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MECHANICAL PR-OPERTIES OF A MODIFIED 2 114 Cr-1 Mo 

STEEL FOR PRESSURE VESSEL APPLICATIONS* 

R .  L. Klueh and R. W . Swindeman 

ABSTRACT 

Tensile and creep properties were determined on a V-Ti- 
B-modified 2 114 Cr-1 Mo steel considered to be a candidate 
alloy for pressure vessel applications for coal liquefaction. 
The modified 2 1 / 4  Cr-1 Mo steel had about 0.2% V added for 
improved elevated-temperature strength and 0.02% Ti for grain 
refinement. Boron was added to improve the hardenability, 
thus allowing thicker sections to be quenched and normalized 
to completely bainitic microstructures. Lower carbon and 
silicon concentrations were used (4.1% C and 0.02% Si) than 
in standard 2 114 Cr-1 Mo steel. 

after a heat treatment typical for SA-387, grade 22, class 2, 
indicated high toughness and excellent elevated-temperature ten- 
sile and creep strength. The modified steel had substantially 
better stress-rupture properties than did a standard 2 114 Cr- 
1 Mo steel (both with bainitic microstructures) with equiva- 
lent tensile properties -especially at the lowest stresses 
and highest temperatures. The modified steel had toughness 
properties superior to those of the standard 2 114 Cr-1 Mo 
steel. Comparative transmission electron microscopy studies 
of the standard and modified 2 114 Cr-1 Mo steels indicated 
that the differences involve the carbide precipitates and the 
dislocation substructures present in the steels. 

The mechanical properties determined on the modified steel 

INTRODUCTION 

The Materials for Coal Conversion Pressure Vessels Task under which 

this work was conducted has as its primary purpose the development of a 

basic understanding of the factors that influence the performance of 

alloys under the hostile conditions expected for high-temperature high- 

pressure hydrogen service. The scope of the program addresses the three 

* Research sponsored by the U.S. Department of Energy 
(DOEIFE AA 15 10 10 0, AFSTD Fossil Energy Materials Program, Work 
Breakdown Structure Element ORNL-3.3) under contract W-7405-eng-26 with 
the Union Carbide Corporation. 
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main requirements for the development of pressure-vessel materials: a 

basic understanding of the metallurgy, the production of reliable mate- 

rials data, and the processing of the data in terms of the development of 

the constitutive equations and failure criteria for use by designers. 

The primary pressure-vessel steel that currently meets the estab- 

lished ASME criteria for pressure-vessel applications to 482°C (900°F) is 

2 1/4 Cr-1 Mo steel (SA-387, grade 22). One of the tasks of the program 

involves the investigation of advanced stronger low-alloy steels that have 

adequate resistance to hydrogen attack at temperatures to 565°C. We 

studied a standard 2 1 / 4  Cr-1 Mo steel, a modified 2 1 / 4  C r - 1  Mo steel 

developed by the Japan Steelworks of Muroran, Japan, and several V-Ni-Si- 

modified 2 1 / 4  Cr-1 Mo steels produced by the United States Steel C0mpany.l 

Only work on the first two steels is discussed here. 

Ishiguro et al. sought an improvement in the strength of 2 1/4 Cr-1 Mo 

steel by microalloying additions.* 

creep strength for thick sections for use in coal dissolver vessels, de- 

sulfurization vessels, and hydrocrackers. These investigators found that 

a low-silicon 2 1 / 4 %  Cr-1% Mo-O.l% C-O.25% V4.02% Ti4.002% B steel gave 

improved creep strength and inpact toughness over those for commercial 

2 1 / 4  Cr-1 Mo steel in either the annealed or normalized-and-tempered 

condition. This modified 2 1/4 Cr-1 Mo steel was also claimed to have 

superior resistance to temper embrittlement and to have improved weld 

heat-affected zone properties. Low silicon (0.02% vs 0.2-0.4% for most 

commercial 2 1/4 Cr-1 Mo steels) was chosen for favorable temper embrit- 

tlement response. The authors state that carbon content was restricted t o  

0.1% so as to 

The objective was a steel with better 

. . . alleviate the deterioration of stress-relief cracking 
resistance due to the addition of vanadium in conjunction 
with grain refining effect of titanium. 

The ASTM specifications for standard 2 1/4 Cr-1 Mo steel allow 0.15% C 

(maximum). 

The addition of 0.002% B was credited with increasing the harden- 

ability of the alloy, allowing for the formation of "martensite or bainite 
. 
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or a mixture of the two at a cooling rate as slow as 10"C/min (0.17"C/s)" 

(ref. 2). On the continuous cooling transformation diagrams given for the 

modified alloy and a commercial-type 2 1/4 Cr-1 Mo steel with a similar 

carbon content, the start of the proeutectoid ferrite transformation at 

700°C was moved from about 100 to about 2000 s .  

Precipitate stability is of prime importance for elevated-temperature 

strength. Ishiguro et al. give little information on precipitate stabil- 

ity. They state2 that 

. . . the modified steel contains a fair amount of vanadium and 
titanium which result in the formation of carbides more stable 
than chromium carbide. 

However, no proof of such a precipitate identification was given. When 

the constitution diagrams for Cr-Mo-V steels published by Andrews et al.3 

are consulted, it appears that at equilibrium a 2 1/4 Cr-1 Mo steel con- 

taining 0.25% V would contain M6C (a molybdenum-rich carbide), M7C3 (a 

chromium-rich carbide), and possibly M4C3 (V4C3) (these diagrams require 

some interpolation). This ignores the small amount of titanium (0.02%) 

present in the steel, which could lead to MC. 

MC could then possibly determine the long-term properties. 

The stability of M4C3 and 

Ishiguro et al. compared the creep properties of the modified and 

standard 2 1 / 4  Cr-1 Mo steel taken from the 1/4-thickness (1/4 2') position 

of a 200-mm plate.2 The problem with such a comparison is that it was for 

entirely different microstructures: the modified steel was entirely 

bainite, and the standard material contained large amounts of polygonal 

ferrite. The question, then, is whether these differences are due to the 

titanium and vanadium additions to the modified steel or to the different 

microstructure caused by the increased hardenability of the modified steel. 

That is, the modified steel at 1/4 Twill be entirely bainite, but the 

standard 2 1 / 4  Cr-1 Mo steel will contain appreciable amounts of polygonal 

ferrite. If the difference is due only to the difference in hardenability, 

boron (or manganese or nickel) could be added to the standard 2 1 / 4  Cr-1 Mo 

steel to increase its hardenability. 4-5 

We determined impact, tensile, and creep-rupture properties on the 

modified 2 1 / 4  Cr-1 Mo steel. The results were compared with properties 

that had previously been determined on bainitic 2 1 / 4  Cr-1 Mo stee1.6-7 
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Such a comparison will allow a determination of the effect of the chemical 

composition on the properties of the two steels. We also used transmission 

electron microscopy (TEM) to determine how the properties may be affected 

by the microstructure. 

MATERIAL 

The material used in these studies came from two heats of steel. The 

first heat (phase I) was produced as 25-mm plate from a 50-kg vacuum induc- 

tion melt with the chemical composition given in Table 1. The plate was 

provided to ORNL in the normalized-and-tempered condition. This heat 

treatment involved 4 h at lOOO"C, air cooling, tempering 5 h at 650"C, 
followed by air cooling; this will be designated the as-received 

condition. At ORNL the plate was sectioned, and the part that was tested 

was subsequently given a second normalize-and-temper heat treatment - a 
"quality" heat treatment.2 

followed by 20 h at 690"C, air cool. In the initial development work, the 

alloy was intended to conform to the ASME SA-387, grade 22, specification, 

which requires a minimum tempering temperature of 675°C (1250°F) .2 

ever, in the United States, plate products expected to meet SA-387, grade 

22, class 2, properties are often delivered in the stress-relieved con- 

dition produced by tempering at 662°C (1225°F). After subsequent fabrica- 

tion the vessels or components are typically tempered at 690°C (1275°F). 

The as-received condition (650'C temper) more closely conformed to the 

stress-relieved condition, and additional heat treatment was required to 

bring the ultimate tensile strength within an acceptable range. Although 

the portion of the plate allocated for the phase I exploratory testing was 

quite small, sufficient steel was available to obtain tensile, creep, and 

impact properties. 

That treatment was 5 h at 950"C, air cool, 

How- 

The second heat (phase 11) was produced as a 16-ton forging in four 

thicknesses, 525, 425, 332, and 235 mm (21, 17, 13, and 11 in.), with the 

chemical composition given in Table 1. The pieces provided ORNL were heat 

treated by the producer as follows: austenitized at 950°C for 7 h, water 

c 
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Table 1. Chemical composition of V-Ti-B-modified 2 1/4 Cr-1 Mo steel 

Content (wt X )  

Phase I Phase I1 
El emen t 

C 
Si 
Mn 
P 
S 
Ni 
Cr 
Mo 
V 

0.14 
0.07 
0.49 
0.008 
0.007 
0.16 
2.34 
1.00 
0.26 

0.12 
0.02 
0.50 
0.005 
0.006 
0.10 
2.24 
0.99 
0.26 

Content (wt X )  

Phase I Phase I1 
Element 

Ti 0.032 0.019 
B 0.0024 
A1 0.015 
Sn 0.008 0.010 
As 0.009 0.006 
Sb 0.0017 0.0005 
cu 0.08 0.01 
N 0.0085 0.0107 

0.0022 

quenched, tempered 15 h at 650°C, and air cooled. Samples were machined 

from the 1/4 T position of the 425-mm block. After machining, the speci- 

mens for the exploratory tests were given a simulated postweld heat treat- 

ment of 26 h at 690OC. 

ZXPERIMENTAL METHODS 

Tensile and creep tests were made on specimens that had a 6.35-mm-diam 
by 31.8-mm-long (0.250 X 1.25 in.) reduced section. The tensile testing 

methods conformed to ASTM Recommended Practice E 21. The creep tests were 

made in air on lever-arm creep frames with 12:l ratios. Testing methods 

conformed to ASTM Recommended Practice E 132. The specimens were heated 

by a resistance furnace. During test, the temperature was.monitored and 

controlled by three Chrome1 vs Alumel thermocouples mechanically attached 

along the specimen gage section. 

and the temperature varied less than +2OC along the gage section. 

strains were measured with a mechanical extensometer attached to the speci- 

men shoulders, and the extension was read periodically from averaging 

electrical transducers. 

Temperatures were controlled to +l0C, 

Creep 
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The microstructures of the steels were studied by means of optical 

microscopy, analytical electron microscopy, and electrolytic extractions. 

The T E M  studies were conducted on specimens cut from tested impact speci- 

mens (the portion unaffected by the test). Likewise, electrolytic carbide 

extractions were made on these specimens. 

Electrolytic extractions were produced on samples with an approximate 

mass of 0.3 g in a solution of 10% HC1-90% methanol at 1.5 V for 5 h. These 

conditions ensured selective removal of the matrix without any dissolution 

of carbides. The precipitates were weighed in air, and the weights were 

converted to weight in vacuum to correct for atmospheric variations. The 

accuracy of the extraction results was determined by a series of multiple 

measurements on similar material. A value of 2 0  = 40.2 wt X was found for 
the range of 0 to 4 wt % precipitates. 

Electron microscopy was performed on JEOL lOOC and lOOCX transmission 

electron microscopes; the lOOCX microscope was equipped with an x-ray 

energy-dispersive spectrometer (EDS) and modified for analytical work. 

Extraction replicas on carbon-coated copper grids were used for precipi- 

tate analysis to avoid matrix effects in obtaining EDS spectra. Precipi- 

tates were identified by a combination of electron diffraction and EDS 

analysis. 

RESULTS 

HEAT TREATMENT AND MICROSTRUCTURE 

The difference in hardenability between the modified 2 1/4 Cr- 
1 Mo steel and a standard 2 1/4 Cr-1 Mo steel is shown in the comparison 

of the continuous-cooling transformation (CCT) diagrams determined by 

Ishiguro et al. (Fig. 1) (ref. 2). To avoid polygonal ferrite in their 

standard 2 1/4 Cr-1 Mo steel, the cooling rate had to approach 2.5 to 

3.3"C/s (150-20OoC/min), but the modified steel could be cooled at 0.13 to 

0.17OC/s (8-10°C/min) without forming ferrite. 
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Time 

Fig.  1. Continuous-cooling-transformation diagrams f o r  V-Ti-B- 
modified 2 1 / 4  C r - 1  Mo s t e e l  and s tandard  2 114 C r - 1  Mo s teel .  The upper 
boundaries  de f ine  t h e  region over which polygonal f e r r i t e  forms; t he  lower 
ones de f ine  the  reg ion  where b a i n i t e  forms. Source: T. I sh igu ro  e t  a l . ,  
"A 2 114 Cr-1  Mo Pres su re  Vessel S t e e l  wi th  Improved Creep Rupture 
S t r eng th , "  pp. 129-47 i n  Application of 2 2 / 4  Cr-1 Mo Stee l  for Thick-Wall 
Pressure Vessels,  ed. G .  S .  Sangdahl and M. Semchyshen, ASTM-STP 755. 
Copyright, American Socie ty  f o r  Tes t ing  and Materials, Phi lade lphia ,  1982, 
r e p r i n t e d  wi th  permission. 

A s  s t a t e d  above, I sh igu ro  e t  a l .  compared the  creep-rupture  p r o p e r t i e s  
.m 

of t h e  modified and s tandard  2 1 / 4  C r - 1  Mo steels a f t e r  both were cooled 

t o  s imula te  the  1 / 4  T p o s i t i o n  of a 2001nm p l a t e .  This r e s u l t s  i n  the  

comparison of a b a i n i t i c  mic ros t ruc tu re  ( f o r  t h e  modified s teel)  wi th  a 

s tee l  conta in ing  l a r g e  amounts of polygonal f e r r i t e  ( f o r  t he  s tandard  

s t ee l ) .  The l a r g e  d i f f e r e n c e  i n  h a r d e n a b i l i t y  f o r  t he  two steels g ives  
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rise to such different microstructures. Yowever, the difference in 

hardenability of the modified 2 114 Cr-1 Mo steel presumably depends on 

the 0.002% B, and such hardenability could be introduced into standard 

2 114 Cr-1 Mo steel by the addition of 0.002% B. 

inherently wrong with this comparison, it would appear more appropriate 

to compare the properties of the two steels with similar microstructures. 

We previously determined the creep and tensile properties of a bainitic 

2 1 / 4  Cr-1 Mo ~ t e e l . ~ - ~  

erties of the modified steel with the properties of that bainitic 2 114 Cr- 

1 Mo steel. The bainitic microstructures €or the two steels are shown in 

Fig. 2. 

Although there is nothing 

This report compares the tensile and creep prop- 

Two heat treatments for the modified steel are discussed in chis 

report. The first, which is a normalize and temper, will be referred to 

as the "as-received'' condition. It consists of an austenittzation treat- 

ment of 4 h at lOOO"C, followed by an air cool; tempering was for 5 h at 
650°C. Ishiguro et. al. developed an optimized heat treatment, termed a 

"quality" heat treatment, which was a second normalize and temper superim- 

posed on the as-received condition.2 It consists of 5 h at 950°C, an air 

cool, followed by 20 h at 690°C. Microstructures for the as-received and 

quality heat treatments are shown in Fig. 2(a)  and ( b ) ,  respectively. 
The normalize-and-temper heat treatment for the 2 1 / 4  Cr-1 Mo steel 

previously t e ~ t e d ~ - ~  was not optimized. 

927"C, air cool, followed by tempering 1 h at 704°C [Fig. 2(c)].  The 

prior austenite grain size of the modified steel is obviously considerably 

smaller than that of the standard steel. 

That heat treatment was: 1 h at 

Because the elevated-temperature mechanical properties of these steels 

are determined by the precipitates, the steels were investigated by E M ,  

by means of both thin film and replica specimens. 

examined by "EM it was immediately obvious that, despite the optical micro- 

structures of Fig. 2, there is no "uniform" microstructure. Considerable 

microstructural variation from grain to grain and sometimes within a given 

grain was found with any specimen. 

When these steels were 
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Y-1874 1 2 Y- 1 87408 

. 

(a 1 

Y-111349 

. (C ) , 40ym , 

Fig. 2. Microstructures of 
V-Ti-B-modified 2 114 Cr-1 Mo 
s tee1 in (a) the "as-received'' 
condition and ( b )  the "quality" 
heat-treated condition. ( e )  Mi- 
crostructure of a 25-mm-thick 
plate of standard 2 1/4 Cr-1 Mo 
steel in the normalized-and- 
tempered condition. 
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The mic ros t ruc tu re  of untempered b a i n i t e  i s  a h ighly  d i s l o c a t e d  l a t h  

s t r u c t u r e .  8-9 

t h e  mic ros t ruc tu re  t e s t e d ) .  Af t e r  t h e  q u a l i t y  hea t  t rea tment ,  t he  modified 

2 1 / 4  C r - 1  Mo s t ee l  s t i l l  showed evidence of t he  high d i s l o c a t i o n  dens i ty  

as w e l l  as some i n d i c a t i o n s  of a remaining l a t h  s t r u c t u r e  [Fig.  3 ( a ) J .  The 

o t h e r  d i s t i n c t i v e  f e a t u r e  of t he  mic ros t ruc tu re  w a s  t h e  p r e c i p i t a t e  d i s t r i -  

bu t ion  [F igs .  3 ( b )  and 41. We observed b a s i c a l l y  two types of p r e c i p i t a t e  

morphologies: a r e l a t i v e l y  small number of l a rge ,  o f t e n  polygonal, p rec ip i -  

t a t e  par t ic les  and a high dens i ty  of much smaller p a r t i c l e s .  The l a r g e r  

par t ic les  were of ten ,  but  not  exc lus ive ly ,  found on g r a i n  boundaries.  The 

p r e c i p i t a t e  d i s t r i b u t i o n  was shown q u i t e  c l e a r l y  i n  t h e  replica s t u d i e s  

(Fig.  4 ) .  

We examined only t h e  normalized-and-tempered s t r u c t u r e  (i .e . ,  

When t h e  d i s t r i b u t i o n  of small p la te le t - shaped  p r e c i p i t a t e  p a r t i c l e s  

w a s  examined i n  more d e t a i l ,  i t  became evident  t h a t  they were o f t e n  on 

d i s l o c a t i o n s  (Fig.  5) and, as d iscussed  la te r ,  may have played a r o l e  i n  

t h e  evo lu t ion  of t he  l a t h  s t r u c t u r e .  Not a l l  g r a i n s  contained an indica-  

t i o n  of t h e  l a t h  s t r u c t u r e  as c l e a r  as t h a t  shown i n  t h e  upper p a r t  of 

F ig .  3 ( a ) .  I n  some cases, an elongated c e l l  s t r u c t u r e  w a s  observed w i t h i n  

g r a i n s  (Fig.  5);  t h i s  subs t ruc tu re  w a s  a l s o  a s soc ia t ed  wi th  f i n e  p rec ip i -  

ta tes .  The width of both the  l a t h l i k e  f e a t u r e s  and t h e  elongated c e l l  

s t r u c t u r e  ranged from 0.3 t o  0.7 pm. 

The s tandard  2 1 / 4  C r - 1  Mo s teel  had a somewhat d i f f e r e n t  appearance,  

e s p e c i a l l y  t h e  p r e c i p i t a t e  morphology (Fig.  6 ) .  The l a r g e  polygonal pre- 

c i p i t a t e  p a r t i c l e s  were aga in  present ,  but  i n  t h i s  case most of t h e  smaller 

p a r t i c l e s  were need le l ike .  On t h e  r e p l i c a s ,  t h e  p r e c i p i t a t e  dens i ty  i n  

t h i s  specimen appeared l a r g e r ,  but  t h i s  may be because much of t h e  very 

f i n e  p r e c i p i t a t e  i n  t h e  modified 2 1 / 4  C r - 1  Mo s t ee l  w a s  not picked up by 

t h e  r e p l i c a t i o n  technique.  P r e c i p i t a t i o n  on d i s l o c a t i o n s  w i t h i n  t h e  g r a i n s  

d i d  not  appear t o  have taken p lace  as i n  t h e  o t h e r  steel. The g r a i n  s i z e  

of  t he  s tandard  s teel  w a s  cons iderably  g r e a t e r  than t h a t  of t h e  modified 

s teel. 

When t h e  ca rb ides  were chemically e x t r a c t e d  from t h e  modified 

2 1 / 4  C r - 1  Mo s teel  and compared wi th  those  e x t r a c t e d  from s tandard  

2 1 /4  C r - 1  Mo steel, s l i g h t l y  more p r e c i p i t a t e  had formed i n  t h e  s tandard  

. 
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E-4 1029 

- , 1.0 pm 1 

E-41 033 

Fig. 3. Transmission electron micrographs that demonstrate the 
( a )  dislocation and ( b )  precipitate structure of V-Ti-B-modified 2 1/4 Cr- 
1 Mo steel. 
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H-70985 

. 

, 1.0 pm , 
Fig. 4. Transmission electron micrograph of an extraction replica of 

V-Ti-B-modified 2 114 Cr-1 Mo steel. 
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E-41 052 

p.25 pm, 

Fig. 5. Transmission electron micrographs that show the dislocation- 
precipitate interactions and the substructure within the lath structure of 
the V-Ti-B-modified 2 1/4 Cr-1 Mo steel. 
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E-4 1039 

H-70988 

, 1.0 pm I 

Fig. 6. Transmission electron micrographs of bainitic standard 
2 1/4 Cr-1 Mo steel from ( a )  thin film and ( b )  extraction replica. 
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2 1/4 Cr-1 Mo steel (Table 2). Again, we do not know whether all the 

precipitate was extracted. However, TEM indicated that the average precipi- 

tate particle size in the standard 2 1/4 Cr-1 Mo steel was larger than that 

in the modified steel. 
. 

Table 2. Amount of precipitate extracted from modified 
and unmodified 2 1/4 Cr-1 Mo steel 

Heat treatment Amount of 
precipitate 

("C> ( h )  Cool (wt X )  
Steel 

Mod 2 1/4 Cr-1 Mo 1000 
650 

4 
4 

Air 
Air 

1.08 

Mod 2 1/4 Cr-1 Mo 1000 
6 50 
950 
690 

4 
4 
5 
20 

Air 
Air 
Air 
Ai r 

1.37 

2 1/4 Cr-1 Mo 
(heat D8681-1) 

92 7 0.5 Quench 1.50 

Aira 
0.2"c/s 

663 6 

2 1/4 Cr-1 Mo 
(heat D8681-1) 

92 7 0.5 Quench 1.60 

Aira 
0.3"C/s 

663 6 

2 1/4 Cr-1 Mob 
(heat 2001 7) 

2 1/4 Cr-1 Mob 
(heat 2001 7) 

92 7 1 Ai r 0.46 

Ai r 
Air 

1.57 92 7 
704 

1 
1 

aThis heat treatment was conducted in a furnace where the 
cooling rate could be controlled. 

haken from R. L. Klueh, J .  Nucl. Mater 68, 294-307 (1977). 
Specimens were taken from a 25.4-m-thick plate that had been air 
cooled. 

In addition to extractions from the modified steel given the quality 

heat treatment (double normalize and temper), extractions were also  made 

on the steel before the last normalize-and-temper treatment. This "as- 

received" heat treatment developed less precipitate. Extractions were 

made on several heat treatments of standard 2 1/4 Cr-1 Mo steel, including 



two different heats (the extractions on heat 20017 had been done prev€- 

ouslyl0). 

which were given three different cooling rates, still resulted in about 

the same amount of precipitate (-1.6%). Yowever, note the difference 

between the amount of precipitate that developed in heat 20017 after nor- 

malizing and after normalizing and tempering. 

Different tempering treatments for the two different heats, 

We tried to identify the extracted carbides from the standard and 

modified steels by x-ray diffraction techniques. 

the only carbide detected in the standard 2 1 / 4  Cr-1 Mo steel. 

diffraction of the precipitates from the V-Ti-B-modified 2 1 / 4  Cr-1 Mo steel 

indicated the presence of only M2& ( -80%) and M7C3 (-20%). 

Chromium-rich M7C3 was 

The x-ray 

The EDS studies on the extraction replicas showed that the large 

particles in the standard steel were chromium rich, although many of them 

contained large amounts of iron, which is typical for M7C3 (ref. ll), which 

was detected by x-ray analysis of the extracted carbides. A few of the 

smaller needles were found to be molybdenum rich, but with some chromium 

present. These particles are probably Mo2C, which may not be present in 

large enough quantities to be identified in the extracted carbides. 

The EDS results on the modified steel indicated that a l l  the large precipi- 

tate particles (Fig. 6) were chromium rich, usually containing iron and 

sometimes molybdenum. 

tities in the chromium-rich M23Cg and M7C3 (ref. 11). 

the very small precipitate particles indicated that they contained primarily 

vanadium and molybdenum. 

Both iron and molybdenum can dissolve in large quan- 

The EDS analysis of 

MECHANICAL PROPERTIES 

The Charpy V-notch impact properties of the as-received phase I steel, 

which had been normalized and tempered (4 h at 1000°C, air cooled, followed 

by 5 h at 650°C), were compared with those of the steel given the quality 

heat treatment (the as-received steel given the second normalize-and-temper 

treatment: 5 h at 95OoC, air cooled, followed by 20 h at 690°C) (ref. 12) .  
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. 

The difference was quite striking (Fig. 7). The transition temperature 

was lower and the upper-shelf energy higher after the second normalize and 

temper. 

As stated above, we feel that it is appropriate to compare the prop- 

erties of the modified steel with properties of standard 2 114 Cr-1 Mo 

steel having similar microstructure and strength. Figure 8 compares the 

modified 2 114 Cr-1 Mo steel with a standard 2 114 Cr-1 Mo steel in a 
quenched-and-tempered condition with substantial toughness for this 

material (SA-387, grade 22). Again, there was quite a large difference in 

properties; the modified steel was substantially tougher than the standard 

steel as measured by both transition temperature and upper-shelf energy. 
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Fig. 7. 
V-Ti-B-modified 2 114 Cr-1 Mo steel in the as-received condition (normal- 
ized and tempered) and after the quality heat treatment. 
a specimen taken along the rolling direction with the notch in the width 
or transverse direction and vice versa for WR. 

Comparison of the Charpy V-notch impact properties of the 

The RW indicates 
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Fig. 8. Comparison of the Charpy V-notch impact properties of the 
V-Ti-B-modified and standard 2 1/4 Cr-1 Mo steels. 

c 

Figure 9 compares the tensile properties between room temperature and 

600°C for a normalized-and-tempered commercial 2 1/4 Cr-1 Mo steel from a 

25.4-m plate6 (heat 20017) and the modified steel with the quality heat 

treatment (both have tempered bainite microstructures). The yield strengths 

for the two steels were quite similar over the entire temperature range, 

but the ultimate tensile strength was considerably higher for the standard 

steel, especially between room temperature and 500°C [Fig. 9 ( a ) ] .  The 

total elongation of the modified steel was slightly greater than that of 

the standard steel; however, the modified steel had a slightly larger 

reduction of area [Fig. 9 ( b ) ] .  This comparison indicates that the tensile 
properties are quite similar, with a strength advantage for the standard 

steel. 
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Creep-rupture properties were determined at 482, 510, and 538°C on 

the modified steel in the quality heat-treatment condition (Table 3) .  

Figures 10 through 12 present the stress-rupture curves, stress-minimum 

creep rate curves, and ductility-rupture life data. 

temperatures and stresses of these tests, the steel exhibited good 

strength and adequate ductility. Little or no difference was observed in 

the behavior of phase I (251nm plate) and phase I1 (1 /4  T of 4 2 5 m  plate) 

materials. 

Over the range of 

Table 3. Creep-rupture properties of V-Ti-E-iuodified 
2 1/4  C r - 1  Mo steel 

482OC 

1-3 414 2.9 x 10’2 30 44 4.8 
1-4 3 79 1.9 x 10-3 230 336 6.0 
1-5 345 9 x 10-4 520 8 70 10.6 
1-6 310 1.9 x 10-4 1400 
11-4 2 76 1.1 x 10-4 3000 
1-10 24 1 3.3 x 10-5 8500 

7.95 x 10-5c 

1-6 345 8.3 x 10-3 50 96 
I- 7 310 4.5 x 10-3 155 328 
11-1 2 76 7.2 x 10-4 3 750 4899 
11-2 20 7 8.6 x 10-5 

538OC 

17.6 
9 .7  

1-13 310 4.0 x 10’2 23 46 17.4 
1-14 2 76 1 . 3  x 10-2 62 158 17.9 
1-11 2 76 1.1 x 10’2 64 135 8.5 
1-8 241 6.6 X 10-3 420 73 6 15.6 
1-9 241 6.2 x 10-3 430 73 5 19.0 
I-A 20 7 1.5 x 10-3 1920 2 796 10.2 
11-14 1 72 1.5 x 10-4 

q, phase I heat; 11, phase I1 heat. 

&here data are not given for rupture life or elongation, the 

%onclassical creep curve with two steady-state stages. 

tests were not continued to failure. 

. 
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Fig. 10. Stress-rupture curves for V-Ti-B-modified 2 114 Cr-1 Mo 
steel. 
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Fig. 11. Stress-minimum creep rate curves for V-Ti-B-modified 
2 1/4 Cr-1 Mo steel. 
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Fig. 12. Variation in rupture elongation with rupture life for 
V-Ti-B-modified 2 1/4 Cr-1 Mo steel. 

The stress-rupture curves for the modified and standard 2 1 / 4  Cr-1 Mo * 

steels at 482, 510, and 538°C show a definite advantage for the modified 

steel (Fig. 13). At 482"C, the properties were similar at high stresses 

(short rupture times), but at low stresses a large difference was observed. 

A similar divergence of properties was noted at 510°C. At 538"C, this 

difference was found at all stresses over the range tested. 

Creep curves for the modified 2 1/4 Cr-1 Mo steel are shown in Fig. 14. 

Observations on creep-curve shape revealed two interesting characteristics 

that have also been observed on standard 2 1/4 Cr-1 Mo steel. Most of the 

creep occurs with an increasing creep rate (i.e., relatively small primary 

and secondary stages and an extended tertiary creep stage). 

specimen tested at 482°C and 241 MPa had a nonclassical creep curve. 

curve had two steady-state stages; the creep rates for both are given in 

Table 3 .  

Second, the 

This 
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Fig. 14. Creep curves for V-Ti-B-modified 2 114 Cr-1 Mo steel at 
482°C. 
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Again, a c 1. However, the large difference in the value of A for the 
two steels means that for a given rupture life the standard steel has a 

larger t2 and thus that considerably less of its creep occurs in the terti- 
ary stage. 

Visual observations of fractured specimens indicated that the fractures 

were of a cup-cone type. This was verified by metallographic examination of 

selected specimens. All indications were that the fractures were entirely 

transgranular. 

DISCUSSION 

Although the microstructure of upper and lower bainite appears 

different under certain viewing conditions, TEM studies show that the 

morphology of both can be described as consisting of long ferrite laths 

about 0.5 pm ~ i d e . ~ - ~  

density and form in parallel packets9 or sheaves;8 several packets usually 

form within a given austenite grain. Low-angle boundaries separate indi- 

vidual laths, and high-angle boundaries separate the packets. The primary 

distinction between upper and lower bainite is the carbide morphology: In 

upper bainite, the carbides form as continuous or discontinuous stringers 

on the lath boundaries; in lower bainite, carbide rods form in parallel 

arrays within a lath at a 55 to 60" angle to the lath axis. 

variation of upper bainite retains the high-carbon material in the lath 

boundaries as austenite, which may form martensite when cooled to room 

temperature. The retained austenite or martensite then transforms during 

tempering. This type of bainite has been termed "granular" bainite. 

The T E M  observations on the V-Ti-B-modified 2 1/4 Cr-1 Mo steel 

indicate that upper bainite has formed in this steel. In those grains in 

which a lath structure remained, the width was 0.3 to 0.8 pm, with carbides 

along lath boundaries (Figs. 3 and 4 ) .  A l l  these features are indicative 

of an upper bainite morphology. 

retained austenite or martensite during tempering, thus making this granu- 

lar bainite. However, granular bainite is generally less lathlike and 

The laths contain a relatively high dislocation 

Also, a 

These carbides could have formed from 
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has a more blocky appearance - thus, the term "granular."13 
granular bainite is generally associated with higher cooling rates than 

those used in this study. l 3  

Furthermore, 

The major differences in the microstructure of the V-Ti-B-modified 

and the standard 2 1/4 Cr-1 Mo steels involved the fine matrix and dislo- 

cation precipitates. 

extremely small platelet-shaped particles, which according to EDS are 

vanadium rich and are assumed to be vanadium carbide. Todd, Chung, and 

Parker studied this same steel and also concluded that these small par- 

ticles were vanadium carbide (V4C3) particles.14 

large particles in the microstructure were M23Cg but gave no indication 

of the presence of M7C3. 

The modified steel contained a distribution of 

They found that the 

The smaller particles of the standard 2 1/4 Cr-1 Mo steel were con- 

siderably smaller than the small particles of the modified steel. These 

were identified by x-ray diffraction as M7C3; the EDS studies indicated 

that Mo2C needles were also present. An M7C3 precipitate is known to form 

in bainitic 2 1 / 4  Cr-1 Mo steel, as shown in the isothermal-transformation 

diagrams determined by Baker and Nutting. l5  

it is generally preceded by Mo2C, and, for a steel tempered as this one 

was, the diagrams indicate that Mo2C, and probably M3C, should be present. 

The equilibrium diagrams of Andrews et a1.3 predict the presence of M7C3 

and M6C. The needlelike precipitates observed by TEM are indicative of 

the M02C morphology, although M7C3 is also known to form in such a mor- 

phology.ll 

removed from equilibrium [Andrews et al. examined their steels after 

1000 h at 700°C (ref. 3 ) ] .  

According to these authors, 

The absence of any M6C may be because our steels were well 

The fine precipitates within the matrix of the modified steel were 

intimately associated with dislocations and with a substructure present 

within the laths of the tempered bainite. Although large numbers of 

dislocations were present in the matrix of the standard 2 1/4 Cr-1 Mo 

steel, the density was much less than that in the modified steel; also, 

the dislocations in the standard steel did not appear to be as intimately 

associated with the matrix precipitates. 
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The x-ray diffraction analysis of 

the modified steel to consist of M23Cg 

the extracted precipitates showed 

(-80%) and M7C3 (-20%). The M23Cg 

precipitate agrees with previous observations, l 4  although no M7C3 was 

observed in that study. Our analysis of the precipitates did not include 

determining their distribution in the microstructure (Fig. 6 )  relative to 
their morphology and size. Indications are that the large blocky precipi- 

tates are the M23Cg particles and that the M7C3 particles are the medium- 

size precipitate particles - primarily of an elongated rectangular shape. 
When the constitution diagrams for Cr-Mo-V steels are consulted, 

, 

the presence of M7C3 in these steels might be expected. 

0.25 V (-0.1-0.15% C) steel annealed 1000 h at 7OO0C, M7C3 and M4C3 (V4C3) 

are found; for this same heat treatment in an alloy with 1% Mo, M7C3 and 

MgC are found.3 The alloys used to construct the diagram3 differ from 

the V-Ti-B-modified 2 1/4 Cr-1 Mo steel; the latter alloy contains the 

strong carbide former titanium and does not approach equilibrium like an 

alloy that has been annealed 1000 h at 700OC. However, these diagrams 

indicate that the presence of M7C3 in such an alloy might be expected. 

Furthermore, if these diagrams apply, it would appear that the fine vana- 

dium carbide observed would be unstable. This instability could affect 

the long-term elevated-temperature mechanical properties. 

For a 2 1/4 Cr- 

A s  noted in the previous section, the dimensions of the lath structure 

of the tempered bainite of the modified steel were about those expected for 

upper bainite. Although the standard steel contained some indications of 

a lath structure, its dimension was up to an order of magnitude larger. 

These observations indicate that during the tempering of the modified 

steel the fine vanadium carbide forms on dislocations, thus locking in the 

upper bainite lath structure or locking in an elongated cell structure, 

which develops from the lath structure. In the standard steel, on the 

other hand, tempering apparently allows for an overall coarsening of the 

structure, probably because of the difference in the nature of the precipi- 

tation process that takes place when the matrix precipitates form. This 



coarser substructure for the standard steel superimposed on the originally 

coarser prior-austenite grain size undoubtedly plays a significant role in 

the difference in mechanical properties. 

The superior toughness of the modified steel after the quality heat 

treatment must be the result of the finer microstructure produced by that 

heat treatment. This was seen by optical microscopy, in which the prior- 

austenite grain size of the as-received steel was much coarser than that 

of the steel given the quality heat treatment (Fig. 2) .  The as-received 

steel is also stronger and therefore not as tough. The very fine precipi- 

tate and the substructure developed in the quality heat treatment also 

contribute to the superior toughness. 

A cursory TEM examination of the as-received steel revealed a very 

high-density of fine precipitate particles but gave little indication of 

a substructure or remnants of the original lath structure such as that 

observed after the quality heat treatment. 

mean that at the lower tempering temperature (650°C) much of the disloca- 

tion structure is "annealed out" before precipitate formation and stabili- 

zation, whereas at the higher tempering temperature (690°C) used in the 

quality heat treatment, more rapid precipitate growth quickly stabilizes 

that substructure. Another possibility is that the 950°C austenitization 

temperature during the quality heat treatment (as opposed to 1000°C for 

the first normalization treatment) is not high enough for all the fine 

vanadium carbide formed at the 650°C tempering temperature to dissolve. 

Thus, the remaining precipitates stabilize a dislocation structure in the 

bainite when the steel is tempered at 690°C. Much more TEM work would be 

needed to verify this. Although the finer microstructure of the modified 

steel undoubtedly leads to its superior toughness over the standard steel 

with the microstructure tested in the present study, it may be possible to 

develop a microstructure in the standard steel with toughness approaching 

that of the modified steel. 

This could be interpreted to 

The elevated-temperature strength of standard 2 1/4 Cr-1 Mo steel has 

been attributed to two processes: 

and precipitate dispersion strengthening, primarily by Mo2C (refs. 18 

and 19). The effect of these processes on the tensile and creep behavior 

interaction solid-solution hardening1 6-17 

. 
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has been discussed in some detail for a polygonal ferrite18-19 and a 

bainitic ferrite7’ microstructure. Because both these processes are 

felt to play a role in strengthening the V-Ti-B-modified 2 114 Cr-1 Mo 

steel, they are briefly discussed here. 

Interaction solid-solution hardening is a solid-solution-hardening 

effect attributed to the strengthening that results from the simultaneous 

presence in solution of substitutional and interstitial atoms with an 

affinity for each other (e.g., C and Mo or C and Cr in standard 2 114 Cr- 

1 Mo steel). A s  a result of this strong attraction, atom pairs or atom 

clusters form and subsequently interact with dislocations to form atmo- 

spheres. On the basis of results of studies on the ternary Fe-Mo-C and 

Fe-Cr-C alloys by Baird and Jamieson, interaction solid-solution- 

hardening effects were attributed to carbon-molybdenum interactions in 

2 1 / 4  Cr-1 Mo steel with a polygonal ferrite microstructure and to carbon- 

chromium interactions in the bainitic condition. 10’ l7 

Interaction solid-solution hardening can affect creep curve shape. 19 

The resulting curves have been classified as classical and nonclassical. 
Classical curves have primary, secondary, and tertiary creep stages. Non- 

classical curves have two steady-state stages. A primary and steady-state 

stage are followed by a stage with an increasing creep rate; instead of 

increasing to rupture, however, the rate again decreases, going into a 

second steady-state stage, which finally gives way to an increasing creep 

rate and rupture. One such curve was observed for the modified steel. 

For standard 2 1 / 4  Cr-1 Mo steel, it was concluded that for the first 

steady-state stage, creep is controlled by interaction solid-solution 

hardening. Eventually, precipitation removes the supersaturated solu- 

tion of interacting atoms, and the creep rate increases to a new steady 

state, in which creep is controlled by atmosphere-free dislocations moving 

through a precipitate field. 

The observation of a nonclassical creep curve for the V-Ti-B-modified 

steel indicates that interaction solid-solution hardening may also occur 

in that steel. Undoubtedly, the nature of the interaction solid-solution- 

hardening process in this steel is different from that observed in standard 
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2 114 Cr-1 Mo steel. For the modified steel, the strongest interaction 

between interstitial and substitutional solutes should occur between C 

and V and/or Ti, as opposed to C and Mo and/or Cr in the standard steel. 

The Fe-V-C and Fe-Ti-C alloys have not been studied as have Fe-Mo-C and 

Fe-Cr-C (ref. 16) .  

The observation that a large portion of the creep curve for the 

V-Ti-B-modified 2 114 Cr-1 Mo steel consisted mostly of an increasing creep 

rate (tertiary creep) is similar to observations on annealed 2 114 Cr-1 Mo 

steel.19 

interaction solid-solution hardening. l 7  

to nonclassical creep in which only the first steady-state stage was delin- 

eated. That is, the first steady-state stage was so long that the second 

steady-state stage was never observed; by the time the first steady-state 

stage was finished, the second steady-state stage was so short that it 

occurred by itself only over a period of time too short to permit identi- 

fication. Because the end of the second steady-state stage defines the 

proper start of the onset of tertiary creep,20 the time and strain to the 

onset of tertiary creep are underestimated. 

In that case the observation was explained as being caused by 

Such creep curves were attributed 

This same observation appears applicable for the V-Ti-B-modified 

2 114 Cr-1 Mo steel. 

was quite low (long rupture life) was the second steady-state stage identi- 

fiable. However, because in this study the test that displayed two steady- 

state stages (241 MPa at 482"C, Table 3)  was discontinued immediately after 

the second steady-state stage began, the amount of creep before the onset 

of the true tertiary creep stage was not determined. Nevertheless, this 

observation indicates that several percent more creep probably occurs before 

the onset of the true tertiary stage, in which the increasing creep rate 

denotes a structural instability (i.e., the formation of cracks, voids, or 

necking, which lower the specimen cross section and thus increase true 

stress). 

A s  with the previous results,20 only when the stress 

Interaction solid-solution hardening affects the tensile properties 

The of standard 2 114 Cr-1 Mo steel in addition to its effect on creep. 

effect is exhibited as a dynamic strain-aging peak when the ultimate 
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. 

tensile strength is plotted against temperature. O' l 7  

between 300 and 450"C, depending on the strain rate. 

noted for the standard steel in Fig. 9 ( a ) ;  the peak height for this steel 

becomes more pronounced as the strain rate is decreased.1° 

steel shows no indication of a peak at 2.7 x 10-4/s. 

a manifestation of the difference in the V-C and/or Ti-C interaction, as 

opposed to the standard steel, in which Cr-C and Mo-C interactions occur.1° 

According to carbide stabilities, V and Ti would be expected to interact 

more strongly with C than do Mo and Cr. The reduced dynamic strain-aging 

peak may be the result of a small supersaturation of vanadium and titanium 

relative to their carbides when the steel was cooled from the tempering 

temperature. Further studies are required to understand these differences. 

Such studies would prove worthwhile, for, if interaction solid-solution 

hardening under these conditions were understood in more detail, it could 

perhaps be applied in the further development of chromium-molybdenum steels. 

Although interaction solid-solution hardening is important to the 

The peak occurs 

A slight peak is 

The modified 

This is undoubtedly 

difference in tensile behavior and high-stress creep-rupture behavior of 

the modified and standard steels, the difference in long-time creep prop- 

erties depends on the difference in precipitate particle size and distri- 

bution in the two steels.17 

amount of time that interaction solid-solution hardening controls the creep 

process decreases. For such tests, dispersion strengthening by the fine 

vanadium carbide in the modified steel and molybdenum and chromium carbides 

in the standard steel determines the creep strength. 

4s the rupture life increases, the relative 

The difference in creep-rupture properties of the two steels becomes 

greatest at the lowest stresses (longest rupture times) (Fig. 14). This 

observation is similar to observations by Todd, Chung, and Parker on these 

same two ~tee1s.l~ 

modified steel and the standard steel that they tested;2 however, this 

difference was due to the different microstructures tested. 

Ishiguro et al. €ound a larger difference between the 

The finer distribution of small precipitate particles in the modified 

steel and the distribution on dislocations would be expected to improve 

the elevated-temperature strength of the modified steel relative to the 
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standard steel. In future studies it will be o f  interest to determine how 

this relative long-term elevated-temperature superiority is maintained, a 

determination that will require long-time tests and tests at higher tempera- 

tures. Such studies, which are beyond the scope of the present work, should 

be accompanied by detailed TEM studies. 

Previous work has indicated that the addition of chromium beyond 2.25% 

has no marked strengthening effect.21 

mium is to improve the oxidation and corrosion resistance of the steel (the 

chromium also increases hardenability). Therefore, for applications to 

55OoC the present work again demonstrates that it i s  unnecessary to add the 

9 to 12% Cr that is often used. 

The only reason for adding more chro- 

These observations may be useful to further develop this class of 

steels. For example, Tshiguro et al., interestingly, found that a 2 1/4 Cr- 

1 Mo steel with 0.1% C, 0.2% V, and 0.03% Nb (no boron) had tensile, creep, 

and impact properties comparable to or slightly better than the 0.1% 0 . 2 %  

V-4.02% Ti-0.002% B steel that they eventually chose to develop.2 The only 

negative comment on the niobium-strengthened steel was that it had insuf- 

ficient hardenability.2 

If this observation is coupled with the observation of Brozza, Vacchiano, 

and Renaldi that a 1 Cr-1 Mo-0.2 V-0.15 Nb-0.003 B steel had properties 

comparable to those of the modified 2 1/4 Cr-1 Mo and that of 

Sikka, Ward, and Thomas that a 9 Cr-1 Mo-0.2 V-0.06 Nb steel has proper- 
ties exceeding those with only vanadium added,23 one must conclude that 

there is considerable promise for developing a chromium-molybdenum steel 

with improved elevated-temperature properties (to 65OOC) by use of V and 

Nb for strengthening, B for hardenability, and about 5% Cr for oxidation 

resistance. 

However, this was the result of not adding boron. 

SUMMARY AND CONCLUSIONS 

Tensile and creep properties have been determined for a V-TI-B- 

modified 2 1/4 Cr-1 Mo steel (0.25% V, 0.02% Ti, 0.002% B). The results 

of the mechanical property determinations were compared with results on 
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standard 2 1/4 Cr-1 Mo steel. flowever, although previous investigators 

compared steels given similar cooling rates during a normalizing heat 

treatment, we compared steels having similar bainitic microstructures. 

The difference in microstructure in the Japanese studies was the result of 

the 0.002% B added to the modified steel. If the boron had been present 

in the standard steel, a similar hardenability and, hence, a similar basic 

microstructure should result. 

The results generally verified the observations of the Japanese 

investigators concerning the excellent impact properties and elevated- 

temperature strength of the modified 2 1/4 Cr-1 Mo steel. 

in the mechanical properties of the modified steel was attributed to a 

fine, relatively stable vanadium carbide precipitate that formed, pri- 

marily on dislocations, when the steel was normalized and tempered in 

accordance with the recommended procedure. This precipitate stabilizes a 

fine dislocation substructure within the bainite lath structure that devel 

oped during normalization, as opposed to the precipitate structure that 

forms in bainitic standard 2 1/4 Cr-1 Mo steel, which is much coarser and 

less stable. More work is required to understand the evolution of the 

carbides during elevated-temperature exposure. Ultimately, the evolution 

of the carbides will determine the usefulness of this steel at elevated 

temperatures. 

The improvement 
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