect of cooling rate from the austetiitizing temperature on room temperature yield 
strength and tensile strength of 2'/4Cr-lMo steel tempered at various conditions. 
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FIG. 24—Effect of cooling rate from the austenitizing temperature on yield strength and ten
sile strength at 450°C of 2'ACr-!Mo steel tempered at various conditions. 

the application of the accelerated cooling method is necessary to obtain suffi
cient cooling rate in a heavy-section steel. When the immersion quenching in 
water which gives the fastest cooling rate is applied, the maximum heat-
treated thickness with uniform properties through the wall is about 500 mm. 
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FIG. 25—Effect of cooling rate from the austenitizing temperature on the Charpy-V absorbed 
energy at —20°C ofl'ACr-IMo steel tempered at various conditions. 

From this heat-treated thickness, approximately 450-mm-thick 2'/4Cr-lMo 
forged shell can be machined out. 

Mechanical Properties of Heavy-Section I'ACr-lMo Steel Made by the 
Vacuum Carbon Deoxidation (VCD} Process 

Properties of a 450-mm-Thick Nozzle For^/n^—Mechanical properties of 
a nozzle forging with 450 mm machined thickness and chemical composition 
as shown in Table 3 were studied. A 90-ton ingot was made by the vacuum 
carbon deoxidation (VCD) process. It was then forged and machined to the 
following dimensions prior to heat treatment: 780 mm inside diameter, 480 
mm thickness, and 3350 mm length. The normalizing was carried out by ac
celerated cooling in water after austenitizing at 910°C for 15 h, and then 
tempering at 645°C for 17.5 h and postweld heat treating at 620°C for 32.5 h 
plus at 690°C for 17 h were also carried out. The cooling rate from the final 
postweld heat treatment was 50°C/h. After the heat treatments, a 450-mm-
thick product was machined out. 

Figure 30 shows microstructures observed at 'A T and '/2 T locations; in the 
latter, the very slight area of the polygonal ferrite can be observed. This 
means that the cooling rate at the '/2 T location in this case is judged to be 
just around the critical rate for the disappearance of the polygonal ferrite. 
Excellent notch toughness and strength in the allowable level were confirmed 
even at midthickness (Table 4). These results proved the previous estimation 
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FIG. 26—Effect of cooling rate from the austenitizing temperature on the microstructure of 
2l/4Cr-lMo steel. 
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FIG. 27—Relation between tempering parameter and FATT of 2'/4Cr-lMo steel. 
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FIG. 28—Relation between tempering parameter and room temperature strength of tow-
silicon, heavy-gage 2'/4Cr-lMo forgings and plates (number of heats examined: 10: thickness 
range: 108 to 450 mm). 
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FIG. 29—Average cooling rates between the austenitizing temperature and 450°C during nor
malizing by various cooling methods. 

that 450 mm is the maximum thickness of Z'ACr-lMo steel product with 
uniform properties. 

Properties of 300-mm-Thick Shell Forging—Mechanical properties of a 
300-mm-thick shell forging were also studied. The test material was removed 
from the excess part of an actual ring forging for a shell course of a pressure 
vessel. The chemical composition is shown in Table 3. From a 180-ton ingot 
made by the VCD process, a shell forging of the following approximate heat 
treated size was forged out; 4400 mm inside diameter, 370 mm thickness, 
and 3050 mm length. The normalizing was carried out by accelerated cooling 
in water after austenitizing at 920°C for 19 h and followed by tempering at 
550°C for 10 h plus at 690°C for 26 h. 

Charpy-V impact properties at various thicknesses were examined before 
and after a step cooling, and the results shown in Fig. 31 and Table 5 were 
obtained. The tensile properties at room temperature and 450°C are also 
shown in Table 5. In addition to the very uniform and excellent mechanical 
properties, these results clearly indicate that lowering the silicon content of 
2V4Cr-lMo steels by the VCD process has a remarkable effect on minimizing 
temper embrittlement susceptibility, causing improved notch toughness. 
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TABLE 4—Mechanical properties of a 450-mm-thick 2'/4Cr-lMo nozzle forging. 

0.2 % Yield Tensile Reduction 
Strength, Strength, Elongation," of Area, vTrs, 

Location MPa MPa % % °C 

1/4-7-

Vl-T 

42L7 
418.7 
395.2 
394.2 

560.0 
557.0 
54L3 
54L3 

27.8 
28.0 
28.9 
29.0 

79.4 
80.5 
78.6 
80.8 

-68 

- 7 1 

"Specimen diameter and gage length are 12.7 mm and 50 mm, respectively. 

Opsn Symbol : As Tempered 

o Sub-surtace ^ 

Solid Symbol : Step-cooled 

• 1/4 T D 1/2 T 

-100 -80 -60 -40 -20 0 20 

Test Temperature, *C 

-100 -80 -60 -40 -20 0 20 

Test Temperature , • C 

FIG. 31—Charpy-V impact transition curves of a 300-mm-thick 2'/4Cr-lMo steel forging 
before and after step cooling. 

Svaamaxy 

2'/4Cr-lMo steel is a very common pressure-vessel steel used in hydrogena-
tion units which play an important role in the petroleum refining industry. 
Properties required for 2'/4Cr-lMo steel for high-temperature, high-pressure 
hydrogenation service and related material problems were discussed and the 
following points were brought out: 

1. 2V4Cr-lMo steel for hydrogenation service needs adequate resistance to 
environmental degradation phenomena such as temper embrittlement, hy
drogen damage, and creep cracking. 

2. The temper embrittlement susceptibility of 2'/4Cr-lMo steel may be 
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TABLE 5—Mechanical properties of a 300-mm-thick I'ACr-lMo shell forging. 

Test 0.2 % Reduc- vTrs, °C 
Tern- Yield Tensile tion 

perature, Strength, Strength, Elonga- of Area, As- Step-
Location °C MPa MPa tion, % % tempered cooled Shift 

Surface 

25 

450 

422.7 
424.6 

340.3 
341.3 

560.9 
560.9 

441.3 
435.4 

30.6 
30.8 

19.8 
19.5 

80.1 
80.1 

76.9 
77.3 

-63 -58 

'A-r 

25 

450 

421.7 
416.8 

340.3 
337.3 

558.0 
554.1 

439.3 
433.5 

29.6 
29.2 

19.2 
19.4 

80.6 
79.9 

76.8 
77.4 

-49 -43 

'/2-r 

25 

450 

400.1 
400.1 

332.4 
329.5 

553.1 
559.0 

432.5 
431.5 

31.3 
30.6 

19.6 
19.8 

80.1 
78.5 

75,4 
76.8 

-60 -47 13 

suppressed by control of /-factor [(Si + Mn) (P -|- Sn) X 10'']. To reduce J-
factor, lowering silicon content is very effective. Control of impurities such as 
phosphorus and tin is also effective. Temper embrittlement susceptibility of 
HAZ can be significantly minimized by the same compositional countermea-
sures as in the base metal. 

3. In order to avoid hydrogen attack, pressure-vessel materials for hydro-
genation services should receive sufficient tempering or postweld heat treat
ment, or both, in addition to their selection by the Nelson curve. Considering 
the upgrading of future design conditions, an accumulation of data on the 
upper operation limit of 2V4Cr-lMo steel with special attention to the attack 
in HAZ is needed. 

4. 2'/4Cr-lMo steel of standard strength has sufficient resistance to hydro
gen-assisted cracking. When it is temper embrittled by long-time service, 
however, the steel apparently becomes susceptible to hydrogen-assisted crack
ing. Based on the experimental results on the combined effect of temper em
brittlement and hydrogen embrittlement, the possible correlation between 
both embrittlements was proposed. Suppressing temper embrittlement is im
portant in lowering the susceptibility to subcritical hydrogen-assisted crack
ing. 

5. Creep crackings in some high-temperature reactors made of ICr-'AMo 
and lV4Cr-V2Mo steels are considered attributable to the coincidence of the 
peak stress at the weld toe with the poor creep ductility of HAZ. The cracking 
may be avoided by a design to reduce stress concentration at weldments. Ap-
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plication of 2'/4Cr-lMo steel with excellent creep ductility will completely 
eliminate the problem. 

In order to meet the upgrading of service conditions in hydrogenation units 
and the future requirements in coal liquefaction processes, establishment of 
the manufacturing technology of larger and thicker pressure vessels is re
quired. From this standpoint, availability of heavy-section 2'/4Cr-lMo steel 
for large-size pressure vessels was studied and the following points were 
brought out: 

1. To obtain good mechanical properties, the cooling rate from the austen-
itizing temperature shall be faster than 5°C/niin, that is, the critical rate for 
the disappearance of the polygonal ferrite. 

2. When water-immersion quenching is applied, the rate can be obtained 
up to approximately 500-mm heat-treated thickness, and about 450'mm-
thick forging can be machined out from it. 

3. Mechanical properties of 300 -mm-thick and 450-mm-thick 2'/4Cr-lMo 
forgings made by the VCD process were investigated. The results showed 
good, uniform through-thickness properties and low temper embrittlement 
susceptibility. 
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Omission of Intermediate Postweld 
Heat Treatment (PWHT) by Utilizing 
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755. G. S. Sangdahl and M. Semchyshen, Eds., American Society for Testing and 
Materials, 1982, pp. 418-450. 

ABSTRACT; This study was conducted in order to establish a procedure for a low-
temperature postweld heat treatment (LTPWHT) to replace conventional stress relief an
nealing utilized as postweld heat treatment, when pressure vessels are fabricated. 

From the standpoint of preventing only hydrogen-induced weld cracks during fabrica
tion before the final PWHT, the appropriate conditions of the LTPWHT for preventing 
the cracks in heavy-section 2'/4Cr-lMo steel weldments were obtained by clarifying the 
following items: (/) the causes and characteristics of a crack, (2) the hydrogen concentra
tion at the location of the crack initiation by applying various welding conditions, (.?) the 
relation between the reduction of the hydrogen concentration through LTPWHT and its 
treating conditions, and (4) a critical hydrogen concentration below which cracking does 
not occur. 

As a result of the establishment of the LTPWHT, not only the hydrogen-induced weld 
crack, but also stress relief cracking can be prevented. Moreover, the deterioration of the 
toughness and the strength of the material caused by the repetitious stress relief anneal
ing can be avoided, and then the condition of the final PWHT specified in pressure vessel 
codes can be optimized in each weld zone. 

An additional study was completed for welds using a newly developed flux material. 

KEY WORDS: postweld heat treatment (PWHT), ISR, 2i/4Cr-lMo steel, hydrogen in
duced weld cracking (transverse crack), pressure vessel, diffusible hydrogen, submerged 
arc welding, multipass welds, flux, hydrogen concentration 

In recent years, thicker materials with higher strengths have been required 
to meet the needs of large-size, efficient equipment in heavy industry. Ex-

'Central Research Laboratory, Kobe Steel, Ltd., Kobe-City, Japan. 
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amples are high-pressure vessels used in the chemical industry and nuclear 
reactor pressure vessels having wall thicknesses in the range of 200 to 300 
mm. These vessels are usually fabricated by the submerged arc welding pro
cess. 

When thick materials are joined by the submerged arc welding process, 
cracking transverse to the weld direction sometimes occurs in the weld metal, 
and in some cases, cracks propagate through total thickness [1].^ To avoid 
this kind of cracking, an intermediate stress relief annealing (ISR) in a fur
nace has been utilized as the usual process of construction. However, the 
heavier the structure, the more the intermediate stress relief annealing is re
quired, and in consequence deterioration of the toughness and the strength 
of the material may be induced; there is also the great disadvantage of the 
cost of the construction. For these reasons, a postweld heat treatment under 
a temperature of about 200 to 300°C, by which the diffusible hydrogen con
centrations which are considered to be closely related to the crackings may be 
decreased, was recently recommended instead of the conventional ISR [2,3]. 
However, the basic study concerning the treatment had not yet been per
formed. 

This research, then, was conducted in order to establish a low-temperature 
postweld heat treatment (LTPWHT) that would supersede ISR. 2'/4Cr-lMo 
steel was selected because it has been commonly used as a material for high-
temperature and high-pressure vessels. And, regarding LTPWHT as a 
method for preventing the hydrogen-induced weld crackings which are apt to 
occur at the intermediate step of fabrication of a thick-wall pressure vessel, 
its preventing conditions through LTPWHT were evaluated first by in
vestigating the characteristics and causes of the cracks and next by clarifying 
experimentally and analytically the behavior of hydrogen diffusion both dur
ing welding and during LTPWHT. 

Necessity of Omitting ISR 

As the fabrication process of a pressure vessel becomes complicated (Fig. 
1), the difference of the number of ISR between each component increases, 
so that one can not always give the optimal condition of final PWHT equally 
to each part of a vessel. Moreover if all of the ISRs are performed in an an
nealing furnace, the fabrication schedule will be disturbed because the fur
nace needs to be made readily available when a welding is completed. It also 
means consumption of a great deal of energy by heating a batch of furnace. 

Figure 2 indicates the relation between the Vicker's hardness number of 
2'/4Cr-lMo steel and PWHT conditions, where the abscissa represents the 
Larson-Miller parameter. This relation was obtained for a 25-mm-thick plate 
which had been reheated to a temperature of 950°C (1742°F) for 2 h in order 

^The italic numbers in brackets refer to the list of references appended to this ppper. 
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FIG. 1—Schematic illustration of assembly of major pressure vessel components. 

to be austenized and then cooled at the rate of about 40°C (72°F)/min from 
800 to 500°C (1472 to 932°F) to make the same microstructure as that ob
tained at the position of one-fourth thickness of about 250-mm-thick plate by 
water quenching. A heat treatment, of which temperature and holding time 
were 600°C (1112°F) for 25 to 200 h, 650°C (1202°F) for 5 to 470 h, or 700°C 
(1292°F) for 1 to 150 h, followed. Thus this heat treatment can be regarded 
as the treatment including temper, ISR, and final PWHT. It shows that the 
relation between the hardness and P-value becomes linear, as is well known. 
Therefore repetitious ISR as well as excessive final PWHT may cause the 
fatal reduction of the material strength. In the same way, Fig. 3 indicates the 
relation between fracture transition temperature vTrs and PWHT conditions 
for the same material. Location and orientation of test samples are the center 
portion of the thickness and transverse final rolling directions, respectively. 
Figure 3 shows that optimal condition of PWHT exists. It is found from these 
figures that excessive postweld heat treatment, including ISR and final 
PWHT, should be avoided. 

In addition, ISR contains a possibility of stress relief cracking during the 
treatment. Figure 4 shows the effects of the initial stress, a,, and stress con
centration factor, K,, upon the occurrence of the crack. An anisothermal 
stress relaxation test was carried out on the notched specimen with the syn
thetic heat-affected zone (HAZ) coarse structure. It is seen in Fig. 4 that the 
removal of the excess reinforcement of weld before ISR has a good effect on 
the prevention of the crack. However, grinding is not easy because the welds 
should be kept at a temperature that is too high for the usual grinding wheel; 
otherwise hydrogen-induced weld cracks will occur. 

Accordingly, in order to solve these problems pertaining to repetitious 
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ISR, the establishment of LTPWHT by gas burners superseding conven
tional ISR has been urgently required. 

Hydrogen-Induced Weld Cracks Apt to Occur in 
Heavy-Section Weldments of 2V4Cr-lMo Steel 

Preventing hydrogen-induced weld cracking is one of the most important 
objects at the intermediate step of fabrication of a pressure vessel, and from 
this standpoint ISR is conventionally being utilized. This section investigates 
the causes and characteristics of the transverse crack induced in heavy-section 
weldments, which is the most difficult crack to be prevented. Moreover it is 
experimentally shown that the LTPWHT is a promising method for prevent
ing the cracks and makes it possible for the conventional ISR to be omitted. 

Experiment 

Material—Ih^ base metal used in this study is ASTM Specification for 
Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum (A 387-7%), 

23 xio^ 

Tempering Parameter, P 
P = T(logt'20j 
T . temperature l°K) 
t . timelh) 

FIG. 2—Relation between Vickers hardness number and tempering parameter P (material: 
2'/4Cr-lMo steel). 
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FIG. 3—Relation between fracture transition temperature vTrs and tempering parameter P 
(material: I'ACr-lMo steel). 

Grade 22, 2'/4Cr-lMo steel of 200 mm thickness. Its chemical compositions 
and mechanical properties are listed in Table 1. 

Cracking Tests on Restraint Test Specimens—Various sizes of restraint 
test specimens (Fig. 5), to which the mild steels of 50 mm thickness were at
tached to restrain angular distortion along the weld line, were prepared for 
the cracking tests. 

Cracking tests were carried out by changing combinations of parameters of 
plate thickness and interpass temperature during welding. The method of 
welding was the submerged arc process using combinations of the conven
tionally utilized wire and flux. The chemical compositions and mechanical 
properties of the weld metals obtained are listed in Table 1. The welding con
ditions are shown in Table 2. 

The restraint test specimen after welding was kept at room temperature for 
a week, and then two plates were cut off from the weld metals parallel to the 
weld line. Magnetic particle examination was applied to the plate surfaces, 
and cracks in these plates were checked. 

Measurement of the Distribution of Residual Stresses Parallel to the Weld 
Line Through the Thickness—There had been no established method to 
measure residual stresses induced in heavy-section weldments. Hence the 
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FIG. 4—Stress relief cracking characteristics in bond area of 2'/4Cr-lMo steel weldments. 

authors in cooperation with Professor Satoh of Osaka University developed a 
method for this purpose [4]. 

Measurement of residual stresses was conducted on restraint test 
specimens in the thickness range of 50 to 150 mm by applying this method. 

Measurement of Diffusible Hydrogen Concentration Distribution Through 
the Plate Thickness—In order to investigate the effects of interpass tempera
ture and plate thickness on diffusible hydrogen concentrations which are 
considered to be related to the formation of the transverse cracks, the distri
bution of diffusible hydrogen concentrations through the plate thickness was 
measured. Measurement was carried out just after the final bead of welds 
was cooled to an interpass temperature. Further, in order to investigate the 
usefulness of LTPWHT for decreasing the diffusible hydrogen concentration 
in the weld metal, its distribution throughout the thickness of the weld 
metals was measured right after LTPWHT following welding which was done 
with the interpass temperature kept at 200°C (392°F) using a restraint test 
specimen of 55 mm thickness. 

It is very important to be careful in cutting the test specimens loose from 
welded joint. Cutting must be performed with the welded joint as cold as 
possible. Taking such a condition into account, restraint test specimens pro
vided with cold baths on the top surface (Fig. 6) were used. They were im
mersed into water immediately after the final bead of welds was cooled to an 
interpass temperature or after LTPWHT following welding was finished, and 
then they were put into a bath of solution of calcium chloride cooled by dry 
ice to a temperature of about — 50°C ( —58°F). Moreover, to prevent 
hydrogen from diffusing in the course of saw cutting, the solution of calcium 
chloride cooled to a temperature of about — 50°C ( —58°F) was constantly 
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FIG. 5—Restraint test specimen. 

TABLE 2—Welding conditions. 

Wire, mm Flux 
Current, 

A 
Voltage, Heat Input, 

V kj/cm 

SFA-5.23 EG (corresponding to 
EB-3), 4.8 diameter F92-EG-G 650 36 40 

cooling liquid & dry ice 

FIG. 6—Test specimen used for measurement of diffusible hydrogen concentration. 
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poured over the specimen, and the sections newly exposed to the air were 
covered with crushed dry ice. 

For measurement of diffusible hydrogen, a vacuum extraction system was 
used [5]. It was first developed by Dr. Uda, National Research Institute for 
Metal in Japan, and its accuracy has been well confirmed. Test specimens 
were kept in a jar of liquid nitrogen, and after cleaning with ethyl alcohol 
they were put into glass bottles from which the air was extracted immediately 
to a vacuum of 10^^ torr. They were kept at room temperature for about 10 
days. This was long enough for the hydrogen to completely diffuse out 
because the test specimens in this experiment were small enough (6 by 13 by 
100 mm). Diffusible hydrogen accumulated in the bottle was led to a burette 
with a minimum graduation of 0.02 mL, where the hydrogen volume was 
measured under the atmospheric pressure. 

Results 

Configuration of the Transverse Crack—The macroscopic configuration of 
the transverse cracks is shown in Fig. 7. It shows the result of magnetic parti
cle inspection of a vertical section of the weld metal obtained under the con
ditions of 55 mm thickness and 100°C (212°F) interpass temperature. Two 
kinds of cracks are identified. One is the transverse crack that penetrates 
through total thickness, and the other is small cracks that stop inside of the 
weld metal without propagating to the top surface. The latter cracks lie at the 
same distance from the top surface of the finishing bead. This implies that all 
the cracks initiate at the same distance below the top surface of the finishing 
bead and then propagate both to the top surface and to the bottom surface of 
the plate. The cracks observed in other specimens, which were welded under 
different conditions of plate thickness and interpass temperature, indicated 

"i 3* • A " ' -

/ 
magnetic particle test 

yerticst section 
inspected 

FIG. 7—Macroscopic view of transverse cracks observed in a vertical section of weld metal 
[plate thickness: 55 mm: interpass temperature: IOO°C (2I2°F)J. 
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the same characteristics. Preheating and interpass temperatures for preven
tion of cracks were found to be about 150 to 175°C (302 to 347° F) in the 
thickness range of 50 to 100 mm and about 200 to 225°C (392 to 437°F) in 
the thickness range over 150 mm [6]. However, taking into account the fact 
that the width of a welded structure is usually larger than that of the restraint 
test specimen used here, it seems that the interpass temperature during 
welding of real structures has to be kept higher than the aforementioned 
value, because the cooling rate during welding increases with an increase in 
width of a welded structure as well as in plate thickness. This problem is 
dealt with in the next section. 

Residual Stress Distribution Through the Plate Thickness—Residual 
stress distributions through the plate thickness of 100 mm are presented in 
Fig. 8. It is seen that residual stresses reach their maximum values at a 
distance of about 10 to 20 mm below the top surface of the finishing bead, 
where the initiation of the transverse crack is limited to as described before. 

Figure 9 shows the relation between the highest longitudinal residual 
stress, which is considered to be related to the occurrence of the crack, and 
the plate thickness. The highest longitudinal residual stress becomes almost 
constant in the thickness range over 50 mm, and therefore it can be con
sidered that the influence of the residual stress upon the occurrence of the 
crack becomes constant regardless of the plate thickness. 

Distribution of Diffusible Hydrogen Concentrations Through the 
Thickness—Figure 10 shows the results of measuring the distribution of dif
fusible hydrogen concentrations just after the temperature of the finishing 
bead has dropped to an interpass temperature. The vertical axis indicates the 
distance from the top surface of the final layer of welds, and the horizontal 
axis indicates hydrogen concentration in mL/100 g NTP. 

The results indicate that the diffusible hydrogen concentration reaches its 

- > Residual Stress (N/mm^) 
300 iOO 500 

(strKS parallel 
to the weld line) 

FIG. 8—Residual stress distributions through plate thickness of 100 mm. 
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FIG. 10—Distributions of hydrogen concentrations across the thickness when plate thickness 
is changed. 

maximum value about 10 mm below the top surface of the finishing bead and 
shows an almost linear decrease with an increased depth. The location where 
the highest concentration of diffusible hydrogen appears is considered to dif
fer somewhat depending on the cooling time of a specimen in water. 
However, it relates closely to that of crack initiation, as does the location of 
the highest longitudinal residual stress. It is also found that the highest con
centration has a tendency to decrease with an increase in preheating and in-
terpass temperatures; at the same time, it has a tendency to increase with an 
increase in plate thickness. This is owing to the fact that cooling rate in
creases with an increase in plate thickness, which is probably the reason 
prevention of the cracks necessitates an increase in preheating and interpass 
temperatures with an increase in plate thickness as referred to before. 

Judging from these results, it is clear that the transverse crack is a cold 
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cracking induced in the weld metal both by high longitudinal residual stress 
and by high concentration of diffusible hydrogen. Moreover, taking into ac
count the aforementioned fact that the highest longitudinal residual stress is 
nearly constant regardless of the plate thickness of the butt welded joint, it is 
easily seen that prevention of the cracks can be made possible only by 
decreasing the concentration of diffusible hydrogen. Accordingly, we next 
consider the effect of LTPWHT to decrease it. 

Figure 11 shows the distribution of hydrogen concentration across the 
thickness when LTPWHT is employed. Preheat and interpass temperatures 
during welding were 200°C (392°F) and the temperature of LTPWHT was 
changed as shown in Fig. 11; the time was about 2 h. The results indicate 
that LTPWHT is a very useful method for decreasing the concentration of 
diffusible hydrogen, and its effect increases with an increase in temperature. 
Consequently, this treatment is considered a promising method for avoiding 
the kind of crackings superseding the conventional intermediate stress relief 
annealing. 

Prevention of the Transverse Crack Through LTPWHT 

Unlike the conventional ISR that is expected to lower the two causes of the 
cracks—namely, residual stress and hydrogen concentration—LTPWHT is a 
method for preventing the cracks by decreasing only hydrogen concentration. 
Accordingly, in order to make a practical application of LTPWHT possible 
that would supersede ISR, the following points must be made clear: (/) the 

Diffusible Hydrogen Concentration (mi/ioog) 
1 2 3 4 

—»time 

FIG. It—Distributions of hydrogen concentrations across the thickness when LTPWHT is 
employed. 
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relation between the hydrogen concentration at the point of the crack initia
tion and the practical welding conditions, (2) the relation between the change 
of the hydrogen concentration during LTPWHT and its treating conditions, 
and (3) a critical hydrogen concentration to prevent the cracks. 

Correlation Between the Hydrogen Concentration Just 
After Welding and Welding Conditions 

Calculating Hydrogen Diffusion during Welding—In order to deal ex
perimentally with hydrogen diffusion during a practical welding, it is first 
necessary to simulate the welding thermal cycles. However, as the plate 
thickness considered in this research is over 50 mm, the number of weld 
passes is considerable; moreover, the submerged arc welding process pro
vides high heat input to the plate, so that it is almost impossible to simulate 
experimentally the thermal cycles, which are brought about in the welding of 
a real structure, using a test plate. Accordingly, the necessity of resorting to 
some analytical method arises in order to deal with hydrogen diffusion dur
ing practical multipass welds. Two numerical methods exist for analyzing the 
structure of an arbitrary shape and dimensions; the finite element method 
and the finite difference method. Since the atmospheric boundaries in 
analyses both on the heat flow and on hydrogen diffusion during multipass 
welds have an abrupt change when the next bead of welds is deposited, we 
used the former method in this research. This treats those boundary changes 
more easily than the latter. Now, let us refer to the various conditions with 
which the computer program was set up when the thermal history and 
hydrogen diffusion were calculated. 

The submerged arc welding process brings about a high rate of penetration 
and, in the case of the heat input being 40 kJ/cm, it reaches about 60 per
cent. On account of this, the welded joint was divided into such small 
elements that the penetration was 60 percent (Fig. 12) where the weld was 
regarded as an I-groove weld with each layer composed of two passes. 

The calculation of the welding thermal cycles was carried out asuming that 
the welding heat input and its efficiency were 40 kJ/cm and 65 percent, and 
that this was evenly distributed between the deposit and penetration areas 
when each pass of welds was deposited. The temperature change during the 
cooHng stage of welding was calculated by using the thermal constants in
dicated in Fig. 13. Heat transfer coefficient, heat conductivity, and specific 
heat were considered to have such temperature dependences as indicated in 
the figure, but density was considered to be constant regardless of 
temperature change. 

A time increment in the analysis was changed within the range of 1 to 10 s 
in response to the change of the cooling rate. When the temperature at the 
point 10 mm inside the groove face and 15 mm below the top surface of the 
plate reached a fixed value, the next pass of welds was deposited, and that 
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FIG. 12—Element division for the analysis of hydrogen diffusion during welding. 

500 1000 1500 2000 

- > Temperature I'K) 

FIG. 13—Temperature dependences of the thermal constants used for the analysis of welding 
thermal cycles. 

temperature was regarded as an interpass temperature. When welding 
thicker plate, the point in the thickness direction measuring an interpass 
temperature was changed with the progress of welding. This was for the pur
pose of making the thermal condition in the analysis correspond to that of ex
periments for obtaining the hydrogen distributions in the welded region 
which were presented in the previous section. 

The hydrogen diffusion is known to be influenced by, besides the gradient 
of hydrogen concentration, the gradient of such hydrostatic pressure as pro-
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duced by residual stresses and, microstructurally, the existence of such 
defects as voids, dislocations, and inclusions. However, since 2'/4Cr-lMo 
steel is usually welded with its welded region held at over 200°C (392°F), those 
influences, besides the gradient of hydrogen concentration, on the hydrogen 
diffusion are likely to become negligibly small. Accordingly, hydrogen diffu
sion during welding was analyzed under the assumption that it obeys Pick's 
second law. 

The hydrogen concentration at the latest bead just after its bead is 
deposited may be considered to increase with an increase in the number of 
welding passes. The reason is that the amount of hydrogen contained in the 
latest bead just after its welding is the sum of the dissolved hydrogen from the 
arc column and the residual hydrogen in the penetration area, and that it is 
evenly distributed between the deposit area and the penetration area. Then, 
considering the dissolved hydrogen from the arc column at the time of 
welding of each pass to be constant and adding this to the residual hydrogen 
in the penetration area, the average value, which was obtained by dividing its 
total amount of hydrogen by the total weight of the deposit area and the 
penetration area, was evenly distributed as an initial hydrogen concentration 
between the two areas. 

Hydrogen diffusion during the cooling stage of welding was calculated by 
using the hydrogen diffusivity coefficient indicated in Fig. 14 by the solid 
lines. Research into hydrogen diffusivity has shown that it depends strongly 
upon the microstructure of steel, particularly in the low-temperature range 
[7-10]. The apparent diffusivity of hydrogen of the welded joint made by the 
submerged arc welding process was also measured in this research, and these 
measurements are presented in Fig. 14 as open circles. More detailed de
scription of the measurements is given later. 

In addition, the hydrogen concentrations at the external boundary nodes 
were considered to be kept at zero throughout the analysis. 

Comparison Between Calculated Values and Measurements—Figure 15 
shows measured and calculated values of welding thermal cycles of the 1st to 
5th and the 10th to 14th pass of welds for a 55-mm-thick restraint test 
specimen welded with an interpass temperature kept at 200°C (392°F). The 
solid lines represent the measurements of the temperature change at the 
point 10 mm inside the groove face and 15 mm below the top surface of the 
plate, and the values represented by "X" are the calculated ones at that 
point. It is seen that the calculated values of the temperature change during 
welding coincide very well with the measurements, and that there is not any 
problem with calculating the welding thermal cycles by means of this pro
gram. 

Figure 16 shows both the calculated and the experimental values of the 
hydrogen distributions in the weld metal's region just after the final pass of 
welds cooled to an interpass temperature. The circle O, triangle A, and 
lozenge <^ represent the experimental values of hydrogen distributions which 
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FIG. 15—An example of welding tliermal cycles. 
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FIG. 16—Comparison between measured and calculated distributions of hydrogen concen
trations at the time when the final pass of welds attains to an interpass temperature. 

have been already shown in Fig. 10; the curves represent the analytical 
results. A comparison of the experimental with the calculated results shows 
that both distributions reach their maximum values just below the final layer 
of welds, and that those values increase with a decrease in the preheat and in
terpass temperatures or with an increase in the plate thickness. Moreover the 
calculated values in general coincide with the experimental ones. 

These calculated values were obtained by assuming that the amount of 
hydrogen of 11.86 mL/100 g deposit metals dissolved from the arc at
mosphere at the time of each pass of welds being deposited. Taking into ac
count the penetration of 60 percent, its average concentration over the 
welded zone containing penetration just after the initial pass of welds is de
posited—represented here by C„ „—is 4.74 mL/100 g. 

Figure 17 indicates the relation between the hydrogen concentration just 
below the penetration area of the latest bead right after its bead is deposited 
and the number of passes. The hydrogen concentration just below the latest 
bead right after its welding shows an almost linear increase with an increase 
in the number of passes. However, it becomes almost constant from about 
sixth pass to the final pass. This indicates that the amount of hydrogen which 
diffuses out from the welded region during each welding thermal cycle 
becomes constant over the sixth pass of welds. It varies, of course, depending 
upon the welding thermal cycles. 

Correlation Between the Hydrogen Concentration Just Below the Final 
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Layer of Welds and a Parameter T of Hydrogen Diffusion During Weld
ing—It is very important, from the standpoint of preventing the transverse 
cracks, to clarify the correlation between the hydrogen concentration just 
below the final layer of welds and practical welding conditions. 

The hydrogen concentration, at the point just below the latest bead im
mediately after its bead is deposited, can be determined by the amount both 
of the dissolved hydrogen from the arc column and the residual hydrogen 
around its penetration area, and the latter can be easily presumed to be 
determined both by the dissolved hydrogen from the arc column of each weld 
pass and by the welding thermal cycles up to its pass. (The amount of dis
solved hydrogen from the arc column of each weld pass is considered to be 
the same, and so may be each welding thermal cycle; this we can judge from 
the fact that when the number of weld passes is over six in Fig. 17, the 
hydrogen concentration just below the penetration area of the latest bead is 
almost constant regardless of the number of the weld passes.) 

Consequently, it seems that the hydrogen concentration, just below the 
penetration area of the final pass of welds right after its bead is deposited, 
will be determined provided the average hydrogen concentration over the 
welded region just after the initial pass of welds is deposited and one welding 
thermal cycle near the final layer of welds are given. 

Accordingly, paying attention to the neighborhood of the final layer of 
welds in which the transverse cracks occur most frequently and using the 
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FIG. 17—Relation between the number of passes and the hydrogen concentration just below 
the latest bead immediately after its bead is deposited. 
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aforementioned computer program, we investigated the correlation between 
the hydrogen concentration just below the penetration area of the final pass 
of welds immediately after its bead was deposited and the parameter 
E,D,'At, [obtained by dividing its thermal history successively by a small 
time increment A«, and then by summing up each D,- At; that was obtained 
by multiplying the hydrogen diffusivity coefficient D, corresponding to the 
temperature at each time by Af,]. 

The result is shown in Fig. 18, where the horizontal axis represents the 
parameter of E,D,'A?, that is denoted by r, and the vertical axis represents 
nondimensional hydrogen concentration obtained by dividing the hydrogen 
concentration just below the final pass of welds right after welding by the 
average hydrogen concentration over the welded region right after welding of 
the initial pass. The calculated values shown in the figure were obtained by 
changing widely the welding conditions, such as plate thickness, plate width, 
preheat and interpass temperatures, etc. 

It is seen from Fig. 18 that the hydrogen concentration just below the final 
pass of welds right after the welding is determined by a parameter of r which 
is a function both of welding thermal cycle and of the hydrogen diffusivity 
coefficient. Even though the average hydrogen concentration over the welded 
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FIG. 18—Correlation between hydrogen diffusion parameter during welding, T, and the hy
drogen concentration just below the final pass of welds right after its welding. 
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region of the initial pass—namely, C,, „—is changed because of the change of 
the flux used, or the hydrogen diffusivity is changed because of the change of 
the steel welded, using this figure we can readily estimate the hydrogen con
centration just below the final pass of welds right after the finish of welds 
without carrying out the same calculations, provided that the values of C„ „, 
the welding thermal cycle, and the hydrogen diffusivity are given. 

Correlation Between a Parameter of Hydrogen Diffusion IT) and Welding 
Conditions—The results described in the preceding paragraph are obtained 
by assuming that each pass of welds is deposited when the temperature of its 
preceding bead cools to an interpass temperature. In practical welding, 
however, if the size of a welded structure—for example, the diameter of a 
pressure vessel in the case of its circumferential welding—is large, the pass-
intervals of welding will be long and an interpass temperature will decrease 
gradually. In order to maintain an interpass temperature during welding, a 
compensatory heating by gas burners is widely utilized. 

Accordingly, we next investigated the effect of the compensatory heating 
on the parameter of hydrogen diffusion (r), assuming that the temperature of 
a weld bead was kept constant by the compensatory heating from the time 
when the temperature of the bead attained an interpass temperature to the 
time when the next bead was deposited. Utilizing the compensatory heating, 
the parameter of r can be estimated by adding the contribution of the com
pensatory heating, namely, Z)*At„, to the value of T indicated in Fig. 18, 
where D is the hydrogen diffusivity coefficient at the interpass temperature 
and A/„ is the interval from the time for a weld bead to attain the interpass 
temperature to the time for the next bead to be deposited. The value of Af„ is 
changed by the welding conditions, such as plate thickness, interpass 
temperature, welding speed, and welding length—for example, the shell di
ameter of a pressure vessel in the case of its circumferential welding. 

Figure 19 shows the correlation between the pass-intervals and the 
parameter T obtained under the aforementioned assumption in the case of an 
infinitely wide plate being welded. Broken lines in the figure represent the 
relations between the intervals from the time right after the final pass of 
welds is deposited to the time when its temperature attains the interpass 
temperature, and the value of T obtained by using its thermal history, 
namely, the value of D,!),'Ar, presented in Fig. 18. 

On the other hand, solid straight lines extending from a broken line repre
sent the relation of the intervals from the time when the temperature of a 
weld bead attains the interpass temperature to the time when the next bead is 
deposited—that is, Af„ versus an increase of T attributed to the compen
satory heating, namely, D'Af„. Therefore the slope of the straight lines 
equals the diffusivity coefficient at interpass temperature. 

As seen in Fig. 19, the pass intervals have a great influence on the value of 
T considering the compensatory heating. 
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FIG. 19—Correlation between the parameter of hydrogen diffusion, T. and the welding con
ditions obtained by taking the compensatory heating by gas burners into account. 

Taking the aforementioned results into account, the hydrogen concentra
tion, right after the final pass of welds is deposited under practical welding 
conditions, can be determined readily by putting the value of T obtained from 
Fig. 19 into that of Fig. 18. 

Correlation Between Reduction of Hydrogen Concentration 
Through LTPWHT and Its Treating Conditions 

Method for Calculating Hydrogen Diffusion During LTPWHT—In order 
to clarify the relation between the reduction of hydrogen concentration 
through LTPWHT and its treating conditions, and the influences of the 
dimensions of the weldments upon the relation, analyses on hydrogen diffu
sion during LTPWHT were carried out. As the diffusion of hydrogen is 
known to be influenced by the gradient of the hydrostatic stress, the diffusion 
of hydrogen during LTPWHT is considered to be influenced by the residual 
stress distribution induced by welding. Therefore it is desirable to take this 
fact into consideration, because the transverse cracks are apt to occur in the 
region where the residual stresses are so high as to retard the diffusion of 
hydrogen. 

Taking the gradient of hydrostatic stress into consideration, the flow of 
hydrogen—that is, the total amount of hydrogen passing through unit area 
per unit time—can be described by adding a term that depends on the gra
dient of hydrostatic stress to Fick's first law of diffusion: 

j= -~D-VC + M-C-V-M = D-V*/RT (1) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TAKAHASHI AND IWAI ON OMISSION OF INTERMEDIATE PWHT 439 

where D, VC, V^ ,̂, and V^ represent the diffusion coefficient, the gradient 
of hydrogen concentration, the gradient of hydrostatic stress, and the partial 
molar volume of hydrogen, respectively. 

In this research the analyses were carried out by replacing this partial dif
ferential equation by the finite-difference equation described as follows. 

Firstly, a welded structure is divided into small triangles (Fig. 20). Now, 
considering the amount of hydrogen which flows from point / into point n 
during time dt, it can be expressed as 

Ji -5, -dt = i-D„ -dC/dx. + M„ •€„ •d,f,/dx.)Si -dt (2) 

where Sj and X,- represent the cross-sectional area and the distance between 
points n and i. respectively. Similarly, considering each amount of hydrogen 
which flows from the surrounding points of,/', k, I. and so on into point n, 
adding them up and dividing the total amount by the volume V„ of point n 
enclosed with oblique lines as indicated in Fig. 20, the change of the hydro
gen concentration at point n during time dt, namely, dC„, can be described 
by the following equation: 

dc„ = i:j^-s„-dt/v„ = j:i-D„-dc/dx„, 
m m 

+ M„-C„-d,,/dxJS„-dt/V„ (3) 

Next, we replace dC/dx„,, da^/dxn,, and so on by the difference form as follows: 

dC/dx,„ = {C„j — C„i)/X„, da^/dx„, = {af,,„ — a^_„)/X^; 

dt = At. dC„ = C„,,+^, - C„,, (4) 

where 

^h.n< f^h.m — hydrostatic stress at point n and its arbitrary surrounding 
point m, respectively, 

C„.t. C„j = hydrogen concentration at point n and point m at time t, re
spectively, and 

C„.,+A( = hydrogen concentration at point n at time t + At. 

Substituting these equations into Eq 3 and solving it with respect to C„ ,+AI 
yields 

C„,,+A, = n - D„-At-US^/XJ/V„ + M„.Ar-E{K„ 
m m 

-'a,,JS^/X^}/VJ-C„,, + D„-Af'LiS^-C„yXJ/V„ (5) 
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FIG. 20—Element division for the analysis of hydrogen diffusion during LTPWHT. 

Substituting the distribution of the hydrogen concentrations at time t into Eq 
5, the distribution of the hydrogen concentrations after time At can be calcu
lated. The distribution of the hydrogen concentrations at the time when the 
final pass of welds attained an interpass temperature was first calculated 
with the aid of the computer program developed for the calculation of the 
hydrogen diffusion during welding, and taking it as an initial distribution of 
the hydrogen concentrations, the analysis of the diffusion of hydrogen during 
LTPWHT was performed on the cross section as indicated in Fig. 12. 

V*, indicated in Eq 1, has a temperature dependence and its value de
creases with a rise in temperature, so that the influence of the gradient of 
hydrostatic stress on the diffusion of hydrogen decreases. This experimental 
value has not been made sufficiently clear. Accordingly, referring to the 
value obtained by Bockris et al [//], it was assumed to be 2.14 cm-'/g-atom 
at 0°C (32°F) and zero at 700°C (1292°F). Within the temperature range, it 
was approximated by a straight line joining both values. 

Meanwhile, the hydrostatic stress Oj, in the weld zone was given by (a> -f 
a,,)/3 using the aforementioned residual stress distributions measured experi
mentally, where a^ and o^, are the residual stresses both in the weld direction 
and in the transverse direction; therefore the residual stress in the thickness 
direction was ignored. On the other hand, a^ in the region of base inetal was 
distributed so that it could balance with the hydrostatic stress in the weld 
zone. 

Apparent Diffusion Coefficient of Hydrogen in the Welded Joint—In order 
to determine the diffusion coefficient, the distributions of the hydrogen con
centrations throughout the thicknesses of the restraint test specimens both 
right after welding and after LTPWHT were first measured experimentally 
and then compared with those obtained analjrtically under the same condi
tions. 

For this purpose, two test specimens were first welded simultaneously. For 
one the distribution of the hydrogen concentrations was measured right after 
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the final pass of welds attained an interpass temperature, and for the other 
the distribution of the hydrogen concentrations right after LTPWHT being 
performed was measured. If two test specimens are welded simultaneously 
like this, they have the same distribution of hydrogen concentrations just 
after welding. Therefore the reduction of the hydrogen concentration through 
LTPWHT can be evaluated accurately. 

Next, the analyses of the diffusion of hydrogen both during welding and 
LTPWHT were carried out under the same conditions as the experimental 
ones. The procedures are as follows. As the first step of the analyses, the dis
tribution of the hydrogen concentrations just after welding is calculated by 
assuming an arbitrary value for the amount of hydrogen H„ that dissolves 
from the arc atmosphere into the weld zone when each pass of welds is de
posited. As the calculated values obtained at that time are directly propor
tional to //„, the correct value of //„ can be so determined that the calculated 
values on the distribution of the hydrogen concentrations become equal to 
the measured values. Given such a distribution of the hydrogen concentra
tions obtained like this, as an initial distribution, the analysis of the diffusion 
of hydrogen during LTPWHT proceeded. 

It is found from Eq 5 that the analysis can proceed step by step by taking a 
parameter DAt in place of the time increment At, so that the results ob
tained can be arranged by a parameter D,,f,, that is the product obtained by 
multiplying the diffusion coefficient at the temperature of LTPWHT, that is, 
Dj,, by its holding time f̂ ,. Then, comparing the measured values of hydrogen 
concentration with the calculated values, the parameter D,,r,,, at which the 
calculated values of hydrogen concentration coincide most closely with the 
measured values, can be determined. Accordingly, substituting the holding 
time of LTPWHT, that is, tp, into this value D,,?,,, the diffusion coefficient 
Dp at the temperature of LTPWHT can be obtained. 

Both examples of measured and calculated results concerning the distri
butions of hydrogen concentrations through the thickness of the restraint test 
specimens are shown in Fig. 21. In this case, welding was performed with the 
interpass temperature kept at 200°C (392°F), and LTPWHT occurred by 
heating the test specimen from 200 to 300°C (392 to 572°F) at the rate of 
200°C/h (360°F/h) and then holding it at 300°C (572°F) for 90 min. The 
distribution of the hydrogen concentrations just after the final bead of welds 
attains the interpass temperature is denoted by " 1 " in the figure; the other 
distributions, denoted by "2," show hydrogen concentrations obtained where 
LTPWHT occurred. Moreover, the analytical results, together with the mea
sured values denoted by circles, are shown by curves in the figure. The 
broken line means that the analysis was carried out by assuming that the dif
fusion of hydrogen conformed to Pick's second law. On the other hand, the 
solid line means that the analysis was made considering the effect of the 
residual stress distributions on the diffusion of hydrogen. 

Taking into consideration the effect of the residual stress distributions, the 
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FIG. 21—One example oj the distributions of the hydrogen concentrations in the weld zone 
used for determining the apparent diffusivity coefficient in the welded joint. 

diffusion of hydrogen during LTPWHT is somewhat retarded in the high-
stress region, as can be seen from Fig. 21 by comparing the solid line with the 
broken one denoted by "2". Meanwhile, the diffusion coefficient obtained 
from the results is 8.99 X 10-^ cmVs at 300°C (572°F). 

Figure 14 shows the temperature dependence of the diffusion coefficient. 
The circles represent the apparent diffusion coefficients obtained by taking 
into consideration the residual stress distributions produced in the welded 
joint. These values are found to be comparatively close to the values obtained 
for 2'/4Cr-lMo steel weld metal by Moreton et al [9] and to those obtained for 
a-iron by Johnson et al [7]. 

Correlation Between the Reduction of Hydrogen Concentration Through 
LTPWHT and Its Treating Conditions—Judging from the fact that the posi
tion where a transverse crack occurs corresponds to a point at which the 
hydrogen concentrations reach maximum value, it is very important from the 
standpoint of preventing the crack to make clear the correlation between the 
change of the highest hydrogen concentration during LTPWHT and its 
treating conditions. 

Figure 22 shows the relation between the highest hydrogen concentration 
during LTPWHT, as seen in the hydrogen distribution presented in Fig. 21, 
and its treating conditions. The vertical axis indicates the ratio of the highest 
hydrogen concentration during LTPWHT, that is, C, to the hydrogen con
centration Co just after the welding previously described. The horizontal axis 
indicates a parameter obtained by adding the parameter of hydrogen dif
fusion (T), which is determined from the thermal history of the final pass of 
welds (also described previously), to the product Dptp obtained by multiply-
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FIG. 22—Influence of the distribution of the hydrogen concentrations just after welding on 
the relation between the change of the highest hydrogen concentration during LTPWHT and its 
treating conditions. 

ing the diffusion coefficient at the temperature of LTPWHT by its holding 
time. 

Regarding the time when the final pass of welds is deposited as the com
mencement of the LTPWHT, Fig. 22 shows the influence of the distribution 
of the hydrogen concentrations just after welding upon the relation between 
C/C„ and (T + Dp-tp). The initial distribution of hydrogen concentration 
given for analyses was varied by changing the interpass temperature during 
welding. 

It is seen from Fig. 22 that even if the distribution of the hydrogen concen
trations just after welding is varied, the relation between C/C^, and (r + Dp -tp) 
can be expressed by almost only one curve. 

Figure 23 presents the influence of the plate thickness on the relation be
tween the change of the highest hydrogen concentration during LTPWHT 
and its treating conditions. The figure shows that at the early stage of the 
LTPWHT the change of the highest concentration of hydrogen is not in
fluenced by the plate thickness. This is because a point at which the highest 
concentration of hydrogen appears comes just below the final bead of welds, 
and the hydrogen diffusion at that point is influenced mainly by the surface 
of the plate. It is also seen that as the LTPWHT proceeds, the point at which 
the distribution of the hydrogen concentrations reaches its maximum value 
comes inside, so that the influence of the plate thickness comes out gradu
ally. 

Moreover, judging from the condition of the LTPWHT for preventing the 
cracks that will be described later, its condition for preventing the cracks is 
within at most 1.5 cm^ by the value of (T -I- Dp-tp). Accordingly, its condi-
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FIG. 23—Influence of plate thickness on the relation between the reduction of the highest 
hydrogen concentration through LTPWHT and its treating conditions. 

tion where plate thickness is over 150 mm can be evaluated using the relation 
between C/Cg and (T + Dp-tp) for the 150-mm-thick plate presented here. 

Figure 24 indicates the influence of the groove width on the relation be
tween C/Co and (T + Dp-tp). It is seen that the reduction of the hydrogen 
concentration is retarded with an increase in the groove width. This is be
cause the gradient of the hydrogen concentration decreases in the direction 
transverse to the weld line with an increase in the groove width. 

In consequence, by first substituting the critical hydrogen concentration 
under which the cracks do not occur, as will be described later, for the value 
C of the vertical axis in Fig. 24, and then substituting the hydrogen concen
tration just after welding, which has been mentioned previously, for the value 
Co in the same figure, the conditions of the LTPWHT for preventing the 
cracks can be determined from the value of the horizontal axis, that is, (T + 
Dp-tp), depending on the plate thickness and groove width. 

Critical Hydrogen Concentration under which Cracks Do Not Occur 

In order to make clear the critical level to which the residual hydrogen con
centration in weld zone has to be reduced to prevent the occurrence of the 
transverse cracks through LTPWHT, a cracking test using restraint test 
specimens was carried out with the testing parameters of the dimensions of 
the weld zone, preheat and interpass temperature during welding, and hold
ing time of LTPWHT being changed as shown in Table 3. On the other 
hand, the heating temperature during LTPWHT was kept almost constant at 
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FIG. 24—Influence of the groove width on the relation between the reduction of the highest 
hydrogen concentration through LTPWHT and its treating conditions. 

TABLE 3—Conditions of cracking test. 

Plate 
Thickness, 

mm 

55 
100 
150 

Groove 
Angle, 

deg 

8 
7 
5.5 

Radius, 
mm 

8 
8 
8 

Interpass 
Tempera

ture, 
°C 

130 
130 
150 

Temperature 
of LTPWHT, 

°C 

180 to 200 
180 to 205 

205 

Holding 
Time, 

h 

1.5, 2.6, 3.2 
2.5, 7.0 

7.5 

about 200°C (392°F). Other welding conditions were the same as those pre
sented in Tables 1 and 2. 

Next, the distribution of hydrogen concentrations at the time when the test 
specimen cooled to 100°C (212°F) after LTPWHT was calculated by the 
aforementioned computer program, which could evaluate hydrogen diffusion 
during LTPWHT. The thermal history was recorded throughout the treat
ment from after welding until the test specimen attained 100°C (212°F) after 
LTPWHT. 

Figure 25 shows the results of the cracking test and the calculation of the 
distribution of the hydrogen concentrations. Broken and solid lines represent 
the distributions of hydrogen concentrations where transverse cracks are ob
served and are not observed, respectively. It is seen that the highest hydrogen 
concentration had to be reduced to less than 3.3 mL/100 g to prevent occur
rence of the cracks. 
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FIG. 25—Both results of the cracking test and the calculation on the distribution of the 
hydrogen concentration. 

LTPWHT Conditions Required to Prevent the Occurrence of 
Transverse Cracks 

Procedure for Determination of the LTPWHT Conditions to Prevent the 
Cracks—Judging from the aforementioned results, it is certain that the 
LTPWHT condition for preventing the cracks changes according to residual 
hydrogen concentration just after welding. Therefore its condition depends 
upon the parameters, such as dimensions of the weld zone, hydrogen level of 
the flux used, and other welding conditions. 

A procedure for determining LTPWHT conditions that would prevent the 
cracks follows: 

1. Determine the values of a plate thickness, an interpass temperature 
and a pass interval; then the diffusion parameter of hydrogen during welding 
(T) can be evaluated by using Fig. 19. 

2. Put its value of T into the abscissa of Fig. 18; then the ratio of C^ to C„ „ 
can be evaluated, where Cg and Cgg represent the residual hydrogen concen
tration just after welding right below the final pass of welds and the hydrogen 
concentration at the initial pass of welds immediately after its bead is de
posited, respectively. 

3. Put Co,o into Cg/Cgu', then C„ can be determined. The amount of Co,o 
equals 4.74 mL/100 g where a conventional fused type of flux is used under 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TAKAHASHI AND IWAI ON OMISSION OF INTERMEDIATE PWHT 447 

the heat input of 40 kJ/cm, as was described before. A method to measure its 
amount experimentally will be shown later. 

4. Calculate €„/€„, where C„ is the critical hydrogen concentration for 
preventing the transverse cracks, namely, 3.3 mL/100 g. 

5. Put C(.r/C„ into the ordinate of Fig. 24; the required condition for the 
residual hydrogen concentration just after welding, C„, to decrease to C„ can 
then be obtained in terms of (T + D^, -tp) from the horizontal axis depending 
upon the plate thickness and groove width. 

6. Subtract T from (T + Dp-tp); the preventing condition of the cracks 
through LTPWHT, namely, Dp-tp, can then be determined, where Dp and 
tp are the diffusion coefficient of hydrogen at the temperature of LTPWHT 
and its holding time, respectively. (Using a temperature dependence of hy
drogen diffusivity coefficient, an arbitrary combination of the temperature 
and holding time of LTPWHT to prevent the cracks can be selected.) 

LTPWHT Condition Required to Prevent the Cracks—It is obvious that if 
a lower-hydrogen type of flux is used, the residual hydrogen concentration 
just after welding will decrease, so that the LTPWHT condition required to 
prevent the cracks will be mitigated. Let us now investigate the LTPWHT 
condition where the newly developed fused type of flux is being utilized. 

In order to evaluate the LTPWHT condition when the flux is changed, the 
hydrogen concentration in the first bead just after its bead is deposited— 
namely, C„„—has only to be determined. Thus the value of C„„ when the 
lower-hydrogen type of flux was used was measured experimentally by the 
method indicated in Fig. 27. 

conventioral type of flux 

postweld-tteal temperature =300 0(572 Fl 

intprpass temp 200°C (392°F) 

250°C (482°F) 

h: plate thickness (mm J 

w:groove width (mm) 

500 WOO 1500 

-^ Pass Intervals ( 5 ) 

2000 

FIG. 26-

used. 
Preventing transverse cracks by LTPWHT where a conventional fused type of flux is 
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The test specimens were first immersed into water just after one pass weld 
and then put into hquid nitrogen to make the test specimens separate easily. 
Each specimen fractured forcibly was, further, put into a glass vacuum bottle 
and kept at room temperature for about 20 days. The amount of hydrogen 
accumulated in the bottle was measured by a vacuum extraction system. 
Finally, its value was converted into Q „ by dividing it by the total weight of 
penetration and deposited metal. The welding conditions were the same as 
those listed in Table 2. 

It was shown in Fig. 16 that, assuming Co,o was 4.74 mL/100 g when a con
ventional type of flux was used, the calculated distributions of hydrogen 
concentrations coincided with the experimental distributions. In order to 
check the validity of this method, the C^o-value where both a conventional 
type and a new type of flux were used was measured experimentally by apply
ing the method. 

As a result, the average value of Q ^ measured 4.94 mL/100 g for a con
ventional type; this was very close to 4.74 mL/100 g. Therefore it is con
sidered that this method has enough reliability to determine C^ ̂ -value. For a 
new type its value measured 3.13 mL/100 g, and was reduced by 34 percent 
compared with the case of a conventional one. 

The preventing conditions of the transverse cracks through LTPWHT 
where a newly developed flux was used were obtained as shown in Fig. 28 by 
using the value of €„„, namely, 3.13 mL/100 g, and by applying the afore
mentioned procedure. Comparing its result with that shown in Fig. 26, we 
see clearly that by using a new type of flux in place of a conventional one the 
mitigation of about 100°C (212°F) concerning an interpass temperature dur
ing welding can be attained, and that the holding time of LTPWHT required 
for preventing the cracks can be greatly reduced. 

r (5) C- . « -i^ xlOO (ml/IOOgI 

^measuring diffusible hydrogen 
(He mil 

fL 
® fracturing ^f— 

Q)immersed into A/? 

Q)water cooling A*B 
(total weight of pmttration t dtp»ittd metal I 

FIG. 27—Procedure for measuring €„ „. 
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flux is used. 

Preventing transverse cracks by LTPWHT where a newly developed lower-hydrogen 

Application of LTPWHT to Heavy-Wall Pressure Vessels 

To show the validity of this approach, we appUed this method to a proto
type of the forged rings of 3000 mm inner diameter and 250 mm thickness. 
Girth welding to join these shell courses was performed by the tandem sub
merged arc welding process with a combination of conventional flux and 
wire. LTPWHT at 300°C for 1 h followed in accordance with the results pre
sented in Fig. 26. The welded region was sectioned for magnetic particle ex
amination. No cracks were observed. 

Also, a number of thick-wall pressure vessels have been made by utilizing 
LTPWHT instead of ISR—for example, hydrocracker reactors of 3900 mm 
inner diameter, 222 mm wall thickness, and a weight of 510 tons. All excess 
weld reinforcement was removed by grinding after LTPWHT; and UT in
spection, magnetic particle examination, and radiographic inspections speci
fied by the ASME Code were performed to determine if weld defects were 
present. None were found. 

Conclusion 

LTPWHT has been established as a successful method for preventing trans
verse cracks apt to occur in heavy-section butt weldments of 2'/4Cr-lMo steel 
and has made it possible for the conventional ISR to be omitted. It is hoped 
that various problems pertaining to the fabrication of a thick-wall pressure 
vessel, such as security of the strength and toughness of the material, preven
tion of the SR cracking besides hydrogen-induced weld cracking, smooth 
fabrication schedule, and reduction of energy consumption, can be solved by 
the use of this method. 
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Comparison of Peened versus 
Postweld Heat-Treated 
Chromium-Molybdenum Alloy 
Steel Weldments 

REFERENCE: Wagner, L. E., "Comparison of Peened versus Postweld Heat-Treated 
Chromium-Molybdenum Alloy Steel Weldments," Application of I'ACr-lMo Steel for 
Thick-Wall Pressure Vessels. ASTM STP 755, G. S. Sangdahl and M. Semchyshen, 
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ABSTRACT; Shielded metal arc weldments were made using 2'/4Cr-lMo alloy steel elec
trodes (AWS 5.5 Class E9018-B3) and l'/4Cr-'/2Mo alloy steel plates (ASME SA387 
Grade 11 Class 2). The properties of these 38-mm (l'/2-in.)-thick weldments are com
pared in two conditions: (/) peened (all beads except the first and last layers were peened 
for 0.5 min), and (2) postweld heat treated (PWHT) at 704°C (1300°F). Both all-welded 
and transverse weld properties are compared. 

The hardness, yield strength and tensile strength (at both room and elevated 
temperature), and stress rupture strength for the peened weldments are higher than for 
the PWHT weldments. The creep rates for the peened weldments are lower than for the 
PWHT weldments. 

In general, the ductility and stress corrosion properties for the PWHT weldments are 
better than for the peened weldments. 

KEY WORDS: 2V4Cr-lMo weld, l'/4Cr-'/2Mo base, peened, postweld heat treated, 
hardness, tensile, stress rupture, creep rate, stress corrosion 

This investigation was made to determine the differences in properties be
tween weldments that have been peened after welding with no subsequent 
heat treatment and weldments that have been postweld heat treated 
(PWHT). 

Peening welds has, in general, been an aid in preventing weld cracks and 
in reducing shrinkage stresses and distortion. Peening is the application of 
hammer blows to cause the plastic flow of metal. The inward contraction of 
each bead as it cools is counteracted by the lateral spread of the weld bead 
when peened. "The effectiveness of peening has been amply demonstrated by 

'Materials Engineer, Westinghouse Electric Corporation, Philadelphia, Pa. 19113. 
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452 APPLICATION OF 2V4Cr-1Mo STEEL 

many instances in which cracking was prevented, in thick joints having ex
tremely high restraint, only by peening" [I].^ Calamari et al [2] observed em-
brittiement of the weld metal when it was peened. They also observed that 
the embrittlement was eliminated by the heat of the subsequent covering 
weld deposit. 

Pellini and Eschbacker [3] showed that a heavily peened weld surface layer 
may be a crack starter. Peening of an unsupported weld pass is also inad
visable as it is likely to tear. Therefore peening of the first layer (if unsup
ported) and the last layer is considered a dangerous practice [/]. 

If the weld is peened at a white heat, the metal will be so soft that the peen
ing tool will sink deep into the weld and the grain size will not be changed. If 
peening is done at a dull red heat (slightly above the transition temperature), 
the grain size will be refined. Below a dull red heat, peening cold works the 
metal and, while increasing its strength, impairs the ductility. Cold work 
distorts the grains and causes the weld to become prone to cracking. Peening 
will be most effective if the weld is at a dull red heat. Normally, after the 
welder has completed a section of the weld, the weld is hot at the end but 
relatively cold at the starting point. If the peening is done by the operator, 
the starting point will probably be cold worked, the intermediate length grain 
will be refined, and the hot end will be at too high a temperature for grain 
refinement. If the weld is reheated to the proper temperature or if a helper 
follows the welder at the proper distance with the peening hammer, peening 
can be done at the correct temperature [4\. These procedures are not always 
practical. 

"Peening can be employed to counteract transverse shrinkage. Depending 
on the circumstances, peening can be applied to remove all shrinkage, to 
remove as little as desired, or may be carried to a degree that accomplishes 
an expansion at the joint" [5]. 

Procedure 

For this investigation 178 mm (7 in.) wide by 762 mm (30 in.) long 1 VACT-

'/2M0 alloy steel plates (ASME SA387 Grade 11 Class 2) were welded with 
2'/4Cr-lMo alloy steel electrodes (AWS 5.5, Class E9018-B3) using the 
shielded metal arc welding process. A total of four weldments, 762 mm (30 
in.) by 356 mm (14 in.) by 38 mm (1 '/2 in.), were made. All weldments were 
made using a 232°C (450°F) preheat and interpass temperature. 

All beads except those in the first and last layer were peened for approx
imately V2 min for Weldments 1 and 2. Each bead, which was approximately 
203 mm (8 in.) long per electrode, was peened immediately after being 
deposited. A pneumatic chipping hammer with a 4.8 mm (Vifi in.) radius 
round nosed tool was used for peening. For the first five layers, 4-mm 
(V.32-in.)-diameter electrodes were used, and then 4.8-mm (•yib-in.)-diameter 

•The italic numbers in brackets refer to the list of references appended to this paper. 
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WAGNER ON COMPARISON OF WELDMENTS 453 

electrodes were used for the remaining layers. These weldments were not 
postweld heat treated. 

Weldments 3 and 4 were welded using the same size electrodes as above 
but without peening. These weldments were postweld heat treated at 704°C 
(1300°F)for2 h. 

All four weldments were acceptable to the radiographic requirements of 
the ASME Code, Section VIII, Division I. 

Test Results and Discussion 

The chemical analyses for all weldments were the same as all plates were 
from the same heat of steel and all electrodes were from the same lot. 

A photomacrograph of a section of the peened weldment is shown in Fig. 1, 
and a photomacrograph of a section of the PWHT weldment is shown in Fig. 
2. As both weldments had the same joint geometry and root gap before 
welding, it is obvious that the PWHT weldment contracted more than the 
peened weldment. No attempt was made to measure or control the amount of 
shrinkage. The photomacrographs show some grain refinement for the 
peened weldment compared with the PWHT weldment. This grain refine
ment is also seen in the photomicrographs (Figs. 3 and 4). 

FIG. 1—Photomacrograph oj peened weld cross section (XI..'!). 
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454 APPLICATION OF 2V4Cr-1Mo STEEL 

• • •-'s :.= 

FIG. 2—Photomucrograph oj PWHT weld cross section (XI.3). 

FIG. 3—Photomicrograph of peened weld cross section (XlOO) 
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FIG. 4—Photomicrograph oj PWHT weld cross section 1X100). 

The lack of complete grain refinement is probably due to the method of 
peening, as stated in the introduction: "If the peening is done by the 
operator, the starting point will probably be cold worked, the intermediate 
length grain will be refined, and the hot end will be at too high a temperature 
for grain refinement". 

The results of the 30-kg-load diamond pyramid hardness testing of 
Weldments 2 and 4 are shown in Table 1. As can be seen, the hardness is 
greater for the peened weldment in the weld metal, heat-affected zone 
(HAZ), and base metal. 

Weldments 1 and 3 were used for tests for qualifying the procedure in ac
cordance with ASME Code, Section IX. Both weldments met the re
quirements, which include reduced section tensile specimens and side bends. 
Weldments 1 and 3 were used to determine room temperature and elevated 
temperature tensile properties using 9-mm (0.357-in.)-diameter specimens. 
The results are shown in Tables 2 and 3, and are plotted in Figures 5 to 8. 
The transverse weld specimens were oriented so that the HAZ was located at 
the center of the specimen. However, all fractures occurred in the base metal 
beyond the HAZ. 

As can be seen from the all-weld results, the peened specimens have higher 
strength and in most cases lower ductility than the PWHT specimens. 
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456 APPLICATION OF 2V4Cr-1Mo STEEL 

TABLE 1 —Diamond pyramid hardness 130 kg load). 

Weldment 2 (Peened) Weldment 4 (PWHT) 

Base metal 
Base metal 
Base metal 
Base metal 

Base metal average 

Heat-affected zone 
Heat-affected zone 
Heat-affected zone 
Heat-affected zone 

HAZ average 

Weld 
Weld 

Weld average 

164 
169 
167 
164 

166 

271 
251 
245 
246 

253 

269 
286 

277 

157 
159 
158 
160 

158 
199 
206 
222 
209 

209 

238 
234 

236 

TABLE 2—Tensile properties (all-weld specimens). 

Weldment 

1(peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 

Temperature, 
°C 

21 
21 
93 
93 

204 
204 
316 
316 
427 
427 
482 
482 

(=F) 

(70) 
(70) 

(200) 
(200) 
(400) 
(400) 
(600) 
(600) 
(800) 
(800) 
(900) 
(900) 

538 (1000) 
538 (1000) 
593 (1100) 
593 (1100) 

0.2% Y.S.. 
MPa (ksi) 

665 (96.5) 
566 (82.2) 
646 (93.7) 
523 (75.9) 
617 (89.5) 
492 (71.4) 
653 (94.7) 
475 (68.9) 
575 (83.3) 
425 (61.7) 
577 (83.7) 
446 (64.7) 
521 (75.6) 
396 (57.3) 
263 (38.2) 
300 (43.5) 

U.T.S., 
MPa (ksi) 

823 (119.6) 
692 (100.3) 
764 (110.8) 
632 (93.1) 
721 (104.5) 
597 (86.6) 
833 (120.8) 
571 (82.8) 
850 (123.0) 
565 (81.8) 
780 (113.0) 
516 (74.8) 
694 (100.5) 
571 (68.3) 
545 (79.0) 
396 (57.5) 

Elongation, 

% 

24.3 
25.4 
21.4 
24.3 
23.3 
22.1 
23.3 
19.3 
20.8 
21.4 
20.9 
21.4 
20.2 
19.8 
18.6 
21.4 

Reduction 
of Area, 

% 

64.9 
71.9 
62.8 
71.9 
66.3 
72.4 
52.3 
70.1 
54.2 
68.1 
58.6 
72.2 
62.8 
75.3 
69.3 
52.3 

The transweld tensile tests are actually tests of the base metal, as the frac
tures occurred in the base metal beyond the HAZ. The lower strengths of the 
PWHT weldments compared with the peened weldment (we are really testing 
normalized and tempered plate) indicate that the 704°C (1300°F) PWHT is 
too high. The suppliers temper this plate material at 621 °C (1150°F) to 
704°C (1300°F) for Â h per 25.4 mm (1 in.) of thickness. 

Weldments 1 and 3 were used for transweld creep rupture testing oriented 
with an HAZ located in the notch of a plain bar—notch bar specimen. 
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WAGNER ON COMPARISON OF WELDMENTS 457 

TABLE 3—Tensile properties (Iraiisweld specimens}." 

Weldment 

1(peened) 
3 (PWHT) 

1 (peened) 
3 (PWHT) 
I (peened) 
3 (PWHT) 
1 (peened) 

3 (PWHT) 
1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 

1 (peened) 
3 (PWHT) 
1 (peened) 
3 (PWHT) 

Temperature, 

°C 

21 
21 

93 
93 
204 
204 
316 

316 
427 
427 

482 
482 

(°F) 

(70) 
(70) 

(200) 
(200) 
(400) 
(400) 
(600) 

(600) 
(800) 
(800) 
(900) 
(900) 

538 (1000) 
538 (1000) 
593 (1100) 
593 (1100) 

0.2% Y.S., 

MPa (ksi) 

382 (55.3) 
339 (49,2) 

344 (50.0) 
276 (40.0) 
408 (59.3) 
292 (42.4) 
386 (56.0) 

310 (45.0) 
331 (48.0) 
298 (43.2) 
334 (48,5) 
254 (35.4) 

304 (44.1) 
277 (40,2) 
254 (36,9) 
229 (33,2) 

U,T,S., 

MPa (ksi) 

556 (80,6) 
540 (78,4) 

507 (73,6) 

498 (72,1) 
504 (73.0) 
460 (66.7) 

510 (74.0) 

475 (68.9) 
494 (71.6) 
463 (67.1) 

464 (67.3) 
417 (60.5) 

416 (60.3) 
388 (56.3) 
354 (51.3) 
323 (46,8) 

Elongation, 

% 

17,9 
18.3 

15.1 
22.0 
10.7 
16.9 
12.3 

15.1 
17.1 

15.3 
16.5 
22.6 

17.5 
22.6 

25.0 
24.3 

Reduction 
of Area, 

% 

62.2 
63.2 

61.5 

66.2 
55.7 
62.2 
56.4 

57.2 
59.3 
57.8 
61.5 
74.7 

68.7 
79,6 

78,8 
78,8 

"All fractures occurred in the base metal. 

Weldments 2 and 4 were used for all-weld creep rupture testing with plain 
bar-notch bar specimens. All failures occurred in the plain bar area and were 
not tested further in the notch bar area. The creep rupture test results are 
shown in Table 4 and plotted in Figures 9 and 10. For the Larson Miller 
Parameter (LMP), t is time to rupture in hours. For the all-weld specimens, 
the peened weld [824 MPa (119.6 ksi) U.T.S.] had longer times to rupture 
and lower creep rates than the PWHT welds [691 MPa (100.3 ksi) U.T.S.]. 
This same variation with tensile strength was noted for 2'/4Cr-lMo alloy steel 
weld metal in a previous investigation [6]. Data from the investigation are 
shown for comparison in Figs. 9 and 10. 

Table 4 indicates that most of the transweld creep-rupture specimens 
failed in the HAZ with low ductility. The occurrence of a ductility minimum 
is attributed to the formation of a carbide denuded zone near the grain 
boundaries [7]. During the creep process, carbides are precipitated on the 
grain boundaries diluting the matrix of the alloying elements. To balance the 
matrix chemistry, carbides from the matrix near the grain boundary dissolve. 
This process of carbide dissolving into the matrix and precipitating at the 
grain boundary continues, resulting in a veiy narrow zone adjacent to the 
grain boundaries that is essentially free of carbides. Since this denuded zone 
is soft, high localized deformation occurs here and overall ductility 
decreases. However, as the denuded zone increases in width, the localized 
strain decreases and ductility starts to recover [6]. 

Weldments 2 and 4 were used for stress-corrosion U-bend test specimens. 
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FIG. 5—Yield strength versus temperature. 
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FIG. 9—Rupture stress versus Larson-Miller parameter. 
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The stress-corrosion specimens exposed to factory steam condensate at 77°C 
(170°F) all showed heavy rusting and pitting after exposure for 8492 h, with 
no difference between the peened and PWHT specimens. No cracks were 
detectable. The results of exposing U-bend test specimens to boiling 10 per
cent sodium hydroxide (NaOH) are shown in Table 5. In general, the peened 
specimens showed evidence of slightly greater attack compared with the 
PWHT specimens. 

Conclusions 

1. The hardness, yield strength and tensile strength (at both room and 
elevated temperature), and stress rupture strength for the peened weldments 
are higher than for the PWHT weldments. The creep rates for the peened 
weldments are lower than for the PWHT weldments. 

TABLE 5—Stress-corrosion heiid test results (exposed to boiling 10 percent NaOHI. 

Weldnient 

2(peened) 

2(peened) 

4 (PWHT) 

4 (PWHT) 

2(peened) 
2(peened) 
4 (PWHT) 
4 (PWHT) 
2(peened) 

2(peened) 

4 (PWHT) 

4 (PWHT) 

Specimen 
Location 

weld 

weld 

weld 

weld 

base metal 
base metal 
base metal 
base metal 
HAZ 

HAZ 

HAZ 

HAZ 

120 h 

discolored 
black 

discolored 
black 

discolored 
black 

discolored 
black 

Condition of Specimen at 

2352 and 
3192 h 

discolored 
black 

discolored 
black 

discolored 
black 

discolored 
black 

discolored 
black 

discolored 
black 

4824 h 

small crack 
on bend 

large crack 
on bend 

5640 h 

small crack 
on bend 

small crack 
on bend 

small crack 
on bend 

small crack 
on bend 

small crack 
on bend 

Notes: 

(1) After 936 h all specimens were covered with thick white tenacious deposit which was re
moved for this inspection. This deposit was probably caused by the glass kettle used for this 
test. The kettle was changed to Teflon for the remainder of the testing. 

(2) When cracks are noted, testing of cracked specimens is discontinued. 
(3) After 4008 h all specimens were discolored black. 
(4) After 8328 h there were no changes in the five specimens remaining on test. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 12:06:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



466 APPLICATION OF 2V4Cr-1Mo STEEL 

2. In general, the ductility and stress-corrosion properties for the PWHT 
weldments are better than for the peened weldments. 
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Summary 

T. E. Scott's keynote address notes the need to develop coal liquefaction as 
an alternative to crude oil as an energy source. He cites the pressure vessels 
and piping as a most critical area, with the following potential problems: (/) 
pressure vessel fabrication (sometimes in the field), (2) evaluation of thick-
section material properties (particularly weld metal and heat-affected zone), 
(3) effect of high-temperature/high-pressure hydrogen service on material 
properties, {4) temper embrittlement, (5) need for improved nondestructive 
examination techniques, and (6) use of fracture mechanics for evaluation of 
fracture toughness and crack growth. 

Evidence was given in several papers that 2'/4Cr-lMo steel for pressure 
vessel shells up to 51 cm (20 in.) thick can be produced with present tech
nology. Plate, forgings, and castings have been produced in this thickness 
range. 

A fundamental concern expressed in several papers was the need to de
velop a suitable microstructure throughout the section. For optimum 
strength and notch toughness, it was considered desirable to have a micro-
structure consisting of 100 percent bainite and free, or nearly free, polygonal 
ferrite. 

A primary factor in achieving a suitable microstructure is the rate of cool
ing through the phase transformation range. In these thicknesses, normaliz
ing or air cooling is too slow. Data show that a water quench with thorough 
agitation can produce cooling rates from —6.7 to — 12.7°C/min (20 to 
9°F/min) at the midthickness of sections from 30 to 51 cm (12 to 20 in.). 
Depending on the composition or hardenability of the 2'/4Cr-lMo steel, tests 
have shown that a microstructure free of ferrite can be achieved with cooling 
rates from —12.7 to 2.2°C (9 to 36°F/min). Thus some amount of ferrite can 
be expected for some heats of 2V4Cr-lMo steel in section of 30 cm (12 in.) 
thick and over. 

Various papers dealt with the metallography of quenched and tempered 
2'/4Cr-lMo steel and with means of increasing the hardenability. Several 
alloy modifications have been found to be effective (namely, minor additions 
of manganese and nickel, or trace additions of titanium and boron). The 
hardenability has also been increased by the use of a higher austenitizing 
temperature. 

Temper embrittlement is a form of high-temperature damage that can oc
cur to 2'/4Cr-lMo steel. Several papers demonstrated that it can be con
trolled by restricting either the silicon or the phosphorus content to a very low 
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470 APPLICATION OF 2V4Cr-1Mo STEEL 

level. Both methods have advantages and possible disadvantages, which need 
further evaluation. 

Several papers dealt with the effect of hydrogen at high temperatures and 
pressures on the properties and performance of the steel. Some damaging ef
fects have been noted, such as changes in microstructure and mechanical 
properties, particularly ductility. It can also increase the degree of temper 
embrittlement, can be damaging to the stainless weld overlay, and can 
significantly increase crack growth rates. Further study is warranted. 

Some papers discussed fabrication procedures and welding methods aimed 
at increased efficiency and quality for very thick weldments. Fabrication of 
ultralarge pressure vessels in the shop or in the field is feasible. 

Crack propagation behavior under these severe service conditions is being 
studied. Higher strength steels are more severely affected. 

In conclusion, this symposium has presented a well-defined state of the art 
for design and construction of ultrathick pressure vessels for coal liquefac
tion and for petroleum refining processes subjected to similar conditions. 
Guidance has been provided for further research. 

G. S. Sangdahl 
Senior Metallurgical Consultant, Chicago 

Bridge & Iron Company, Oak Brook, III. 
60521; symposium co-chairman and co-
editor 

M. Semchyshen 
Vice-President, Metallurgical Development, 

Climax Molybdenum Company, Ann Arbor, 
Mich. 48106; symposium co-chairman and 
co-editor 
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Index 

Abrasion, 13, 14 
Acoustic emission, 37 
Aluminum, for grain size control, 168 
ANSI/ASTM specifications, 27 
Antimony, 212 
Argon, fatigue crack propagation in, 

64,65 
Arsenic, 212 
ASME Code, 17, 18, 21, 26, 129-

130, 145 
ASTM Code, 26, 161 

B 

Bainite, 1, 32, 51, 94, 111-113, 347 
348 

Lower, 32, 237, 239 
Tempered, 111-113 
Upper, 32, 236, 238 

Baumann sulfur prints, 194 
Boron, 130 

Effect on hardenability, 131 
Grain refinement effect, 184 
Hardenability, 1 
Hardenability effect, 184 
Temper embrittlement effect, 141, 

142 
Breeder reactors, 109-111 

Carbide, 227, 278, 282-288, 295 
Grain boundary particles, 97 
Interlath, 236, 238 
Internal precipitate, 237, 239 
Widmanstatten, 240, 241 

Carbon 
Effect on 

Creep ruture, 190 
Microstructure, 42 
Phase transformation, 153 
Stress relief cracking, 143 
Weld properties, 204, 205 

In commercial steel, 149-151 
In welding electrode, 203 

Carbon equivalent, 170, 171 
Carburization, 15 
Cast 2V4Cr-lMo steel, 28, 37 
Cavitation 

Creep, 94 

Grain boundary, 94 
Cavities 

Combined hydrogen stress effect, 
104, 105 

Critical nucleus, 102, 103 
Effect of hydrogen on nucleation, 

103, 104 
Effect of stress on nucleation, 104 
Grain boundary, 98, 99 
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Growth rate estimated from creep-
to rupture life, 104 

Growth rate estimated from den
sity, 104 

Growth rate estimated from size, 
104 

Incubation time, 103 
Nucleation rate, 102-105 
Rate of growth, 104-106 
Stress effect on grain boundary 

growth rate, 106 
Cavity growth, effect of hydrogen, 

101, 102 
CCT diagrams, 133, 137, 194, 196, 

233, 280, 347 
Cementite, 236, 238 
Chromium, in commercial steel, 149, 

150 
Coal gasification, pressure vessels, 69 
Coal liquefaction, 2, 7 
Coal, oxides in, 14 
Coal, sulfides in, 14 
Commercial steel, 148-165 

Composition, 149, 150, 158 
Creep rupture properties, 154, 155 

159 
Elevated temperature strength, 154 

156 
Heat treatment, 150-152, 159 
Impact properties, 154, 157, 160, 

161 
Production, 149 
Rolling, 149, 150 
Tensile properties, 159 

Composition of 
Commercial steel, 158 
Commercial 2V4Cr-lMo steel, 149, 

150 
Forged ring, 219, 221 
2'/4Cr-lMo steel, 27, 29, 52, 71, 

95, 130-134, 168, 169, 190, 
191, 209, 230, 232 

Cooling rate, 230, 232 
Cooling simulation, 192 

Copper, 214, 215 
Corrosion, 14 

Hydrogen sulfide, 14 
Naphthenic, 14 
Organic sulfur compounds, 14 

Crack closure, oxide-induced, 63, 64 
Crack growth 

Effect on environmental pressure, 
76 

Environmentally assisted, 20 
Environmentally enhanced, 73-86 
Incipient flaws, 50 

Cracking, 422-426, 429, 444-447 
Chloride, 11, 15 
Effect of vanadium on stress relief, 

130 
Hydrogen assisted, 143, 144 
Intergranular, 11 
Polythionic, 11, 15 
Stress relief, 143, 144 
Sulfide stress, 19 
Transgranular, 11 

Crack-opening displacement, 37, 38, 
41 

Creep curves, hydrogen effect, 98-
101 

Creep rupture properties 
Carbon effect, 190 
Commercial steel, 154, 155, 159 
Forged ring, 219, 220, 225 
Simulated HAZ, 143 
Wall thickness effect, 202, 203 
Weld joints, 203 
Weld material, 203 
Welds, 203-205 

Creep rupture strength, 129-147 
Titanium, effect of, 140 
Vanadium, effect of, 131, 140-142 

D 

Decarburization, 84, 86, 106, 107 
Delta-ferrite, 266 
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Deoxidation, 29, 184 
Ductility, tempering effect, 34, 35 

Elevated temperature properties, 140 
141 

Elevated temperature strength, 178-
184, 201-203 

Accelerated-cooled plates, 180, 182 
183 

Air-cooled plates, 179, 181 
Commercial steel, 154, 156 
Forged ring, 219, 223 
Silicon. 2 
Stress-relieved plates, 182, 183 

Elongation, thickness effect, 34 
Embrittlement 

Heat treatments, 162-164 
Reversible, 161-164 
Tests on welds, 162-164 

Endurance limit, 40 
Erosion, 14 

Fabrication, 255-274, 298, 308-318, 
420 

Field fabrication, 256-262, 270-
274 

Forming, 261 
Machining, 269-271 
Shop fabrication, 256-258 
Welding (see Welds) 

Fatigue, 38-41, 44 
Fatigue crack propagation, 49-67 

Below KISSC, 59 
Effect of microstructure, 56, 59 
Effect of strength level, 56, 59, 63 
Frequency effect, 62 
Hydrogen-assisted, 59-62 
Hydrogen effect, 53-56, 58, 59 
In argon, 64, 65 

In moist air, 51-65 
Load ratio effect, 51-53, 57-59, 64 
Mechanisms, 62 
Near-threshold, 51-65 
Testing, 51 

Fatigue cracks 
Aging effect on growth rate, 116-

122 
Effect of stress intensity on growth 

rate, 116-122 
Frequency effect on growth rate, 

116-122 
Frequency effect on propagation, 

115 
Growth rate in base metal, 116-

122 
Growth rate in HAZ, 116-122 
Growth rate in weld metal, 116-

122 
Propagation in HAZ, 109-126 
Propagation in weldments, 109-

126 
Test procedures, 112-115 

Fatigue microshrinkage voids, 40 
Fatigue surfaces, 53-56 
FATT, 198-201 
Ferrite, 32, 51, 152, 153, 171-173, 

194, 197, 347-349, 359-362 
Effect of manganese, 233 
Effect of nickel, 233 
Effect on toughness, 28 
Lath, 236-239 
Polygonal, 51, 232 
Proeutectoid, 2, 94, 111-113, 131 

Forged ring 
Creep rupture properties, 219, 220, 

225 
Elevatedtemperature strength, 219, 

223 
Notch toughness, 219, 224 
Production, 217, 220 
Rupture strength, 227 
Temper embrittlement, 220, 225, 

226 
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Tensile properties, 219, 222 
Fractography, 293, 294, 373, 374 
Fracture, intergranular, 85, 86, 98-

100, 212-215 
Fracture mechanics testing, 70-72 
Fracture surface, 43 

Easy crack propagation, 85, 86 
Fast loading after hydrogen expo

sure, 85-87 
Fatigue specimen, 123, 125 
Steels containing rare-earth addi

tions, 245-249 
Fracture toughness, 19, 20, 37, 38, 

40 

Grain refinement, boron effect, 184 
Grain size, 288, 289, 369, 376, 378 
Guided bend tests, welds, 206 

H 

Hardenability, 131-135, 137, 190, 
229 

Boron, 1 
Effect of boron, 131, 184 
Vanadium, 1 

HAZ {see Heat-affected zone) 
Heat-affected zone (HAZ) 

Embrittlement, 162-164 
Microstructure of unaged, 111-

113 
Propagation of fatigue cracks in, 

109-126 
Heat treatment, 133, 135, 168, 170, 

192, 209, 210 
Austenitizing temperature, 368-

378 
Commercial steel, 150-152, 159 
Critical cooling rate, 347, 354 
Quench cooling rate, 276-282, 347-

349, 357-362, 366, 367, 404-
411 

Tempering, 277-279, 355-357, 421 
Heavy sections, internal properties, 

27-45 
Hydrogen 

Combined effect with stress, 94 
Dissolved, 130 
Effect on 

Cavity growth, 101, 102 
Creep curves, 98-101 
Fatigue crack propagation, 53-

56, 58, 59 
Near-threshold crack growth, 51-

65 
Stress-to-rupture, 101, 102 

Fatigue crack propagation in, 51-
53 

In steel, 330-338, 395-399, 423, 
427-449 

Retained, 85 
Rising-load tests in, 81, 82 
Solubility, 19, 20 
Test environment effects, 90 

Hydrogen-assisted cracking, 130, 143 
144 

Hydrogen attack, 3, 21-23, 93-107, 
130 

Fissuring, 3 
HAZ, 21 
Methane formation, 3 
Nelson curves, 3 
Resistance, 229 
Weld metal, 21 

Hydrogen-charging equipment, 95 
Hydrogen damage, effect of carbides, 

130 
Hydrogen embrittlement, 16, 19 
Hydrogen sulfide, 14, 19, 21, 70-72 
Hydroliquefaction, 8, 12 

Conoco zinc halide hydrocracking, 
8 

Direct catalytic, 8 
Direct noncatalytic, 8 
Exxon donor solvent process, 8, 9 
H-coal, 8, 9 
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Indirect donor solvent, 8 
SRC, 9 
SRC-I, 8 
SRC-II, 8 
UOP extraction, 8 

I 

Impact properties, 35-37, 198-201 
Commercial steel, 160, 161 
Effect of microsegregation, 36, 37 
Nickel-manganese modified steel, 

233, 236, 237, 244, 245 
Normalizing effect, 36 
Tempering effect, 36, 154, 157 
Thickness effect, 36 
Wall thickness effect, 199-201 

Impact toughness, 130 

J*-factor, 167, 186 

Lower bainite, 171, 174, 175 

M 

Macrostructure, 194 
Manganese, 229 

Ferrite suppression, 233 
In commercial steel, 149, 150 
Phase transformation, effect on, 

153 
Strength, effect on, 178 

Mechanical properties, 54-55, 71, 95, 
111, 131, 132, 189-207, 208-
227 

Accelerated-cooled plates, 177 
Air-cooled plates, 176 
Austenitizing temperature, effect 

of, 136, 140 
Heavy-section simulation, 135, 140 

Low-silicon steel, 217-227 
Simulated HAZ, 143 
Stress relief, effect of, 176-178 
Tempering time, effect of, 140, 

141 
Wall-thickness effect, 194, 197, 

198 
Metallography, 95, 96, 170-175 
Methane, 21 

Bubble nucleation, 102, 103 
Bubbles, 93, 94 

Creep growth treatment, 98, 99 
Nucleation and growth, 98, 99 
TEM micrograph, 97 

Internal pressure, 102, 103 
Micro-alloying, 131 
Microsegregation, 32, 36, 37 
Microstructures, 32, 51, 56, 94, 229, 

276, 277, 281-289, 295, 347-
353, 361, 362 

After hydrogen exposure, 86-89 
Aged base metal, 123, 124 
Aged HAZ, 123, 124 
Aged weldment, 123 
Bainite, 51, 347, 348 
Carbide stability, 277, 278 
Carbon, effect of, 42 
Cooling rate effect, 133-135, 138, 

197 
Crack tip, 123, 125 
Ferrite, 51, 171-173, 347-349, 359-

362, 404 
Grain boundary carbides, 86 
Heavy-section effect, 194, 197 
Heavy-section simulation, 135, 139 
Lower bainite, 171, 174, 175 
Manganese, effect of, 233 
Martensite, 51, 348, 351, 361, 362 
Nickel, effect of, 233 
Nickel-manganese effect, 233, 234 
Nickel-manganese modified steel, 

236-240 
Polygonal ferrite, 51, 232 
Segregation, 34 
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Silicon effect, 172-175 
Simulated cooling, 201, 202 
Tempered nickel-manganese mod

ified steel, 240-243 
Unaged HAZ, 111-113 
Unaged weldment, HI , 112 
Upper bainite, 171-173 

Molybdenum 
Effect on strength, 178 
In commercial steel, 149, 150 
MPC, 1, 3 

N 

Napthenic acid, 14 
Nelson curves, 3, 21-23, 84, 93, 107, 

108 
Nickel, 229, 233 
Nickel-manganese modified steel 

Impact properties, 233, 236, 237 
Microstructure, 233, 234 
Tempering response, 237-240 
Tensile properties, 233-235 

Nil-ductility transition temperature, 
201 

Nondestructive examination, 16, 18, 
268, 269, 326-339 

Radiographic, 269 
Ultrasonic, 268, 269, 326-339 

Notch toughness, 167, 184-186 
Effect of J*-factor, 184, 186 
Effect of stress relief, 184-186 
Forged ring, 219, 224 
Heat treatment effect, 184 
Pearlite-ferrite effect, 194 
Silicon effect, 167 
Strength dependence, 212 
Sulfur effect, 167 
Welds, 206 

O 

Overlay, stainless, 328, 334-339 
Oxide-induced crack closure, 63, 64 

Pearlite, 194 
Petroleum refining, 2 
Phase transformation, carbon-man

ganese effect, 153 
Phosphorus 

Effect on toughness, 162 
Grain boundaty segregation, 212-

215 
In commercial steel, 149 
Temper embrittlement effect, 141, 

142, 229 
Plasticity 

Environmentally assisted, 77 
Hydrogen-assisted, 77, 79, 87 

Postweld heat treatment (PWHT), 
208-210, 272-276, 281-288, 
355, 420 

Effect on temper embrittlement, 

209-213 
Low-temperature PWHT, 418-450 

Pressure vessels 
Design properties, 68-91 
Fabrication, 255-274, 298, 308-

318, 420 
Field, 18, 256-262, 270-274 
Shop, 256-258 

Shipping, 257 
Sources of degradation, 17 
Thick wall, 255-274, 298 

PWHT (see Postweld heat treatment) 

R 

Radiographic testing, 194 
Rare-earth elements, 229 
Rare-earth metals, effect on temper 

embrittlement, 245-250 
Reactor vessels, 12 

Corrodants, 15 
Design, 129, 130 

Reduction of area, thickness effect, 
34 
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Rehydrogenation, 9 
Rising-load tests, 73-86 

Fixed-displacement method, 82-86 
In hydrogen, 81, 82 
Procedures, 73-76 
Temperature effects, 77-82 
Weld overlay material, 82, 83 

Rolling 
Commercial steel, 149, 150 
Preforging, 149, 150 

Rupture strength, forged ring, 227 

Sigma phase, 16 
Silicon, 130 

Effect on 
Notch toughness, 167 
Strength, 178 
Temper embrittlement, 208-215 
Transition temperature, 209-213 

Elevated temperature strength, 2 
Reduced by vacuum carbon-deoxi-

dation, 209 
Temper embrittlement, 2, 141, 142 
Temper resistance, 2 

Simulated cooling, 230, 232 
Stainless steel 

Cladding, 3, 11, 14-16, 69, 70 
Napthenic corrosion, 14 
Overlay, 3, 11, 14, 16 
Stress corrosion cracking, 15 
Type 304, 11 
Type 309 (columbium-modified), 

70 
Type 316, 109, 110 
Type 347, 11, 15, 16, 69, 70, 90 

Steel, 2V4Cr-lMo 
Composition effects, 353-359, 366-

371, 375-379 
Creep strength, 400-402, 406, 462-

463 
Fatigue strength, 289, 290, 398 
Hardenability, 347, 350 

Hardness, 290, 320, 321, 348, 421, 
456 

Impact properties, 359, 367-369, 
376-378, 384, 385, 408-411, 
414, 415 

Manufacture, 378-381, 402-414 
Microstructure, 347-353, 381, 392, 

393, 408, 409 
Temper embrittlement, 322, 323, 

331-333, 363-382, 394, 398-
400 

Tensile strength, 355, 356, 360, 
367, 368, 371, 373, 381, 407, 
414, 415 

Thick-section, 363-382 
Transformation characteristics, 343-

362 
Steel, Type 1020, 21 
Step cooling, 133, 136, 141, 142, 

162-164, 209-211 
Stress intensity value 

Design, 145 
V-Ti-B modified steel, 145 

Stress relief 
Effect on mechanical properties, 

176-178 
Effect on notch toughness, 184-

186 
Stress relief cracking, 143, 144 

Carbon effect, 143 
Effect of vanadium, 130 
Resistance, 131, 132 
Test procedures, 133, 137 
Titanium effect, 143 

Stress-to-rupture, hydrogen effect, 
101, 102 

Structure, 189-207 
Sulfide shape control, 167, 168 
Sulfide stress cracking 

Commercial steel, 144, 145 
Simulated HAZ, 144, 145 
Test procedures, 133, 136 

Sulfur 
Baumann prints, 194 
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Concentration in crude oil, 12 
Content in coal, 12, 13 
Effect on notch toughness, 167 
In commercial steel, 149 

Temper embrittlement, 70, 130, 141, 
142, 240-250, 322, 323, 331-
333, 363-382, 394, 398-400 

Effect of 
Boron, 141, 142 
Composition, 213-217 
Phosphorus, 141, 142, 229 
PWHT, 209-213 
Rare-earth metals, 245-250 
Silicon, 2, 141, 142, 208-215 
Tin, 141, 142, 229 
Titanium, 141, 142 

Forged ring, 220, 225, 226 
Heat treatment, 136 
Isothermal, 216-219 
/-factor, 385, 387-391, 394, 415 
J*-factor resistance, 167 
Reversible, 229 

Tempering response, effect of nickel-
manganese modification, 237-
240 

Temper resistance, silicon, 2 
Tensile data 

Accelerated-cooled plates, 177 
Air-cooled plates, 176 

Tensile properties, 32-35 
Commercial steel, 159 
Forged ring, 219, 222 
Homogeneity in heavy section, 156 

157, 162 
Nickel-manganese modified steel, 

233-235 
Plate thickness effect, 154, 155 
Tempering effect, 154, 155 
Welds, 206 

Tensile strength, tempering effect, 
34 

Tin, 141, 142, 212, 229 
Titanium, 130 

Deoxidation, 184 
Effect on creep rupture strength, 

140 
Effect on stress relief cracking, 143 
Temper embrittlement effect, 141, 

142 
Toughness, 70, 71 

Base metal, 76, 77 
HAZ, 76, 77 
Heavy section, 28 
Loss due to easy crack propaga

tion, 90 
Phosphorus effect, 162 
Tempering effect, 28 
Weld metal, 76, 77 

Transformation, 343-362 
Ac-temperature, 346-348, 351 
Ac3-temperature, 346, 348 
CCT diagram, 280, 348 

Transformation characteristics, 194, 
196, 197, 233 

Transition temperature, 198-201 
Effect of silicon, 209-213 
Effect of step cooling, 209-211 

2V'4Cr-lMo steel {see Steel, 2'/4Cr-
IMo) 

U 

Ultrasonic (examination, 157, 161, 
268, 269, 327-331 

Upper bainite, 171-173 

Vacuum carbon-deoxidation, 208-227 
Vanadium, 130 

Deoxidation, 184 
Effect on creep rupture strength, 

131, 140-142 
Effect on stress relief cracking, 130 
Hardenability, 1 
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w 
Watanabe number, 167 
Weldability, nickel-manganese mod

ified steel, 250, 251 
Weld cracking, effect of dissolved 

hydrogen, 130 
Welding 

Electron beam, 2, 18 
Electroslag, 2, 18 
Inspection, 18 
Narrow gap, 18 
NDE, 18 
Stress relief, 18 

Weldments 
ErNiCr-3, 109-126 
High-temperature strength, 2 
Microstructure of unaged, 111, 112 
Propagation of fatigue cracks in, 

109-126 
Weld procedure qualification, 203-

207 
Welds 

Charpy impact, 290, 320, 321, 456 
Cooling rate, 281 
Cracking, 422-426, 429, 444-447 
Creep strength, 457, 462-464 
Dissimilar metal, 109-111 
Electron beam, 263, 267, 297-325 

Electroslag, 275-296 
Failure, 110, 111 
Fatigue strength, 289, 290 
Gas tungsten arc (GTA), 111 
Guided bend tests, 206 
Hardness, 206, 290, 320, 321, 456 
HAZ, 281-285, 295, 389-396, 406 
Mechanical properties, 289-293, 

318-323 
Microstructure, 276, 277, 281-289, 

295 
Narrow gap, 267 
Notch toughness, 206 
Parameters, 309 
Peening, 451-466 
Preheat and postheat, 323, 427 
Shielded metal arc, 263, 264 
Stainless overlay, 265, 266 
Submerged arc, 263, 264 
Tensile strength, 289, 456-461 
Tension tests, 206 

2'/4Cr-lMo steel, 275-296, 318 

Yield strength, tempering effect, 33, 
34 
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