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METALLOGRAPHIC EXAMINATION OF RESPONSE OF 3 Cr—1.5 Mo STEEL
TO HEAT TREATMENT*

R. W. Swindeman, A. M. Nasreldin,T R. L. Klueh,
and J. F. King

ABSTRACT

The influence of austenitizing temperature, cooling rate,
and tempering conditions on the microstructure of 3 Cr—1.5 Mo
steels was examined in order to establish the heat treatment
needed to produce fine-grained bainitic microstructures. Most
of the work was performed on samples from an 8~ton commercial
heat of a composition developed by the Climax Molybdenum Company
that contained a manganese addition for hardenability and a
vanadium addition for strength. This material was examined in
both the normalized—and-tempered and the quenched-and—-tempered
conditions. The material was found to be fully bainitic in both
the coarse~ and fine~grained conditions. Additional studies
were performed on another 8-ton commercial heat of a composition
developed by the University of California, Berkeley, that con-
tained more nickel and less manganese. This material also
possessed adequate hardenability to produce bainitic micro-
structures for cooling conditions that would result in some
prosutectoid ferrite in stamdard 2.25 Cr—l1 Mo steel. Both
compositions developed the microstructures and concomitant
strength and toughness needed to be competitive with other
developing microalloyed steels for use in hydrogen service.

INTRODUCTION

This interim report provides the results of metallographic studies
performed on small commercial heats of 3 Cr-1.5 Mo steels that are can-
didate alloys for use in the construction of gasifier pressure vessels for
service to 316°C (600°F). This class of steels is expected to have advan-
tages over the 2.25 Cr—1 Mo steel (SA-387 grade 22 class 2) and other
gasifier pressure vessel steels in the following ways: (1) better har-

denability, resulting in good strength and excellent toughness; {(2) more

*Research supported by the U.S. Department of Energy, Morgantown
Energy Technology Center, Surface Gasification Materials Program, under

contract DE~-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
TNow with the Atomic Energy Establishment, Cairo, Egypt.



sluggish response to tempering, allowing a largev tempering window and
more flexible heat-treating schedules; and (3) improved resistance to
hydrogen attack at high strength levels with no sigonificant tendeuvcy
toward temper or hydrogen embrittlement. These expectations were based
primarily on the results of evaluations of small laboratory heats at the
Climax Molybdenum Company by Wada and coworkersl:2 and at the University
of California, Berkeley, by Spencer and coworkerz.3s"* The ability to
scale the laboratory compositions to commercial heat sizes is a necessary
step in the development of any new alloy, and reports®s® describing this
need have been prepared through the support of the U.S. Department of
Energy METC Surface Gasificationm Materials Progranm.

The hardenability of low—alloy steels is known to be a function of

7 The addition of elements such as nickel

composition and heat treatment.
and manganese suppresses the formation of proeutectoid ferrvire during
cooling from the austenitizing tempevabure and promotes the formation of a
tough, bainitic wicrostructure. When present in high concentratious,
howevetr, these elements can present problems by increasing the tendency
for martensite formation that can lead to cracking in weldments or
increased tendency toward temper embrittlement. Partly to prevent such
problems, the concentvations of these hardesability-prowmoting elements
have been kept to a wminimum. The grain size is also a factor that musi be
optimized. Strength and toughmness are expected to increase with
decreasing grain size, bl proeutectoid ferrite, which is associated with
lower strength and loss of toughness, tends to nucleate at the prior
austenite grain boundaries. To prevenit such ferrite microstructures very
fine grain sizes should be avoided, and it is necessary to settle on a

7 Some of the work reported here

compromise for optimum properties.
included a determination of the influence of annealing temperature on
grain size.

Another consideration in developing specifications for heat treating
schedules is the cooling rate from the austenitizing temperature. This
can be important, even for alloys that do not develop proeutectoid ferrite

upon cooling at rates typical of the center section of thick plates.

Depending on the degree of hardenability, transformation producis may be



subtle modifications of bainite or martensite. The coarseness of the lath
structure in these constituents affects the upper shelf impact energiles,
and the presence of retained austenite in the martensitic microstructure
can influence the transformation products during tempering.8:9 Detailed
studies are under way, both in this activity and elsewhere, to examine the
microstructural changes during the tempering.?s10 1In this report, however,
only the relatively coarse changes will be described. More detailed work,
involving transmission electron microscopy of thin foil samples and extrac-
tion replicas, will be described at a later date.

Efforts to develop an understanding of the elemental constituents in
the precipitates as a function of composition and tempering conditions
have been undertaken by a number of researchers,losll and the recent
work of Shaw has been a major contribution to understanding the physical
metallurgy of these CrMo alloys. The compositions examined by Shaw cover
the steels described here; hence, only a modest effort was needed to con-—
firm the findings for the commercial heats of 3 Cr-1.5 Mo steels. This
work 1is close to being completed, and results will be provided in a

separate report.
MATERIAL AND PROCESSING

The bulk of the work reported here was performed on an 8-ton com-
mercial heat (Lukens heat A9349) of an alloy developed by Wada and
coworkers,lﬁ2 melted by Carpenter Technology, and processed by Lukens
Steel Company. The composition is provided in Table 1. Major alloying
elements consisted of 3%Z chromium for hardenability and resistance to
hydrogen, 1.5%Z molybdenum for added strength, manganese and nickel total-
ing approximately 1% as the primary additives for hardenability, and 0.1%
vanadium for strength. The carbon was selected at 0.1% to avoid potential
cracking problems with welding that sometimes develop in vanadium—bearing
steels. As Indicated in the table the achieved composition came close to
the aim. The heat was processed into 100~mm plate, which is thick enough
to permit an evaluation of the thick-section weldability. The first lot

of material was delivered in the pnominally normalized-and-tempered



Table 1. Chemical composition of steels evaluated in study
Content {(wt %)
Material
C Mn p S Cr Mo Si Ni Cu Sn Al v N Sb
Lukens 0.10 0.87 0.011 0.001 2.92 1.48 0.27 0.12 0.06 0.004 0.006 0.10 0.013 0.001
heat A9349
(Ain) 0.10 0.90 <0.012 <0.0%L 3.0 1.45 0.20 0.20 <0.12 <0.92 <0.025 0.10 0.01 <3.007
Lukens 0.15 0.5% 0.012 0.003 3.03 1.52 G.25 0.55 0.10 0.006 G.01 0.008 <0.01
heat A9749
{Aim) 0.15 0.50 <0.012 <0.01 3.0 1.5 Q.20 0.50 0.1 <0.02 <£.025 <G.02 <0.01
Lukens 0.13 0.33 0.012 0.02 2.34 0.99 0.05 0.12 0.15 0.008 0.004
heat A6660
Cameron 0.10 0.49 0.010 0.007 2.15 1.03 0.23

neat 56447




condition. This involved an austenitizing treatment of 927°C, followed by
air cooling, and subsequent stress relief at 677°C for 2 h. In this con~-
dition the grain size was ASTM pumber 5, and the microstructure was fully
bainitic. Details of the fabrication history are described elsewhere." A
secoud lot of material from the same heat was re—austenitized at 927°C for
2 h, water quenched, and stress relieved at 677°C for 4 h. In this con-
dition the grain size was ASTM number 8 and the microstructure was fully
bainitic.

The second heat of steel was based on a composition suggested by
Spencer and coworkers.3s“ This heat was melted by the Electralloy
Corporation and processed by Lukens Steel Company as heat A%749. The
composition is provided in Table 1, where it can be seen that the aim and
actual compositions were acceptably close. The composition was near that
of heat A9349 with the following exceptions: the manganese was reduced
and the nickel increased to maintain adequate hardenability yet reduce any
tendency toward temper embrittlement. The carbon was increased to 0.15%
and the vanadium eliminated to minimize possible problems with hot cracking
in heavy-section weldments during postweld heat treatments. The heat was
rolled to 100-mm- and 25-mm~thick plate products. These were austenitized
at 927°C, air cooled, and stress relieved at 621°C for 4 h and 1 h,
respectively for the two products.

For purposes of comparison, results from two heats of 2.25 Cr—l Mo
steel are presented where needed. Information on these heats is contained
in Table 1. The first heat is Lukens heat A6660, which has been exten-
sively studied in both 150~-mm and 300-mm thicknesses.l?>13 The secound
heat is a vacuum arc remelted (VAR) material, Cameron heat 56447, which
was examined as a 50-mm-thick plate.l®

The constituents in the as—~cooled products may be predicted if one
knows the cooling rate and the continuous cooling transformation (CCT)
diagram for the alloy of interest. Figure 1 provides plots of log average
cooling rate versus log thickness for typical commercial cooling proce-

15 Tyo curves are

dures: water quenching, fan cooling, and air cooling.
needed for the case of water cooling, one to represent the guarter thick-

ness (T/4) and the other the mid-section (T/2). The CCT diagrams to
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Fig. 1. Average cooling rates between the austenitizing temperature
and 450°C for various cooling methods. Source: Y. Murakami, T. Nomura,
and J. Watanabe, “"Heavy-Section 2.25 Cr—1 Mo Steel for Hydrogenation
Reactors,” pp. 383417 in Application of 2.25 Cr—1 Mo Steel for Thick-Wall
Pressure Vessels, ed. G. S. Sangdahl and M. Semchyshen, STP 755, American
Society for Testing and Materials, Philadelphia, 1982.

be used in conjunction with Fig. 1 are shown in Fig. 2 for 2.25 Cr—1 Mo
steel and in Fig. 3 for heat A9349 (3 Cr~1.5 Mo—0.l1l V steel). No similar
curve 1s currently available for heat A9749, but it 1is konown from the work
of Spencer et al. that a cooling rate of 8°C/min produces a bainitic
microstructure with some retained austenite.” This degree of hardenmability
would correspond to Che curves in Fig. 2 that are labeled 2.25 Cr—1 Mo—
V-Ti~B.1® 1In the sections to follow we refer to the cooling rates, and the
observed microstructures are referred back to these curves. 1In wost cases
we did not examine the material in the as—cooled condition. Instead, the
plates were subjected to a low-temperature stress relief before sectioning
and examination. Very little coarseanlng of the microstructure occurred as
a result of this stress relief.

The condition of the material was defined first in terms of the cool-
ing conditiong — annealed for slow cooling, normalized for rapid air cool-

ing, and quenched for water cooling. The latter two ccoling treatments
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Fig. 2. Continuous cooling transformation (CCT) diagrams for
2.25 Cr—1 Mo steel and 2.25 Cr—1 Mo~ V—Ti~B steel. Source: T. Ishiguro
et al., "A 2 1/4 Cr—1 Mo Pressure Vessel Steel with Improved Creep Rupture
Strength,” pp. 12947 in Application of 2.25 Cr—1 Mo Steel for Thick-Wall
Pregsure Vessels, ed. G. §. Sangdahl and M. Semchyshen, STP 755, American
Society for Testing and Materials, Philadelphia, 1982.

required tempering, hence the three treatments are abbreviated below by
the terms Ann, NT, or QT, respectively. The tempering condition involved
different times at several temperatures, and the severity of the temper is
given in terms of the tempering parameter (I'P), as used by Hollomon and

Jaffee,l” and defined by the equation
TP = T(20 + log t) x 1073

where 7 is tempering temperature in Kelvin and ¢ 1s time at tewmperature
in hours. As TP increases, the severity of the temper increases and the
strength decreases.

A summary of the conditions examined by metallography i1s contained
in Tables 2, 3, 4, and 5. These tables provide material identification;
annealing, cooling, and tempering conditions; hardness; grain size; and
limited tensile and impact data. Table 2 pertains to 2.25 Cr—1 Mo steel,
Tables 3 and &4 pertain to heat A9349 of 3 Cr—1.5 Mo steel, and Table 5
pertains to heat A9749 of 3 Cr—1.5 Mo steel.
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Fig. 3. Continuous cooling transformation diagram for 3 Cr~1.5 Mo
steel, heat A9349. Source: T. Wada and T. B. Cox, "A New 3 Cr—1.5 Mo
Steel for Pressure Vessel Applicatious,” pp. 77793 in Research on
Chromz-Moly Steels, MPC-21, American Society of Mechanical Engineers,
New York, 1984%.

2.25 Ct1 Mo STEEL

For reference purposes, the metallographic structures producad in
2.25 Cr~1l Mo steel are presented first. In Fig. 4, for example, the
microgtructures preduced in the VAR heat are shown. Figures 4(a) and 4(b)
reveal the combination of ferrite and pearlite that is produced by very
slow furnace cooling - approximately 1°C/min. This microstructure has a
hardness near DPH 140 (450 MPa ultimate strength). By fan cooling the
50-mm plate the cooling rate 1s increased to 30°C/min, and the type of
microstiructure shown in Fig. 5(a) is obtained. Consistent with expecta-
tions based on the cooling curves in Fig. 1, pearlite disappears but some
proeutectoid ferrite cccurs in combination with bainite. This microstruc~
ture has a grain size near ASTM 8 and 2 hardness of DPH 195 after cooling.
Upon further tempering, the bainite coarsens as shown in Fig. 5(5) and

softens to a DPH near 16°9.



Table 2. Mechanical properties of 2 1/4 Cr—1 Mo steel

Tempering conditions

Tensile properties

Impact
Tempera- Tempering Yield Ultimate Total properties
aQ
tgr? fi?e {T(ggrigigzrt} § strength strength elongation TT:S&b USEC
o 1077 (MPa)  (ksi) (MPa) (ksi) % ¢e @
Heat A6660
690d 12 20.30 325 47.1 523 75.9 24 21 95
690€ 12 20.30 506 73.5 630 91 .4 20 ~51 122
6624 6 19.43 545 78.0 659  100.8 24
6494 8 19.27 —50 135
6774 16 20.15 —65 154
Heat 564477
621 1.5 18.05 628 91.0 768 111 22,4
621 8 18.69 507 73.5 622 90.2 23.5 —67 358
649 8 19.27 465 67.4 599 86.9 24.9 —75 358
677 8 19.86 445 64.5 575 83.4 25.8 -60 338

a7 = temperature, X; ¢ = time, h.

b54~3 (40-£t-1b) transition temperature.

CUpper~shelf energy.

dAir cooled.

€Water quenched.

Ead
JFan coocled.



Table 3. Mechanical properties of 3 Cr—1.5 Mo—0.1 V steel (heat A9349)

Tempering Tensile
conditions properties Impact
properties
Tempera— Tenpering H?;?;?SS Yield Ultimate Elongation
ture  Mme  parameterd ’ strength strength (%) 17-542  parTe®  use?
o {(hj {7(20 + Jog ¥) - {°C) {°2) (N
') x 10-°1 (MPa) (ksi) (MPa) (ksi) Uniform Total
Normalized and tempered
566 2 17.03 387.0 1020 148.0 130% 190.0 5.6 16.6 98.07 159.8 159.5
663 8 19.57 239.3 675 98.0 774 112.0 5.6 7.7 T39.2 —ii.52 218.4
663 16 19.85 225.1 624 9G.6 731 106.0 5.8 7.6 —37.7 5.03  225.0
674 16 20.G8 212.1 575 83.5 687 99.7 6.3 19.2  —55.18 —12.19%  229.5
688 8 20.09 211.8 560 81.3 578 98.4 7.0 20.2 60,34  —12.64  243.3
693 16 20.48 194.7 491 71.3 621 90.1 7.8 22.0  —58.47 —19.62  265.5
701 16 20.65 188.8 452 65.6 590 85.6 9.4 23,7 —72.64 T27.72 273.1
Quenched snd tempered

565 2 17.03 387.3 1678  156.5 1261 183.0 5.3 17.4  57.006 117.7 136.0
663 8 19.56 238.G 666 96.5 770 1ii.7 5.8 1.4 —73.48 28.63  225.5
690 16 20.44 202.0 497 72.0 526 90.8 8.5 22.3  —70.15 —35.14  232.7
7104 30 21.0 180.5 441 63.9 582 84.3 10.2 25.2 =17.7 —33.89 266.3

ar = temperature, X; ¢ = time, h.
b54-3 (40-ft-1b) transition temperature.
C50% shear fracture appearance transition temperature.

dﬁpper—shelf energy.

01
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Table 4. Effect of cold rolling and austenitizing
temperature on the grain size and hardness of
3 Cr1.5 Mo steel (heat A9349)

Temperature . Cold Graln
Y " Time work Hardness sige
o h ©

(°c) (°B) () (%) (DPH) (ASTM No.)
927 1700 2 10 359 12
25 361 11
40 374 10
954 1750 2 10 318 9
25 345 9
40 350 9
982 1800 2 10 314 8
25 339 8
40 351 8
1000 1835 2 10 370 8
25 365 8
40 364 8

Heat A6660 of 2.25 Cr—1 Mo steel was water quenched iIn the as-
received condition, and the 150-mm thickness was fully bainitic at the
T/4 location. Typical microstructures are shown in Fig. 6. The grain
size was near ASTM number 6. Some coarsening of the substructure was
noticeable, as the hardness dropped from DPH 212 in the stress—relieved
condition to DPH 180 for a tempering parameter of 20.15, but the strength
and fracture toughness of the material were adequate in both heat—~treated

conditions.

3 Cr1.5 Mo STEEL

The microstructures in the as~received 100-mm plates of heat A9349
3 Cr1.5 Mo steel are shown in Fig. 7. According to the curves in Fig. 1
the NT 100-mm plate would cool at a rate of approximately 7°C/min which,
according to Fig. 3, should result in approximately 5% ferrite. The NT
material is shown in Figs. 7(a) and 7(c), which reveal a bainitic constit-

uent in a prior austenitic grain size of ASTM number 5. No ferrite was



Table 5. Mechanical properties of guenched and tempered 3 Cr—1.5 Mo steel (heat A9749)

Tenpering Tensgile
conditions properties Inpact
. properties
Tempera— Tenpering H?;§;§S° Yield Ultimate Elongation 5 =
ture Time paraneter® strength strength (%) TT-54 FATTC USE
BEe (h) {T(20 + log t) (°C) (°c) {3
o x 10~7] {MPa) {ksi) (MPa) (ksi) Iniform Total
556 2 As received 382 954 144 1170 1790 5.2 22 85 130 132
663 8 19.56 239 6406 93.7 771 111.8 7.4 22 —30 10 192
690 16 20.44 207 501 72.7 633 91.8 7.6 21 =50 —30 228
704 30 21.0 193 454 65.8 593 6.0 10.0 26 —60 —30 224

(A

AT = temperature, K; t = time, h.
254-J (40-ft—-ib) transition temperature.
C50% shear fracture appearance transition temperature.

dUpper—shelf energy.
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Fig. 4. Microstructures produced by furnace cooling 2.25 Cr—1 Mo
steel through the ferrite plus pearlite region of the CCT diagram:
DPH = 140.
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Fig. 5. Microstructures produced by fan cooling 50-mm plate of
2.25 Cr—1 Mo steel through the ferrite nose and into the bainite region of
the CCT diagram, then tempering: (a) 7P = 19.27, DPH = 195; (b) TP =
20.15, DPH = 169.
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Fig. 6. Microstructures produced by accelerated cooling of 150-mm
plate of 2.25 Cr—1 Mo steel through the bainite region of the CCT diagram,
then tempering: (a) TP = 19.27, DPH = 212; (b) TP = 20.15, DPH = 180.
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Fig. 7. Microstructures in the as-received 100-mm plates of 3 Cr—
1.5 Mo steel (heat A9349), TP = 17.03: (a) and {(¢) for NT condition,
DPH = 387; (b) and (d) for QT condition, DPH = 387.
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found. The DPH is very high, about 387. The materilal that was heat
treated again to the QT condition exhibited a fine grain size, about ASTM
number 8, as revealed by Figs. 7(b) and 7(d). The water quench should
produce cooling rates in the range 60 to 100°C/min. A fully bainitic
microstructure would be expected, on the basis of the CCT diagram in

Fig. 3, and this expectation is confirmed in Figs. 7(¢) and 7(d). The
hardness of this microstructure was virtually the same as that of the
material in the NT condition. ‘

The evolution of microstructure with tempering for the NT and QT con-—
ditions is revealed in Figs. 8 and 9, where direct comparisons may be made
between the material in the NT condition and in the QT condition. For both
starting conditions, there is a coarsening in the microstructure with
increasing TP. The QT material tends to exhibit a more acicular bainitic
lath structure than the NT material, but there is virtually no difference
in the dependence of hardness on the TP for the two starting conditions.
Thus, any change in hardness between the original normalized and quenched
conditions must have been eliminated by the stress relief treatment intro-
duced at the mill (566°C for 2 h). Any differences in the amount of
retained austenite that could exist between the NT and QT conditions are
not manifested at the magnifications available in light microscopy and do
not affect hardness and tensile properties. The difference in the grain
size could play a role, however, because the finer grain size in the QT
material would have a strengthening effect and tend to balance the effect
of any accelerated tempering of the QT material relative to the NT
material.

In order to explore grain size effects for the same heat-treating con-
ditions, a small study was performed to alter the grain size of heat A9349
by cold working and annealing. Limited microscopy, hardness, tensile, and
impact tests were then performed. The data produced in the study are sum-—
marized in Table 4. Cold rolling to levels of 10, 25, and 40% had little
influence on the resulting grain size after austenitizing at several tewm—
peratures. The austenitizing temperature was more important, producing

the ASTM grain sizes 11, 9, 8, and 8 for austenitizing temperatures of
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Y-203569 1203574

Fig. 8. Change in microstructures with 7P for 3 Cr—l.5 Mo steel
(heat A9349): (a) NT, TP = 19.57; (b) QT, TP = 19.56; (e) NT, 7P = 20.08;
(d) QT, TP = 20.44.
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Fig. 9. Change in microstructures with 7P for 3 Cr—1.5 Mo steel
(heat A9349): (a) NT, TP = 20.65; (b) QT, TP = 21.00; (e¢) NT, TP = 20.65;
and (d) QT, TP = 21.00.
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927, 954, 982, and 1000°C, respectively. Typical wnicrostructures are pro-
vided in Figs. 10 and 11. Thus, by re—austenitizing the QT material at
954°C, the original grain size of ASTM number 8 could be preserved and the
material given a NT treatment. Comparison of data produced on this finer-
grained NT material after temperiang to TP=20.90 revealed that the hardness
and strength were greater than those for the ASTM number 5 material. The
QT material was then re—austenitized at two temperatures, which produced
the wicrostructures shown in Fig. 12. A treatment of 1100°C produced a
grain size that matched the original NT material of ASTM opumber 5. The
material was then quenched and tempered to produce a coarser—grained QT
material. At the 7P value of 19.56 this material had higher hardness than
the fine-grained NT material but had the same strength level. Although
not conclusive, the results of this small study are consistent with the
supposition that the similarities in properties of the original NT and QT
materials were due to finer grain size in the QT material in combination
with a more rapid rate of tempering.

The microscopy performed on heat A9749% of 3 Cr—1.5 Mo was limited to
an evaluation of microstructural coarsening of the as-received material at
three values of the 7P: 19.56, 20.44, and 21.0. (See Table 5 for the
data summary.) Typical microstructures are shown in Fig. 13. The grain
size is mnear ASTM 8, and the material is bainitic, which is counsistent
with expectations based on the studies of Spencer and coworkers for an air
cooling rate near 7°C/min.3s%>% The material exhibits the same response
to tempering as heat A9349, in terms of hardmess and strength. Very
detailed studies of the microstructural response of the heat are being
undertaken by Spencer and coworkers,3s“ and the rvesults of these studies
will be available at a later date. It is important to recognize, however,
that this composition is reported to have some retained austenite after

rapid cooling.
METALLOGRAPHIC EXAMINATION OF WELDMENTS
The development of joining methods coastitutes a major part of the

effort to qualify new alloys for pressure vessel applicatioas, and 3 Cr—

1.5 Mo steel is no exception to this need. To date, heat A9349 has been



21
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Y-203578 Y-203579 Y-203580
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Fig. 10. Effect of cold rolling on the grain size of 3 Cr—1.5 Mo steel (heat A9349) after austenitizing at 927 and 954°C

for 2 h: (a) 10Z + 2 h at 927°C; (b) 25% + 2 h at 927°C; (¢) 40% + 2 h at 927°C; (d) 10% + 2 h at 954°C; (e) 25% + 2 h at
954°C; (F) 40% + 2 h at 954°C.
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Y~-203587

Fig. 11. Effect of cold rolling on the grain size of 3 Cr—1.5 Mo steel (heat A9349) after austenitizing at 982 and
1000°C:  (a) 10% + 2 h at 982°C; () 25% + 2 h at 982°C; (c) 40% + 2 h at 982°C; (d) 25% + 2 h at 1000°C; (e) 25% + 2 h at
1000°C; (f) 40% + 2 h at 1000°C.
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(b) L 25 um

Fig. 12. Microstructures produced in QT wmaterial by re-austenitizing:
(a) 1000°C for 2 h, () 1100°C for 2 h.
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welded in 25~ and 100~mm thicknesses. The thioner section was used to
evaluate the shielded metal—arc process at three levels of carbon and vana-
dium, while the 1l00-mm plate was used to examine welding by the submerged-
arc process with wire having two levels of carbon and wvanadium. Further,
the 100-mm plate was welded by the electron—beam process. Numerous tem-
pering treatments have been introduced, producing a large number of samples
that could be metallographically examined. 1In addition to the weld metal,
the heat-affected zone (HAZ) in the base metal provides additionmal material
for metallurgical examinations. The metallurgical studies on the weldment
samples are still in progress, and results will not be covered in this
report except for the brief section contained below.

A typical submerged—arc weld deposit microstructure 1s shown in

Fig. 14. This microstructure resulted from a weld deposited by the

Y-195774

L 190um

Fig. 1l4. Typical submerged—-arc weld metal microstructure in
3 Cr-1.5 Mo-V steel after postweld heat treatment at 663°C for 8 h.
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submerged—arc process with a heat input of 22 kJ/cm, followed by a post-—
weld heat treatment of 663°C for 8 h (TP = 19.56). The weld metal hard~-
ness for this tempering was DPH 315. The microstructure was bainitic with
no evidence of proeutectoid ferrite. This was typical of all the weldments
produced to date regardless of the carbon and vanadium levels. Upon tem—
pering, the weld metal havrdness was about the same as that of the base
metal, but the tensile strength was lower. The lower strength was attri-
buted to a lower carbon content in the weld metal deposit compared with
the base metal. Optical metallography at magnifications up to 200 times
revealed little or no difference in the weld microstructures as a function
of tempering conditions; hence, high-resolution techniques will be needed
to more fully characterize the metallurgy of weldments containing filler
metal. This work is under way.

Results of an optical metallographic examination of the HAZ in the

submerged—arc weld were reported earlier.®

The peossibility of martensite
was identified, but confirmation by transmission electron microscopy is

needed.

SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy was undertaken to obtain a better under~
standing of how the fineness of the bainitic structure affects the frac-
ture surface and upper shelf energy (USE) in the Charpy V impact test.
Typical fracture surfaces are shown in Fig. 15. They were produced by
testing the NT and QT conditions of heat A9349 at different values of the
TP. As shown in Fig. 15 the higher USE fractures are associated with
fracture surfaces in which the shear or tear dimples are more closely
spaced. This spacing is controlled by the fineness of the precipitates

and lath structure in the bainite.

DISCUSSION AND SUMMARY

The results of the studies described in this report demonstrate the

high level of knowledge that has accumulated regarding the design of Cr—Mo
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YP-623 YP-624
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Fig. 15. Scanning electron micrographs of Charpy V specimen fracture
surfaces at upper shelf temperatures, 300°C, heat A9349: (a) NT,
7P = 17.03, 169.5 J; (b) NT, 7P = 20.65, 273 J; (¢) Qr, TP = 17.03, 136 J;
(d) Qr, TP = 21.00, 266 J.
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alloys for pressure vessel applications. Alloys can he developed in the
laboratory amd scaled easily to commercial heat sizes. The desired micro-
constituents can be obtained by contvol of the cooling rate from the
austenitizing temperature, and grain sizes in the medium to fine range

can be produced by standard wmill fabrication practices.

For gasifier pressure vessel applications, the 3 Cr—1.5 Mo steels
will require very little further development. In contrast to the needs
for steels in high~temperature hydrogen service, there is less concern
about the elemental constituvents in the carbide precipitates because ser-—
vice for alloys in all but a few gasifier comncepts will be limited to tem-
peratures where temper ewbrittlement, hydrogen attack, and long-—ierm
material degradation are unlikely.5 The main cowncerns are that the alloy
(1) exhibit winimum variability as a function of minor compositional
changes, (2) offer a wide window for heat treatmeunl that will result in a
fine bainite microstructure for standard cecoliag rates, (3) offer a broad
range of tempering conditions that will result in a combination of good
strength and toughness, and (4) be readily weldable by standard practices
such as the shielded metal arc and submerged—-arc practices.

The metallographic examinations summarized above suggest that all of
these targets can be met in the 3 Cr~1.5 Mo series of alloys. To be sure,
there is much to be learned about the tendency to form retained austenite
and to understand how this constituent transforms during tempering or
long~term, high-temperature service. Also, it appears from the work of
Richey and Shaw that some compositions within the series of the
3 Cr~1.5 Mo steels are more susceptible to reheat cracking and hydrogen
embrittlement than originally anticipated.sslo These are subjects still
under investigation, however, so it would be premature to make recommen-—
dations concerning them.

The ioformation summarized by this report will be provided to
industrial groups that are responsible for the eventual selection of
compositions to be developed into alloys approved by the ASME Boiler and

Pressure Vessel Code for pressure vessel service.
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