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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 

ABS TRACT 

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 &ton commercial heat of a cornposition 
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 
proeutectoid ferrite in standard 2.25 Cr-1 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 f o r  

service to 316°C (600°F). This class of steels is expected to have advan- 

tages over the 2.25 iir-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 wlth the Atomic Energy Establishment, Cairo, Egypt. 
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s l u g g i s h  response t o  tempering , allowing a larger tempering window and 

more f l e x h b l e  h e a t - t r e a t i n g  schedules;  and (3 )  improved r 'esistanc-e t o  

hydrogen a t t a c k  at high s t r e n g t h  levels with no si-gr~,ifieanfi tendeaey- 

toward temper o r  hydrogen cnibri ttlemenc These expec ta t ions  were based 

p r i m a r i l y  on t h e  r e s u l t s  o f  e v a l u a t i o n s  of small laboratory beats at  the 

Cbiinax Molybdenum Company by Wada and coworkers1$* aad a t  the Univers i ty  

of C a l i f o r n i a ,  Berkeley, by Speilcer and c0worke:rs The a b i l i t y  t.o 

scale t h e  Laboratory c.ompos,ifions t o  coiinanercial hea'. s i z e s  i s  a necessary 

s t e p  i n  the development of any new d l o y ,  and r e p a r t ~ ~ 3 ~  desc r ib ing  this 

need have heen prepared through the  s u p p o r t  of the U.S. Department of 

Energy ME:'W Surface G a s i f i c a t i o n  14atecials Program. 

The h a r d e n a b i l i t y  of Pow-alloy steels i s  kmrwin t o  ke a func t ion  o f  

composition and hea t  t r en ta i en t .  The a d d i t i o n  of elements such a.s n i c k e l  

and manganese suppresses  t h e  formation of procutec to id  ferrille during 

cool ing  from the a i i s t en i t i a ing  terirpi'rnture and prmoi:es the formation of a 

eough, b a i n i t l c  micros t ruc ture .  When present  1.n high concen t r a t ions  

however, t h e s e  elements can present problems by i n c r e a s i n g  t h e  Cer~dency 

f o r  r m r t e n s i ~ e  formation that can lead t o  cracking i n  weldruenCs or 

i n c r e a s e d  tendency toward temper embrittlemerat e P a r t l y  to prevent: such 

problems the concent:rati.ons of t h e s e  hardgnabi l i ty -pro i iau t ing  elements 

have been kepi: to  a minimum. The g r a i n  s i z e  . is a l s o  a f a c t o r  t h a t  irrus'l k 

optimized. S t r e n g t h  and toughness are expected t o  i n c r e a s e  wi th  

decreas ing  g r a i n  s i z e  S i i C  proeutec to id  f e r r i t e ,  which is a s s o c i a t e d  wi th  

lower s t r e n g t h  and loss  of toughness,  tends to n u c l e a t e  a i  t he  p r i o r  

a u s t e n i t e  g r a i n  boundaries 11 To prevent  such f e r r i t e  m i c r o s t r u c t u r e s  very 

f i n e  g r a i n  s i z e s  should be avoided, and i e  i s  necessary t o  s e t t l e  an a 

compromise f o r  optimum p r ~ p e r t i e s . ~  

inc luded  a de termina t ion  of t h e  i n f l u e n c e  of anneal ing temperature  on 

g r a i n  s i z e .  

Some of t h e  work reported he re  

Another c o n s i d e r a t i o n  i n  developing s p e c i f i c a t i o n s  f o r  heat t r e a t i n g  

schedul.es is the  cool ing rate frolia t h e  a u s t e n i t i z i n g  temperature.  This  

can k i-mportant, even for a l l o y s  that do not develop proeutec to id  f e r r i t e  

upon cool ing  a t  rates typical.  of rhe c e n t e r  s e c t i o n  o f  t h i c k  p l a t e s .  

Depending on t h e  degree OC h a r d e n a b i l i t y ,  t ransformat ion  product-s may be 
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subtle modifications of bainite or martensite. The coarseness of the lath 

structure in these constituents affects the upper shelf impact energies, 

and the presence of retained austenite in the martensitic microstructure 

can influence the transformation products during tempering.8 9 9  Detailed 

studies are under way, both in this activity and elsewhere, to examine the 

microstructural changes during the tempering. 9 lo  

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. 

In this report, however, 

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,l0sl1 and the recent 

work of S h w  has been a major contribution to understanding the physical 

metallurgy of these CTMo 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 Cr1.5 Mo steels. This 

work is 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 &ton com- 

mercial heat (Lukens heat A9349) of an alloy developed by Wada and 

coworkers, 'p2 melted by Carpenter Technology, and processed by Lukens 

Steel Company. The composition is provided in Table I. Major alloying 

elements consisted of 3% chromium for hardenability and resistance to 
hydrogen, 1.5% 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 l 0 O m  plate, which is thick enough 

to permit an evaluation of the thick-section weldability. The first lot 

of material was delivered in the nominally normalized-and-tempered 
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cond i t ion .  This  involved an a u s t e n i t i z i n g  t rea tment  of 927"C, followed by 

a i r  coo l ing ,  and subsequent stress r e l i e f '  a t  677°C f o r  2 lis .En t h i s  con- 

d i t i o n  the  g r a i n  s i z e  w a s  ASTM number i, and t h e  m i c r o s t r u c t u r e  was f u l l y  

b a i n i t i c ,  Details oE t he  f a b r i c a t i o n  h i s t o r y  are desc r ibed  elsewhere.+ A 

second l o t  of inaterial from the  same h e a t  w a s  r e - a u s t e n i t i z e d  a t  

2 h, water quenched, and stress r e l i e v e d  a t  677°C f o r  4 11, :In t h i s  con- 

d i t i o n  t h e  g r a i n  s i z e  w a s  ASTM number 8 and t h e  n i c r o s t r u c t u r e  was f u l l y  

b a i n i  t i c  I) 

The second heae of steel w a s  based on a composition suggested by 

Spencer and  coworker^.^^^ 
Corpora t ion  and processed by Lukeus Steel Coinparmy as hea t  ,49749. The 

composition is provided i n  Table 1, where i t  can be seeiu t h a t  t h e  a i m  and 

a c t u a l  compositions were accep tab ly  c l o s e  * The composition w a s  near  t h a t  

of h e a t  A9349 wi th  t h e  fo l lowing  except ions :  the manganese w a s  reduced 

and t h e  n i c k e l  i nc reased  t o  main ta in  adequate h a r d e n a b i l i t y  y e t  reduce any 

tendency toward temper  embr i t t l ement .  The carbon was i nc reased  t o  0.159: 

and t h e  vanadium e l imina ted  t o  minimize p o s s i b l e  problems with hot c racking  

in heavy-section weldments du r ing  postweld h e a t  t r ea tmen t s .  The hea t  w a s  

r o l l e d  t o  108-m- and 25-mm-thick p l a t e  products .  These w e r e  a u s t e n i t i z e d  

a t  927OC, a i r  cooled ,  and stress r e l i e v e d  a t  621°C f o r  4 1% and t h,  

r e s p e c t i v e l y  f o r  t h e  two products .  

This  hea t  w a s  melted by t h e  ElectsaLZoy 

For purposes of comparison, r e s u l t s  Srom two h e a t s  o f  2.25 C r l  Mo 

s tee l  are presented  where needed. Informat ion  on t h e s e  h e a t s  is conta ined  

i n  Table 1. The f i r s t  h e a t  is Lukens hea t  A6660, whiclrt h a s  been exten- 

s i v e l y  s t u d i e d  i n  both 150-mm and 380-mm t h i c k u e s s e s . l 2 9 l 3  

h e a t  is a vacuum arc remelted (VAR) material, Calneron hea t  56447,  which. 

was examined as a 50-mm-thick p la te . ' ?"  

The second 

The c o n s t i t u e n t s  i n  t h e  as-cooled products  may be p r e d i c t e d  i f  one 

knows t h e  coo l ing  rate and the  continuous coo l ing  t r ans fo rma t ion  (CCT) 

diagram f o r  t h e  a l l o y  o f  i n t e r e s t .  F igure  1 provides  p l o t s  of log average 

coo l ing  rate ve r sus  log th i ckness  f o r  t y p i c a l  commercial cool ing  proce- 

du res :  

needed f o r  t h e  case of water coo l ing ,  one t o  r e p r e s e n t  t h e  q u a r t e r  th ick-  

ness  ( T / 4 )  and t h e  o t h e r  t h e  mid-section (T/2). The CCT diagrams t o  

w a t e r  quenching, f a n  coo l ing ,  and a i r  ~ 0 o l i n g . l ~  Two curves  a r e  
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( a 1 0 1  
Thickness, mm 

Fig.  1.. Average cooling rates between the austenitizing temperature 
and 450°C €or various cooling methods. Source: Y. Murakatni, T. N Q ~ U P ~ ,  
and J. Watanahe, "Heavy-Section 2.25 C r l  No Steel for Hydrogenation 
Reactors," pp. 383-417 in Application of 2.25 C r l  Mo S t e e l  for Thiok.-b?aLl 
Pressupe Vessels,  ed. G. S .  Sangdahl and M. Semchyshen, STP 755, American 
Socie ty  €or  Testing and Materials, Philadelphia, 1982. 

be used in conjunction with Fig. 1 are shown in Fig. 2 for 2.25 C r l  Mo 

steel and in F i g .  3 for heat A9349 ( 3  C r - 1 . 5  MoQ.1 V steel) .  No similar 

curve is currently available for heat A9749, but it is known from the work 

of Spencer et al. that a cooling rate of 8'C/min produces a bainitic 

microstructure w i t h  some retained austenite.4 

would correspond ta the curves in Fig .  2 that are labeled 2.25 C r l  Mo- 

V*4Ti-EI.16 

observed microstructures are referred back to these curves. In most cases 

we d i d  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 coarsening of the microstructure occurred as 
a result of t h i s  stress relief. 

TMS negree nf fiardenability 

In the sections to follow we refer to the cooling rates,  and the 

The condition of the material was defined first in terns of the cool- 

ing conditions - annealed for slow cooling, normalized for rapid air cool- 
ing, and quenched for water cooling. The latter two cooling treatments 
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Fig. 2. Continuous cooling transformation (CCT) diagrams €or 
2.25 C r 1  plo steel and 2.25 C r 1  plo-VTi-8 steel. Source: T. Xshiguro 
et al., "A 2 1/4 C r l  Mo Pressure Vessel Steel with Improved Creep Rupture 
Strength," pp. 129-47 in Application of 2.25 CF-1 Mo Stee l  for Thick-Walt  
Pressure V'essels, ed. G. S. Sangdahl and p1. Semchyshen, STP 755, American 
Society €lor Testing and Materials, Philadelphia, 1982. 

required tempering, hence the three treatments are abbreviated b e l o w  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 ( ITP) ,  as used by Hollomon and 

Jaffee,17 and defined by the equation 

T P  = ~ ( 2 0  + log t) x 10-3 , 
where T is tempering temperature in Kelvin and t is time at temperature 

in hours. As TP increases, the severity of the temper increases and the 

strength decreases. 

A sutnmary of the conditione examined by metallography is 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 Cr1.5 Mo steel, and Table 5 

pertains to heat A9749 of 3 Cr1.5 Mo steel. 
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100 1,000 16,OQO 
I , I r-f- 1 

r--l/- 
I , i' ......... _. 1 18 

i 

1 I O  1 OQ 1,QOO SECONDS 
I I I Y  

MINUTES i 4 lb 30 
TIME HOkjRS 

Pig. 3. Cantimious cooling transformation diagram for 3 Cr-1.5 MO 
scee:, heat A9349. Source: T .  Wada and T. B. Cox, "A ~ e w  3 CrI.5 $10 
Steel far Yrer;sure Vessel Applications," pp. 7793 i n  Reseamh on 
C ~ P O ~ W - M Q Z ~  Seeels ,  WC-21 hesican Socie ty  o f  ~ec8lanaical Engineera, 
N e w  York, 1984. 

For reference purpsses  the metallographic ~ t ~ u c t i n r ~  prcrduced in 

2.25 Cr-1 No steel are p v e ~ e ~ t e d  first. In Fig. l S s  SOP e~ample, the 

microstructiares produced in the VAW. hea t  are shown. Figures 4 ( a )  and 4 ( b )  

reveal t h e  combination o f  ferrite and pearlite that is produced by very 

s h w  furnace cooling '... approximately IoC/irIifi- This microstructure has R 

hardness near  DPH 140 (450 Wa ultimate strength). Ey fan cooling the 

50-mm p l a t e  t h e  cooling rate is increased to 30"C/min, and the type o f  

microstructure shown in F i g .  5 ( a )  i s  obta ined ,  Consistent with expecta- 

t i o n s  based on the cool ing  curve^ in Fig .  1, pear l i le  disappcare h t  sone 

proeu tec to id  ferrite QCCUTS in combination with b a i n i t e .  T h i s  microstruc-  

ture has a grain size m a r  ASTM 8 and a hardness of DPH 195 after cooling. 

Upon further tempering, the kainite.  coarsens as shown in F i g .  5 ( b )  and 

s o f t e n s  to a DPH near 163.  



Table 2. Mechanical properties of 2 11'4 Cr-1 Mo steel 

Tempering conditi3na Tensile properties Impact 
properties 

Total Tempering Yield Ult ima t e 
Time parametera strength strength Tempera- 

ture elongation ~ ~ - 5 4 b  USEC 
(% 1 ("C) (J) 

(h)  [T(20 -b IS8 t) X 
10-3 (MPa) (ksi) (ma) (ksi) ("C> 

6 9Od 12 

662d 4 
649d 8 
€ 1 7 7 ~  14 

690" 12 

621 1.5 
621 8 
64 9 8 
677 8 

20.30 
20.30 
19.43 
19.27 
20.15 

18.85 
18 -69  
29.27 
19.86 

Heat A6660 

325 47.1 523 75.9 
506 73.5 630 91.4 
545 78.0 659 100.8 

Heat 56447' 

628 91.0 748 la1 
507 73.5 622 90.2 
465  67.4 599 86.4 
445 6 4 . 5  535 83 " 4  

24 21 95 
20 -51 122 
24 

-50 135 
-65 154 u3 

22.4 
23.5 -67 358 
24.9 -7 5 358 
25.8 -60 358 

?i" = tenperatme, K; t = time, he 

b 4 - J  (4O-ft-lb) transition teaperatare. 

"Upper-shelf energy. 

&ir cooled* 

@Water quenched. 
.%an cooled. 
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Table 4 .  Effect of cold rolling and austenitizing 
temperature on the grain size and hardness o f  

3 Cr1.5 Mo steel (heat A9349) 

Grain 
size 

"Id Hardness 
work 

Temperature 

("'1 (OF) (h) (%) (DPH) (ASTM No.) 

Time 

927 

954 

982 

1000 

1700 2 10 
25 
40 

17 50 2 10 
25 
40 

1800 2 10 
25 
40 

1835 2 10 
25 
40 

359 
361 
374 

318 
345 
3 50 

3 14 
339 
351 

370 
365 
364 

12 
11 
10 

9 
9 
9 

8 
8 
8 

8 
8 
8 

Heat A6660 of 2.25 CL-1 MO steel was water quenched in 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, kat 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°6/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 p r o p e r t i e s  of quenched and tempered 3 C--1.5 No steel  (heat A974!3> 

Temper %ng 
a) o nd i t i o n s  

Tensile 
p r o p e r t i e s  Impac t  

p r o p e r t i e s  Mar d nes  s 
Tenpeting Y i e l d  3 It inat P Elongation ~ 

s t r e n g t h  s t reng t h TT-54b FAT'S' USEd 
Tempe Ea- (DPtl) T i m e  pararaeterQ 

(ti) l T ( 2 0  -i- *O& t) ( " C >  ( " C )  :J> 
t u r e  
( " C )  x lo--]  <YLPaJ (ksi) (Waj  (ksi> 3Tnlfom T o t a l  

P 
h, 5 66 2 A s  r e c e i v e d  382 994 144 1 1 7 0  173 5.2 22 85 130 132 

665 8 14.56 23 9 64 6 93.7 5 7 1  111.3 7 . 4  22 3 0  10 192 
6 90 16 20.44 207 501 72.7 4 3 3  91.8 7 .6  2 1  -60 -3 0 228 
7 04 30 21 .o 193 454 65.8 593 66.0 10.0 26 -60 -3 0 224 

= t e m p e r a t u r e ,  K; t = time, h. 

054-J (4O-ft- lb> t r a n s i s i o n  temperacurs .  

c50X shear €sac t u r e  appearance trans: t i o u  t e n p e r a t u r e .  

dLIpper-shelf e n e r g y .  
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Y-196582 

, 200pm , 
Y-196590 

Fig .  4 .  Micros t ruc tu res  produced by fu rnace  cooling 2.25 C l r l  Mo 
steel through the  f e r r i t e  p lus  p e a r l i t e  r eg ion  of the  CCT diagram: 
DPH = 140. 
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Y-203591 

Fig.  5. Microstructures produced by fan cooling SO-mm p l a t e  of 
2.25 Cr--P Mo s t e e l  through the  f e r r i t e  nose and i n t o  the  b a i n i t e  region of 
t h e  CCT diagram, then tempering: (a) 2'P = 19.27, DPH = 195; ( h )  TP = 
20.15, DPH 169. 
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Y-203589 

5 0 y m  , 
Y-203590 

F i g .  6. Microstructures produced by accelerated cool ing of 15O-mm 
pla te  of 2 .25  Cr-1 No s t e e l  through the bainite region of the CCT diagram, 
then tempering: (a) TP = 19.27, DPH = 212; ( b )  T P  = 20.15, DPH = 180. 



1 6  

Y-2035 94 Y-2035 96 

(4 , 50 y m  , 
Y-203595 

I 2 0 p m  , 

Fig. 7. Microstructures in the as-received 100-m.m p l a t e s  of 3 Cr- 
1.5 Mo steel (heat A9349),  TP = 17.03: 
DPH = 387;  ( h )  and ( d )  f o r  QT condition, DPH = 387. 

( a )  and ( e )  f o r  NT condition, 
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found. The DPH i s  very h igh ,  about  3 8 7 .  The material t h a t  w a s  hea t  

t r e a t e d  aga in  t o  t h e  QT c o n d i t i o n  exh ib i t ed  a f i n e  g r a i n  s i z e ,  about ASTM 

number 8 ,  as revea led  by Figs.  7(b) and 7 ( d ) ,  The water quench should 

produce coo l ing  rates i n  t h e  range 40 to 100°C/min. A f u l l y  b a i n i t i c  

m i c r o s t r u c t u r e  would be expected,  on t h e  b a s i s  of t he  CCT diagram i n  

Pig.  3, and t h i s  expec ta t ion  i s  confirmed i n  Figs .  7(c) and 7(d) .  The 

hardness  of  t h i s  m i c r o s t r u c t u r e  was v i r t u a l l y  t h e  same as t h a t  of t h e  

material i n  the  NT condi t ion .  

The evo lu t ion  of mic ros t ruc tu re  with tempering f o r  t h e  NT and QT con- 

d i t i o n s  is revea led  i n  Figs .  8 and 9, where d i r e c t  comparisons inay be made 

between the  material i n  t h e  NT c o n d i t i o n  and i n  t h e  QT condi t ion .  For both 

s t a r t i n g  c o n d i t i o n s ,  t h e r e  is a coarsening  i n  t h e  m i c r o s t r u c t u r e  with 

i n c r e a s i n g  TP. The QT material tends  t o  e x h i b i t  a more a c i c u l a r  b a i n i t i c  

l a t h  s t r u c t u r e  than the  NT material, but t he re  is v i r t u a l l y  no d i f f e r e n c e  

i n  t h e  dependence of hardness  on the  TP f o r  t he  two s t a r t i n g  cond i t ions .  

Thus, any change i n  hardness  between t h e  o r i g i n a l  normalized and quenched 

c o n d i t i o n s  must have been e l imina ted  by t h e  stress r e l i e f  t rea tment  i n t r o -  

duced a t  the  m i l l  (566OC f o r  2 h) .  Any d i f f e r e n c e s  i n  t h e  a o u i l t  of 

r e t a i n e d  a u s t e n i t e  t h a t  could e x i s t  between the  NT and QT cond i t ions  are 

not  manifested a t  the  magni f ica t ions  a v a i l a b l e  i n  l i g h t  microscopy and do 

n o t  a f f e c t  hardness  and t e n s i l e  p r o p e r t i e s .  The d i f f e r e n c e  i n  the  g r a i n  

s i z e  could play a r o l e ,  however, because the  f i n e r  g r a i n  s i z e  i n  the  QT 

material  would have a s t r eng then ing  e f f e c t  and tend t o  balance t h e  e f f e c t  

of  any a c c e l e r a t e d  t enpe r ing  of the  QT material r e l a t i v e  to  the  NT 

material. 

I n  o rde r  t o  explore  g r a i n  s i z e  e f f e c t s  f o r  the  same hea t - t r ea t ing  con- 

d i t i o n s ,  a small s tudy w a s  performed t o  al ter t h e  g r a i n  s i z e  of hea t  A9349 

by cold working and annea l ing .  Limited microscopy, hardness ,  t e n s i l e ,  and 

impact tests Mere then performed. The d a t a  produced i n  t h e  s tudy are sum- 

marized i n  Table 4. Cold r o l l i n g  t o  l e v e l s  of 10, 25, and 40% had l i t t l e  

i n f l u e n c e  on the  r e s u l t i n g  g r a i n  s i z e  a f t e r  a u s t e n i t i z i n g  a t  s e v e r a l  t e m -  

p e r a t u r e s .  The a u s t e n i t i z i n g  temperature  w a s  more important ,  producing 

t h e  ASTM g r a i n  s i z e s  11, 9 ,  8, and 8 f o r  a u s t e n i t i z i n g  temperatures  of 
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'11-20356 Y-2035 74 

( a >  , 55, y" , 
'11-283593 

Pig- 8. Change i n  microstructures wlth T,? f o r  3 Cr-1.5 MQ steel 
(heat A 9 3 4 9 ) :  
( d )  QTp T P  = 20.44. 

( a )  NT, TP = 19.57; ( b )  QT, TP = 19.56; ( e )  NT, TP = 20.08; 
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P-203567 

Y-203568 

Y-203571 

, m y m ,  

Y-203572 

2 Q y m  , (6) ( d )  2 0 p m  , 

Fig. 9. Change in microstructures with TF f o r  3 (3-1.5 Mo steel 
(heat A9349): (a> NT, TP = 20.65; ( 6 )  QT, TP = 21.00; ( e >  NT, TP = 20.65; 
and ( d )  QT, T P  = 21.00. 
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927, 954,  982, and 10QO°C, r e s p e c t i v e l y .  Typica l  m i c r o s t r u c t u r e s  are pro- 

v ided  i n  F igs .  10 and 11. Thus, by r e - a u s t e n i t i z i n g  t h e  QT ina t e r i a l  a t  

954"C, t h e  o r i g i n a l  g r a i n  s i z e  of A S ' M  number 8 could be preserved and t h e  

material. g iven  a NT t rea tment .  Comparison o f  d a t a  produced on t h i s  f i n e r -  

g ra ined  NT material a f t e r  tempering t o  TP-20.90 r evea led  t h a t  t h e  hardness 

and s t r e n g t h  were g r e a t e r  than those  fo r  t h e  ASTM number 5 material. T h e  

QT material w a s  then r e -aus t en i t i zcd  a t  two temperatures which produced 

t h e  m i c r o s t r u c t u r e s  shorn i n  Fig. 12. A treatment- of 1100OC produced a 

g r a i n  s i z e  t h a t  matched the  o r i g i n a l  NT material of ASTM number 5. The 

material w a s  then quenched and tempered t o  produce a coarser-grained QT 

material. A t  t h e  TP va lue  of 19.56 t h i s  material had h igher  hardness than 

t h e  f ine-gra ined  NT material but had t h e  same s t r e n g t h  level-. Although 

no t  conclus ive ,  t h e  r e s u l t s  of t h i s  s m a l l  s tudy are c o n s i s t e n t  wi th  she 

s u p p o s i t i o n  t h a t  t he  similari t ies i n  p r o p e r t i e s  of the  o r i g i n a l  NT and QT 

m a t e r i a l s  were due t o  f i n e r  grain size i n  t h e  QT m a t e r i a l  i n  combination 

wi th  a more r ap id  r a t e  of tempering. 

The microscopy performed on heat: A9749 of 3 C r l . 5  Mo w a s  l i m i t e d  t o  

an  e v a l u a t i o n  of m i c r o s t r u c t u r a l  coarsening  o f  t h e  as-received m a t e r i a l  a t  

t h ree  va lues  of t h e  TP: 19.56, 20.44, and 21.0. (See Table 5 f o r  the 
d a t a  summary.) Typica l  mic ros t ruc tu res  are shown i n  Fig. 13. The g r a i n  

s i z e  i s  near ASTM 8, and t h e  material i s  b a i n i t i c ,  which is c o n s i s t e n t  

w i th  expec ta t ions  based on the  s t u d i e s  of Spencer and coworkers f o r  a n  a i r  

coo l ing  ra te  near 7'C/rnin. 3 * 4 9 9  

t o  tempering as hea t  ,49349, i n  terms of hardness and s t r e n g t h .  Very 

d e t a i l e d  s t u d i e s  of b h e  m i c r o s t r u c t u r a l  response of the hea t  are k i n g  

undertaken by Spencer and coworkers 9 and t h e  results o f  t hese  s t u d i e s  

w i l l  k a v a i l a b l e  a t  a later da te .  It is  important t o  recognize,  however, 

t h a t  t h i s  composition is r epor t ed  t o  have some r e t a i n e d  a u s t e n i t e  a f te r  

r a p i d  cool ing .  

The material e x h i b i t s  t he  same response 

M E T A L L O G W M I C  EXAMlNAT 10N OF WELDMENTS 

T h e  development o f  j o in ing  methods c o n s t i t u t e s  a major p a r t  of t h e  

e f f o r t  t o  q u a l i f y  new a l l o y s  f o r  pressure v e s s e l  a p p l i c a t i o n s ,  and 3 C r -  

1.5 Mo steel is  no except ion  t o  t h i s  need, To  d a t e ,  hea t  A9349 has been 
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Y-203584 

2s p 

Y-203588 

Fig. 12. Nicrostructures produced in QT material by re-austenitizing: 
(a) 1000°C for 2 h, ( b )  llOO°C for 2 h. 
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Y-293359 

Fig. 13. Microstructures produced by tempering 3 Cr-1.5 No steel 
(heat A 9 7 4 9 ) :  (a) PY = 17.03, DPH 382; ( b )  T P  19.56, DPH = 239;  

( e )  TP = 20.44, DPEI = 207; ( d )  T P  = 21.9, !XH = 193. 
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welded i n  25- and 1QO-mno t h i cknesses .  The th inne r  s e c t i o n  w a s  used t o  

e v a l u a t e  the  sh i e lded  metal-arc process att t h r e e  l e v e l s  oE carbon and vana- 

dium, while the lOOlmn p l a t e  w a s  used t o  examine welding by t h e  submerged- 

arc process  with w i r e  having two l e v e l s  of carbon and vanadium. Fur the r ,  

t h e  100-mm p l a t e  w a s  welded by the  electron-beam process.  Numerous t e m -  

pe r ing  t rea tments  have been in t roduced ,  producing a l a r g e  number of sarnples 

t h a t  could be me ta l log raph ica l ly  examined. I n  a d d i t i o n  60 the weld metal, 

t h e  heaf -af fec ted  zone (HAZ) i n  the  base m e t a l  provides  a d d i t i o n a l  material 

f a r  m e t a l l u r g i c a l  examinations.  The m e t a l l u r g i c a l  s t u d i e s  on the weldment 

samples are s t i l l  i n  progress ,  and results w i l l  not be covered i n  t h i s  

r e p o r t  except  f o r  the  b r i e f  s e c t i o n  conta ined  b e l o w .  

A t y p i c a l  submerged-arc weld d e p o s i t  microstructure is shown I n  

Fig. 14. This mic ros t ruc tu re  r e s u l t e d  frorn a w e l d  depos i ted  by t he  

Y-1957 7 4 

Fig .  14. Typica l  s u h e r g e d - a r c  weld metal m i c r o s t r u c t u r e  i n  
3 Cr1.5 Plo-V steel a f t e r  postweld hea t  t rea tment  a t  663°C f o r  8 ti. 
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submerged-arc process  with a h e a t  i n p u t  of 22 W/cm, followed by a post-  

weld hea t  t reatment  of 663°C f o r  8 11 ( T P  = 19.56). The weld metal hard- 

ness  f o r  t h i s  tempering w a s  DPH 315. The  m i c r o s t r u c t u r e  was b a i n i t i c  wi th  

no evidence of proeutec to id  f e r r i t e .  This  w a s  typical.  of all. t h e  weldments 

produced to  d a t e  r e g a r d l e s s  of t h e  carbon and vanadium l e v e l s .  Upon t e m -  

per ing ,  t h e  weld m e t a l  hardness was about the s a m e  as t h a t  of t h e  base 

metal, but t h e  t e n s i l e  s t r e n g t h  w a s  lower. The lower s t r e n g t h  w a s  a t t r i -  

buted t o  a lower carbon content  i n  the weld metal d e p o s i t  compared wi th  

t h e  base metal. O p t i c a l  metallography a t  magni f ica t ions  up t o  200 t i m e s  

revealed l i t t l e  or no d i f f e r e n c e  i n  t h e  weld m i c r o s t r u c t u r e s  as a f u n c t i o n  

o f  tempering c o n d i t i o n s ;  hence, h igh- reso lu t ion  techniques w d l l  be needed 

t o  more f u l l y  c h a r a c t e r i z e  the  meta l lurgy  of weldments conta in ing  f i l l e r  

metal. This  work is  under way. 

R e s u l t s  of an o p t i c a l  meta l lographic  examination of t h e  PWZ i n  t h e  

submerged-arc weld were repor ted  earlier The poss i . b i l i t y  o f  m a r t e n s i t e  

was i d e n t i f i e d  but confiriiiatrion by t ransmiss ion  e l e c t r o n  microscopy is  

needed. 

SCANNING ELECTRON MICROSCOPY 

Scanning e l e c t r o n  microscopy w a s  undertaken t o  o b t a i n  a better under- 

s t a n d i n g  of haw t h e  f i n e n e s s  of the b a i n i t i c  s t r u c t u r e  a f f e c t s  t h e  frac- 

t u r e  surface: and upper s h e l f  energy (USE) i n  t h e  Charpy V impact test .  

Typica l  f r a c t u r e  s u r f a c e s  are show i n  Fig. 15. They were produced by 

t e s t i n g  t h e  NT and QT c o n d i t i o n s  o€ heat: A9349 a t  d i f f e r e n t  va lues  of t h e  

TP. As shown i n  Fig. 15 t h e  h igher  USE f r a c t u r e s  are a s s o c i a t e d  with 

f r a c t u r e  s u r f a c e s  i n  which the  shear or tear dimples are more c l o s e l y  

spaced. This  spacing is c o n t r o l l e d  by the f i n e n e s s  of t h e  p r e c i p i t a t e s  

and l a t h  s t r u c t u r e  i n  t h e  b a i n i t e ,  

DISCUSSION AND SuMEz4RY 

The r e s u l t s  of t h e  s t u d i e s  descr ibed  i n  t h i s  r e p o r t  demonsLrate t h e  

high l e v e l  of knowledge t h a t  has accumulated regard ing  the design of Cr-No 
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YP-622 YP-625 

Fig. 15. Scanning electron micrographs of Charpy V specimen fracture 
surfaces at upper shelf temperatures, 300"C, heat A9349: (a) NT, 
TP = 17.03, 169.5 J; ( b )  NT, T P  = 20.65, 273 J; (e) QT, TP = 17.03, 136 J; 
(d) QT, TP = 21.00, 266 J. 
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a l l o y s  f o r  p re s su re  v e s s e l  a p p l i c a t i o n s .  Alloys can be developed i n  t h e  

l a b o r a t o r y  and sca l ed  e a s i l y  t o  coiniiiercial hea t  sizes. Tine d e s i r e d  iociiero- 

c o n s t i t u e n t s  can be obta ined  by c o n t r o l  o f  t h e  cool.i.ng rate from t he  

a u s t e n i t i z i n g  temperature,  and g ra in  s i z e s  i n  t h e  medium t o  fi.ne range 

can be. produced by s t anda rd  m i l l  fabr.Lcation p r a c t i c e s .  

For g a s i f i e r  p re s su re  v e s s e l  a p p l i c a t i o n s ,  t h e  3 Crl.5 Mo steels 

w i l l  r e q u i r e  v e r y  1itl:le further" development.. Xn coilerast t o  the needs 

f OF steels i n  high-.tem.periiture hydrogen s e r v i c e  there i s  less C O ~ C ~ X X  

about  t h e  e lementa l  c.onsti tuents in t h e  ca rb ide  p rec - ip i t a t e s  becaaise ser- 
v ice  for a l l o y s  i n  a l l  but a Eew g a s i f i e r  concepals w i l l  he l i m i t e d  t o  Item- 

p e r a t u r e s  where temper embriLtlement, hydrogen attack, and long-t:erm 

material deg rada t ion  are unl ike ly .5  

(1) e x h i b i t  u i i n immr~  v a r i a b i l i t y  as a f u n c t i o n  of minor csrnposi8: Loxia1 

changes, ( 2 )  offer a wide window f o r  hea t  treatment; 'chat will r e s u l t  i n  a 

f i n e  b a i n i t e  m i c r o s t r u c t u r e  f o r  s t anda rd  coaling rates, ( 3 )  o f f e r  a broad 

range of tempering cond i t ions  t h a t  w i l l  result i n  a combinatimn of good 

s t r e n g t h  and toughness and ( 4 )  be r e a d i l y  we.I.dabJ-e by- s t anda rd  p r a c t i c e s  

such as the  sh i e lded  metal arc and submerged-arc p r a c t i c e s  e 

The m i n  co~~eerins are that the a l l o y  

The me ta l log raph ic  examinations summarized above suggest that a l l  of 

t h e s e  t a r g e t s  can be m e t  i n  the 3 Cr-1.5 Mo series of a l l o y s .  To be s u r e ,  

t h e r e  is much t o  be l ea rned  abut t he  tendency t o  form r e t a i n e d  a u s t e n i t e  

and to  understand how t h i s  cons t i t uene  t ransforms dur ing  tempering QT 

long-term, high-temperature s e r v i c e  Also, i t  a p p e a r s  from t h e  work of 

Kichey and Shaw that same compositions wi th in  t h e  series of t h e  

3 Cr1.5 Mo steels  are more s u s c e p t i b l e  t o  reheat c racking  and hydrogen 

embr i t t l ement  than originally anticipated.8, l a  These are subjects s t i l l  

under invcst.Lgat;ion, however, so i t  would be p-rernat~xre to  make recornen- 

d a t i o n s  concerning them. 

The ia format ion  summarized by t h i s  r e p o r t  w i l l  be provided t o  

i n d u s t r i a l  groups that are re spons ib l e  f o r  t h e  e v e ~ t u a l .  s e l e c t i o n  of 

comp~~itions bo he- developed i n t o  a l l o y s  approved by the ASKE Boi le r  and 

P r e s s u r e  Vessel Code for pres su re  vessel service. 
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