
@ W E L D I N G  R E S E A R C H  

SUPPLEMENT TO THE WELDING JOURNAL, JULY 1995 
Sponsored by the American Welding Society and the Welding Research Council 

Heat Treatment of Welded 13%Cr-4%Ni 
Martensitic Stainless Steels for Sour Service 

The roles of welding procedure, material composition and postweld 
heat treatment are examined in relation to producing the minimum 

hardness levels in the weld zone 

BY T. G. G O O C H  

Introduction 

For many years, the petroleum indus- 
try has employed martensitic stainless 
steels for wellhead and valve applica- 
tions, and increasing use has been made 
of 13%Cr-4%Ni alloys. This material 
type was originally developed as a cast 
alloy (e.g., ASTM A487/A487M-89a 
Grade CA6NM), especially for heavy- 
section water turbine components, and 
replacing the older 12% Cr cast steels to 
CA15 and similar specifications. The 
combination of a low-carbon content 
and the addition of 3.5 to 4.5% nickel 
produces a fine, lath martensite structure 
which, after a tempering heat treatment, 
can exhibit superior mechanical proper- 
ties. Thus, CA6NM and its forged variant 
ASTM A182/A182M-91 F6NM (UNS 
$41500 or $42400) find application for 
production fluids containing CO 2 and 
H2S, but it must be recognized that such 
alloy steels are potentially susceptible to 
sulfide stress corrosion cracking (SCC) in 
H2S environments (Ref. 1), particularly 
when hardening occurs, as is the case 
with fusion welds. 

Sensitivity to sulfide SCC increases at 
higher material hardness levels, and the 
NACE MR0175 (1993 revision) standard 
limits 13%Cr-4%Ni alloys to HRC 23 
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maximum for sour service. Attainment of 
such a hardness level requires careful 
consideration of tempering procedure. 
The presence of nickel depresses the A d 
temperature of the steel, and hence 
CA6NM is necessarily tempered at lower 
temperatures than employed for CA15 
(perhaps 620°C as opposed to 720°C). 
This retards the tempering reactions, and, 
depending on the precise steel composi- 
tion, may still involve a temperature in 
excess of the At1, with resultant partial 
reaustenization and subsequent harden- 
ing on coolout. 

Work by Nalbone (Ref. 2) showed that 
the NACE hardness l imit for CA6NM 
base metal was achievable with carbon 
contents below 0.03%, but this could re- 
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suit in tensile and yield strengths below 
those specified in ASTM A487/A487M- 
89a. Single- and two-stage heat treat- 
ments were examined, and, in this re- 
gard, Kane, et al. (Ref. 3), found the SCC 
resistance of CA6NM to be improved by 
double tempering (Ref. 2). An initial 
high-temperature heat treatment at per- 
haps 670°C (i.e., above the Ac 1) causes 
softening of untempered martensite but, 
at the same time, results in partial re- 
transformation to austenite. On cooling, 
the austenite reverts to fresh martensite, 
producing a mixed structure of tempered 
and untempered martensite. A second 
heat treatment is then carried out at a 
lower temperature, but high enough to 
produce sufficient tempering of the fresh 
martensite (ca. 600°C). With such a 
cycle, about 15 vol-% retransformed 
austenite is stable and does not transform 
to martensite at room temperature (Ref. 
4). 

Even with double tempering, experi- 
ence has shown that production of 
welded components in 13%Cr-4%Ni 
steels poses considerable difficulties in 
holding weld area hardnesses below the 
NACE maximum value of 23 HRC. For 
weld procedure qualification tests, the 
Vickers scale is frequently used, and the 
23 HRC limit is taken as equivalent to 
about 253 HV, following, for example, 
BS860: 1967. Difficulty in meeting such 
hardness maxima has arisen with both 
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Table 1 - -  Composition of Base Steel 

Element, wt-% 
Material Identity C S P Si Mn Ni Cr Mo V Cu Nb Ti AI O Co 

Pipe 0.025 0.012 0.026 0 .27  0.45 3.8 14.0 0.46 0.040 0 .06  <0.01 <0 .01  0.015 0.019 0.03 
(as-received) 

ASTM A182/A 0.05 0 .030  0.030 0 .60  0.5- 3.5- 11.5- 0.5 . . . . . . . .  
182m F6NM max max max max 1.0 5.5 14.0 1.0 

- I not specified. 
Heat treatment: 1035°C, 7 h, air cooled; 675°C, 3 h, air cooled; 605°C, 3 h air cooled. 

Table 2 - -  Range of Welding Conditions Employed 

Range of conditions 
Welding Number of Vol tage,  Cur rent ,  Travel Speed, Arc Energy 
Process Welds V A mm/min k J/ram 

SMA: single pass 5 19-26 145-150 195-245 0.83-0.95 
5 21-27 150-175 105-140 2.0-2.4 

GTA: single pass 2 8.8-9.2 145-150 90-100 0.81-0.86 
2 8.3-8.9 200-205 50-55 1.9-2.0 

SMA: multipass 5 19-21 145-150 220-230 0.79-0.85 
5 20-26 155-180 105-130 2.0-2.3 

GTA: multipass 2 8.6-8.9 145-150 95-100 0.75-0.80 
2 8.1-8.6 200-205 45-55 2.0-2.0 

cast and forged products, while weld de- 
posits of nominally matching composi- 
tion have consistently been found to be 
harder than the base metal (Refs. 2, 4, 5). 
Accordingly, the present investigation 
was carried out to examine the roles of 
welding procedure, material composi- 
tion and postweld heat treatment prac- 
tice, with the aim of defining conditions 
giving minimum hardness. 

Attention was paid to the base steel, 
weld metal and surrounding heat-af- 
fected zone (HAZ), although with an em- 
phasis on the final weld metal run, which 
was not tempered by subsequent beads 
and has given particular problems in 
practice. Representative base material 
was obtained and weld beads were de- 
posited using the shielded metal arc 
(SMA) and gas tungsten arc (GTA) 
processes, with a number of consumable 
compositions and under varying welding 
conditions. Single and double heat treat- 
ment cycles were employed, and Vickers 
hardness was determined, which was re- 
lated also to Rockwell scale measure- 
ments. 

Exper imenta l  P rocedure  

Sample Preparation 

The base metal was pipe prepared to 
the F6NM specification, with 250-mm 
(10-in.) OD and 25-mm (1-in.) wall  
thickness, and supplied in the double - 
tempered condition. The composition is 
given in Table 1, with the reported heat 
treatment procedure. Major elements 
were analyzed by x-ray fluorescence. 

Carbon and sulfur were determined by 
combustion in oxygen, and oxygen and 
nitrogen by inert gas fusion. 

Shielded metal arc and GTA consum- 
ables were obtained from commercial 
manufacturers to cover a range of the 
major alloying elements identified by the 
specification, viz. carbon, chromium, 
nickel and molybdenum. All SMA elec- 
trodes were of 4-mm (0.16-in.) diameter, 
and the GTA wires were 1.6 (0.063 in.) 
and 2.4-mm (0.125-in.) diameter. 

Single run bead-on-plate welds were 
deposited along the base metal pipe. In 
addition, multipass deposits were pro- 
duced in a groove of 20-mm (0.8-in.) 
depth and 70-deg included angle, to ob- 
tain different dilution levels and hence 
deposit composition. To obtain weld- 
ments which had experienced relatively 
short or extended thermal cycles, beads 
were deposited nominally either at 0.8 
kJ/mm (20 kJ/in.) with 100°C (212°F) pre- 
heat or at 2 kJ/mm (51 kJ/in.) with 150°C 
(302°F) preheat and interpass. A total of 
28 welds was produced. The range of 
welding conditions for individual runs is 
given in Table 2. 

Heat Treatment 

Transverse slices, approximately 10 
mm thick, were cut from each test bead 
and heat treated to cover a range of 
PWHT cycles. Single and double tem- 
pering were carried out. In the former 
case, samples were heated to 580 ° , 600 ° 
or 620°C (1076 °, 1112 °, 1148°F) for ei- 
ther 10 or 20 h. For double tempering, 
the first cycle was at 650 °, 670 ° or 690°C 

(1202 °, 1238 °, 1274°F) for 10 h, with a 
second cycle at 600 ° or 620°C for 20 h. 
The intermediate temperature between 
cycles was 0 °, 20 ° or 150°C (32 °, 68 °, 
302°F). Throughout, heating and cooling 
rates were held at a nominal 200°C/h 
(392°F), whi le temperature was moni- 
tored and controlled by direct attach- 
ment of thermocouples to the specimens. 

Hardness Measurement and Examination 

Hardness measurement was carried 
out mainly using a Vickers machine with 
10-kg indenting load. Hardness of the 
final weld metal run deposited was mea- 
sured on sections from all as-welded and 
heat-treated samples. Vickers hardness 
was also determined on the base steel 
and on the heat-affected zone (HAZ), 
corresponding to the final run for both 
arc energies, after all heat treatment cy- 
cles. Rockwell C scale hardness mea- 
surements were performed on the base 
metal and heat-treated weld metals, giv- 
ing a range of Vickers hardness. 

Optical metallographic examination 
was carried out on as-welded and heat- 
treated samples. Chemical analyses were 
undertaken on the final deposited weld 
metal runs, as well as for the base metal. 

Results 

Material Analyses and Microstructure 

The base steel met specification re- 
quirements except for manganese and 
molybdenum - -  Table 1. Both of these 
elements were slightly low, but this dis- 
crepancy was not considered significant 
for the present study. 

The compositions of the different con- 
sumables used are illustrated by Table 3, 
corresponding to the lowest di lut ion 
samples produced. These generally com- 
ply with the base metal specification re- 
quirements, although variations can be 
noted. The GTA wire F gave a silicon 
content above the base steel maximum of 
0.6%, while wire G had a manganese 
level below the 0.5% minimum. De- 
posits made using SMA consumables C 
and D, and both GTA wires F and G, were 
below the specified minimum molybde- 
num content of 0.5%. The chromium and 
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Table 3 - -  Compositions of 0.8kJ/mm Heat Input Multipass Weld Metals 

Consumable Welding 
designation process C S P Si Mn 

A SMA 0.021 0 . 0 0 8  0.007 0.30 0.87 
B SMA 0.030 0.010 0.010 0.35 0.89 
C SMA 0.037 0 . 0 0 6  0.021 0.17 0.55 
D SMA 0.046 0 . 0 1 2  0.012 0.55 0.73 
E SMA 0.036 0.010 0.021 0.52 0.67 
F GTA 0.014 0 . 0 0 7  0.010 0.65 0.53 
G GTA 0.005 0.006 0.018 0.13 0.46 

Element, wt % 
Ni Cr Mo V 

4.46 12.6 0.59 0.03 
4.57 12.3 0.60 0.02 
3.51 12.9 0.47 0.03 
4.47 13.0 0.48 0.03 
4.42 12.3 0.60 0.03 
5.01 13.5 0.44 0.03 
4.93 12.8 0.37 0.02 

Cu Ti Co N 

0.03 <0.01 0.02 0.013 
0.03 <0.01 0.02 0.015 
0.05 0.01 0.02 0.027 
0.03 0.01 0.02 0.012 
0.02 0.02 0.03 0.021 
0.03 <0.01 0.04 0.016 
0.05 <0.01 0.03 0.024 

nickel contents of all deposits were 
within specification limits, whi le carbon 
content varied from 0.005 to 0.046% and 
nitrogen from 0.010 to 0.027%. 

A summary of the total weld metal 
compositional range obtained is given in 
Table 4. A spread of deposit analysis was 
achieved, although it is noted that no 
samples were of a minimum chromium 
level or of maximum nickel and molyb- 
denum contents. Notwithstanding the 
above variations from the base metal 
composi t ional  requirements, the de- 
posits were produced using commercial 
consumables, and thus should reflect the 
practical situation. 

Base metal and HAZ microstructures 
are shown in Fig. 1. The as-received steel 
showed a martensit ic matrix wi th  
roughly 5 to 10% retained delta ferrite. 
Some delta ferrite was evident also in the 
HAZs and in most as-deposited weld 
metal samples (Fig. 2). Following single - 
cycle heat treatment, all samples dis- 
played a normal tempered martensite 
structure, with the ferrite phase being less 
well  defined (Fig. 3A and 3B). This was 
observed also with double-cycle samples 
having an intermediate cooling to 0°C. 
Samples cooled only to 150°C, and to a 
lesser extent those to 20°C, displayed ir- 
regular light etching islands, apparently 
untempered martensite, after the f inal 
620°C cycle, whi le the matrix lath struc- 
ture was wel l  defined giving a pearlitic 
appearance at high magnification - -  Fig. 
3C. 

Hardness Results 

General comments 

Representative Vickers hardness mea- 
surements are shown in Table 5 in terms 
of the maximum, minimum and average 
values. The total spread observed was 
from over 400 H V l 0  to be low 240 
HVl 0. However, as indicated by Table 5, 
the range for a single sample was fairly 
small, say 10-15 HV points, the greatest 
variat ion being noted for as-welded 
specimens, especially HAZs. 

As-welded Condition 

The hardness data for the various test 
beads were related to composition by lin- 
ear regression analysis, as in Table 6. The 
only element having a clear and constant 
effect on hardness was carbon, increas- 
ing carbon giving higher hardness - -  Fig. 
4. As-deposited hardness was not consis- 
tently influenced by any other elemental 
factor, including nitrogen - -  Fig. 5. From 
Fig. 4, as-deposited weld metal hardness 
was not affected by the welding condi- 
t ions employed nor by the weld ing 
process. 

Single Postweld Heat Treatment Cycle 

After heat treatment, weld metal hard- 
ness again increased with carbon level, 
but the results showed much more scat- 
ter than for the as-welded condit ion - -  
Fig. 6A. Generally, hardness decreased at 
higher PWHT temperatures over the 
range studied (Fig. 6B and 6C), but, with 
a 20-h cycle, hardness of the higher car- 
bon deposits was lower after 600°C than 
620°C treatment. For both HAZ and weld 
metal, heat treatment reduced hardness 
relative to the as-welded situation, the 
shift being greater wi th higher original 

Table 4 -  Weld Metal Compositional Range 
Obtained 

Range, wt % 
Element SMA GTA 

C 0.017-0.046 0.005-0.020 
Cr 12.3-13.3 12.7-13.9 
Ni 3.51-3.53 4.20-5.01 
Mo 0.45-0.62 0.36-0.44 
N 0.010-0.027 0.015-0.024 
Si 0.15-0.55 0.13-0.65 
Mn 0.49-0.89 0.46-0.53 

hardness (Fig. 7) and with higher carbon 
content in the weld deposit (Fig. 8). 

The best-fit lines in Fig. 8 indicate the 
hardness reduction at high-carbon con- 
tents to be greater after 600°C than 
620°C PWHT, especially for 20-h cycles. 

The hardness data were related to a 
Hollomon-Jaffe parameter, P, as in Fig. 9: 

P = T (20 + log t) x 103 

where T = heat treatment temperature 
(K), t = heat treatment time (h). 

There was considerable variation in 
the behavior of indiv idual  welds, but, 
taking all weld deposits to represent a 
single population. Figure 9A presents av- 

Fig. 1 - -  A - -  Base metal microstructure, electrolytic 142504 etch, 200X; B - -  fusion boundary 
and HAZ microstructure, electrolytic H2SO 4 etch, 125X. 
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Fig. 2 - -  A - -  As-deposited 5MA weld metal microstructure, 0.8 kJ/mm, 0.024%C, picral etch, 
200X; B i as-deposited GTA weld metal microstructure, 0.8 kJ/mm, 0.016%C, picral etch, 200)(. 

erage hardness values for each heat treat- 
ment condition. While hardness de- 
creased at higher P values, an inflexion is 
evident at a P value of about 18.8. From 
examination of the results, they could be 
divided on the basis of carbon content. 
As shown in Fig. 9B, low-carbon deposits 
displayed consistent reduction in hard- 
ness as P increased. In contrast, the, 
higher carbon weld metals showed a 
minimum hardness as indicated in Fig. 
9A. 

Double Postweld Heat Treatment Cycle 

Application of an initial heat treat- 
ment at 650 ° to 690°C before tempering 
at 600 ° to 620°C induced a change in 
weld metal hardness. However, hardness 

did not invariably fall relative to that ob- 
tained with a single PWHT cycle, as 
shown in Fig. 10 for a second heat treat- 
ment at 620°C. Using an intermediate 
cool to 0°C, the final hardness was gen- 
erally reduced by application of double 
heat treatment, but was actually in- 
creased with intermediate cooling only 
to 150°C. Further, initial heating to 
650°C gave the maximum reduction in 
hardness, with hardness gain being most 
evident using an initial cycle at 670°C. 
Similar trends in hardness change were 
observed also for the base metal and 
HAZ data (Table 7). 

Figure 10A indicates that, given 0°C 
intermediate cooling, softening from a 
two-stage heat treatment was most 
marked for deposits that were hardest 

after a single cycle. This was the case for 
tempering at both 600 ° and 620°C, as in- 
dicated in Fig. 11. 

Weld metal hardness levels recorded 
after double postweld heat treatment are 
plotted in Fig. 12 against carbon content. 
The high final hardness levels observed 
for an initial cycle at 670°C are evident, 
particularly with intermediate cooling to 
20 ° or 150°C when hardness was consis- 
tently over 300 HV 10 1 Fig. 12C and D. 
Using an initial cycle at 650°C, final 
hardness increased slightly with carbon 
content, but this was not evident for 670 ° 
or 690°C PWHT cycles employing a 
1 50°C intermediate stage - -  Fig. 12D. 

Hardness Correlations 

The results of Rockwell hardness 
measurements are plotted against Vick- 
ers hardness in Fig. 13. In principle, the 
Rockwell C scale is limited to a minimum 
of 20 HRC, but, to aid location of the 
lower end of the correlation, values are 
shown down to a measured Rockwell 
hardness of 18.5 HRC. Although there is 
some overlap of data, the weld metals 
displayed rather higher Vickers hardness 
at a given Rockwell level than was the 
case for the base metal. 

Discussion 

As-Welded Condition 

It is generally considered that the 
major factor determining the hardness of 
martensite is the carbon content, since 
this controls the lattice dilation, and, in 
large part, whether transformation occurs 

Fig. 3 - -  A 1 5MA weld metal microstructure, tempered at 620°C/20 h, 2 kJ/mm, 0.031%C, picral etch, 200X; B - -  5MA weld metal microstruc- 
ture, tempered at 620°C/20 h, 2 kJ/mm, 0.031%C, picral etch, 1000X; C - -  SMA weld metal microstructure, tempered at 670°C/10 h, 150°C, 620°C/20 
h, 2 kJ/mm, 0.031%C, picral etch, 1000X. 
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to give a slipped or twinned product. 
Thus, in the present ful ly hardenable 
13%Cr-4%Ni material, it would be ex- 
pected that hardness of the as-welded 
structure developed at welded joints wil l  
depend mainly on carbon content, as ex- 
emplified by Fig. 4, and indeed, while 
substitution elements wil l  play a role in 
determining the absolute level of marten- 
site hardness, the range of element con- 
tents in the present materials is too small 
to have a readily discernible effect. Other 
investigators have found that nitrogen 
does not have a directly similar effect to 
that of carbon in determining hardness 
(Ref. 5), and the present findings are con- 
sistent with this view - -  Fig. 5. 

Given cool out to room temperature 
following welding, with subsequent vir- 
tually complete transformation, it can be 
argued that welding conditions wil l  in- 
fluence hardness only via autotempering 
during the cooling cycle. It would seem 
that autotempering is fairly minor at the 
present low carbon levels, since there 
was no clear evidence that higher arc en- 
ergy and preheat temperature, with at- 
tendant slower cooling, produced any 
major influence on the final deposit hard- 
ness - -  Fig. 4. 

Single-Cycle Postweld Heat  Treatment 

The hardness results for all weld met- 
als were examined using multiple regres- 
sion analysis to relate hardness to com- 
position for each heat treatment cycle 
employed. In a number of cases, fairly 
high multiple correlation coefficients 
were obtained, but there was no consis- 
tent trend in the resultant elemental co- 
efficients between the different heat 
treatment data sets. Not only did the 
magnitude of the coefficient vary consid- 
erably, but so also did the sign. The only 
exception to this inconsistent effect on 
hardness was carbon, as illustrated in Fig. 
6. It must be assumed that overall com- 
position wi l l  affect hardness after heat 
treatment, both by determining the rate 
and extent of tempering reactions, and by 
influencing the Acl temperature; how- 
ever, no consistent influence of substitu- 
tion elements was observed, indicating 
that, for the elemental ranges studied, 
their effect on hardness after single cycle 
heat treatment is secondary to that of car- 
bon. 

As would be expected, the hardness 
drop on PWHT was greatest with high 
carbon levels and high as-welded hard- 
nesses. Overall, reduction in carbon 
gave decreased hardness after PWHT, al- 
though the slopes of the carbon-hardness 
plots were less than for the as-deposited 
data. 

Accepting scatter in the results, hard- 

Table 5 - -  Weld  Metal  Hardnesses of 0.8 kJ/mm Multipass Welds: Single-Cycle PWHT 

Hardness +, HV10 
580°C, 600°C, 620°C, 

Consumable type A~welded 10 h 10 h 10 h 

A 330-314 294-292 292-258 279-258 
321 292 287 268 

B 397-366 294-283 287-283 283-262 
379 290. 285 273 

C 397-383 279-268 268-262 279-245 
389 273 264 263 

D 420-420 309-306 309-304 297-281 
420 307 306 290 

E 387-370 302-299 285-281 292-281 
379 300 285 288 

F 342-325 290-283 283-276 268-258 
324 287 281 262 

G 333-325 264-258 268-251 272-271 
325 261 258 272 

max-min 
+ presented as 

moan 

Table 6 - -  Results of Regression Analysis of  Hardness of  As-Deposited Weld  Meta l  

A r c  
Energy, 
kJ/mm Constant 

0.8 514.8 
2.0 102.9 
All welds 134.03 

Regression Coefficients 

%C %Si %Mn %Ni %Cr %Mo %V %N 

3005 17.5 -36.2 -4.3 -5.2 -82.2 -2831 -634.3 
1938.6 8.5 113 12.6 0.4 8.2 1081.5 2464.1 
2735.2-19.1 -8.34 23.87 1.53 47.63 -7.17 1162.8 

Correlation 
Coefficient, R 

0.9924 
0.982 
0.922 

ness of low-carbon weld metals de- 
creased monotonically with increasing 
Hollomon-Jaffe parameter, P, indicating 
progressive tempering - -  Fig. 9. This was 
not the case for higher carbon deposits. 
While the magnitude of the hardness 
change is small, at high P values an ad- 
ditional reaction evidently took place. 
This is most likely to involve partial 

reaustenization and formation of virgin 
martensite on cool out, i.e., the material 
Acl temperature was exceeded at 620°C, 
at least locally, possibly in association 
with segregation of alloying elements re- 
maining from solidif ication. In most 
cases, PWHT at 620°C for 10 h served to 
reduce hardness relative to 600°C, but 
extending the time to 20 h sometimes in- 

i i F 0 0.8 kJ/mm welds " 

0 0 .02  0 . 0 4  

% CoJ'bon 

I 
440 . . . .  I . . . .  I . . . .  I ' I,-l [ 

oii ° ° o  o ^°o o 
I  ol- o 41 

2 0 0  • . .  , . . . .  i . . . .  , , , 

I ao,o doe o.o  o.ozs I 

Fig. 5 - -  Max imum as-welded weld metal hard- 
ness vs. nitrogen content. 

Fig. 4 - -  Max imum as-welded weld metal 
hardness vs. carbon content. 
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Fig. 7 - -  Max imum as-welded weld metal  hardness against measured hardness reduct ion after single- 
cycle PWHT. Best-fit lines. A - -  I 0  h; B - -  20 h. 

duced a higher hardness, especially for be low, ca. 550°C, and that discernible 
the higher carbon deposits - -  Fig. 9B. hardening after a heat treatment occurs 
This implies either sluggish austenite re- only when the Acl is exceeded by a tem- 
formation at 620°C or that the longer perature interval sufficient to induce 
heat treatment time destabilized the some 20% austenite. This view follows 
austenite relative to martensitic transfor- other work, notably by Leymonie, et  al. tures were within this range. 
mation on cooling. The hardness in- (Ref. 6), and Kulmburg, e t a l .  (Ref. 7), al- 
crease after 20 h heat treatment is un- though both these studies involved steels 
likely to be due to secondary hardening containing 5 to 6%Ni, as opposed to the 
from carbide formation, since this time present 4%Ni. Bartoli (Ref. 8) com- 
should cause overaging of alloy carbides, mented on the extreme sensitivity of the 
while, accepting the presence of microstructure of 13%Cr-4%Ni steels to 
chromium and molybdenum, the levels small changes in analysis and heat treat- 
of other carbide-forming elements (vana- ment, suggesting that the Acl point could 
dium, niobium and titanium) were low. be about 620°C (Ref. 7), and unfortu- 

Fischer and Larson (Ref. 4) pointed nately a reliable relationship between 
out that the Acl of 13%Cr-4%Ni steel can composition and Acl does not seem to 

Fig. 6 - -  Max imum hardness vs. carbon content for single-cycle PWHT weld metal samples. A - -  Data for 580°C at 10 h, with best-fit l ine; B - -  

have been produced for these al- 
loys. Thus, further study of the ten- 
dency for 13%Cr-4%Ni steel to un- 

reaustenization during 
tempering heat treatment cycles re- 

necessary. Nonetheless, 
while individual weld metals may 
show greatest softening after 20 h at 
620°C, Fig. 9 indicates that overall 
lowest hardness wil l most often be 
produced by tempering for a shorter 
time, or at a temperature nearer 
600°C, although, for practical pur- 
poses, the variation in final hardness 
over this temperature range is negli- 

Double-Cycle Postweld Heat Treatment 

Two points can be made re- 
garding the two-stage heat treatment 
operation. First, to obtain minimum 
hardness, there is benefit in cooling 
to 0°C between the heating cycles. 
In fact, the reduction in hardness rel- 
ative to a 20°C intermediate cool is 

remarkable, indicating substantially 
more transformation to martensite at the 
lower temperature, and implying that, for 
the materials studied, the Mf tempera- 

Second, it is clear that an initial heat 
treatment can actually give a higher final 
hardness after a second heat treatment 
than with a single cycle alone. The effect 
was most pronounced with a first cycle at 
670°C, and in some cases the final hard- 
ness was as high as in the as-welded con- 
dition. This marked hardening, together 
with the fact that hardness was not de- 
pendent on carbon (at least for 670°C 
and 690°C cycles, as in Fig. 12) indicates 
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that the final hardness was deter- 
mined by the formation of appre- 
ciable amounts of martensite on 
cooling from the second stage at 
620°C (or 600°C). In effect, the ini- 
tial heat treatment "conditioned" 
the material in terms of its transfor- 
mation behavior during the second 
cycle. 

This must reflect 1) the amount 
of austenite produced during the 
first cycle that is retained on cool 
out, 2) the composition of the first 
cycle austenite, especially in terms 
of Cr, Ni and C (Ref. 6), and 3) the 
degree to which the austenite is 
destabilized during the second 
cycle by M23C 6 precipitation. 
Hence, the singular effect of a 
670°C treatment will be to induce 
the maximum amount of austenite 
that is stable prior to the 620°C 
stage (possibly 50%) (Ref. 6), the 
final hardness being largely deter- 
mined by the volume fraction of 
low-carbon virgin martensite. With 
intermediate cooling to only 
150°C, and greater austenite reten- 
tion, there may also be a contribu- 
tion to the final hardness from some 
isothermal transformation after 20 
h at 620°C. 

The hardness increase manifest 
for a 670°/20°/620°C cycle in Fig. 
12C is not consistent with work by 
Kane, et al. (Ref. 3), on base metal, 
who found a 677°/20°/607°C treat- 
ment to give softening relative to 
single tempering at 607°C. These 
authors do not give the times at 
temperature, but the reason for the 
disparity is not clear. It is not due to 
a difference between base metal 
and weld deposits, as shown by 
Table 7. Kane, et al., used material 
of fairly high carbon content 
(0.06-0.08%), and it may stem 
from variations in transformation 
temperatures, both Acl and Ms. Ev- 
idently, selection of an optimum 
temperature for the first stage of 
double-cycle tempering must be ap- 
proached with caution, and, in the con- 
text of achieving minimum hardness (and 
optimum SCC resistance), the benefit of 
intermediate cooling to 0°C must be 
noted. 

Hardness Correlations 

The Rockwell and Vickers hardness 
data are plotted in Fig. 13 in terms of both 
maximum and average results for a sin- 
gle sample. The two sets appear to form 
part of the same population. Figure 13 
also shows correlations for 13%Cr-4%Ni 
materials from other sources, the Fisher- 
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Fig. 8 - -  Weld metal  carbon content against measured hardness reduct ion after single-cycles PWHT. A 
- -  1 0 h ; B - - 2 0 h .  
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Larson (Ref. 4), Hays-Patrick (Ref. 8) and 
Sherman-Nalbone-Scott (Ref. 5) results 
having the original Brinell measurement 
converted to the Vickers scale using BS 
860:1967. 

Neither the base metal nor the weld 
metal results, or those from the other 
sources in Fig. 13, are described by the 
ASTM E140-88 hardness scale conver- 
sion, and this correlation is evidently in- 
appropriate for 13%Cr-4%Ni materials. 
Similar comment can be made for the BS 
860:1967 Rockwell-Vickers curve for 
steels. Even the base metal data lie on the 
high Vickers side of the Fisher-Larson re- 

lationship (Ref. 4). These authors do not 
give the origin of the correlation cited in 
their work. The apparent discrepancy 
could indicate a difference between cast 
and wrought products, but this is unlikely 
since the present data on forged steel fall 
in the same area as the Hays-Patrick and 
Sherman-Nalbone-Scott results on cast 
materials. 

The present results fall in a similar po- 
sition to those from Sherman, et al., and 
Hays and Patrick. At higher hardnesses, 
the weld metal results deviate from the 
curve derived by Hays and Patrick from 
a direct round-robin hardness measure- 
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Fig. I 0 - -  Maximum weld metal hardness after single PWHT of 620°C, 20 h, against measured Vickers hardness reduction after double- cycle PWHT, 
the final stage also being 620°C at 20 h. A - -  0°C intermediate cool; B - -  20°C intermediate cool; C - -  150°C intermediate cool. 

ment program on cast 13%Cr-4%Ni 
steels. Nevertheless, up to 30 HRC there 
is reasonable agreement between the 
two studies, and, while the scatter of the 
present data must be noted, it would 
seem that below this l imit the Hays- 
Patrick relationship can be employed for 
13%Cr-4%Ni materials to convert Rock- 
well hardness to the Vickers scale and 
vice versa, at least for castings and weld 
metals. 

Practical Implications 

A feature of the hardness data gener- 
ated in this study is that the majority of 
the maximum HV levels recorded are 
above 253 HV, which would normally be 
taken as equivalent to Rockwell 23 HRC 
from BS 860: 1967. This is the case, 
moreover, for a range of deposit compo- 
sitions and postweld heat treatment con- 

ditions, and the program thus effectively 
underlines the difficulty experienced by 
industry (Ref. 10) in meeting the 23 HRC 
maximum limitation as commonly de- 
rived from Vickers measurement. 

However, the ASTM E140-88 and BS 
860:1967 Rockwell-Vickers correlations 
are clearly not applicable to 13%Cr- 
4%Ni materials, and, if the Hays-Patrick 
relationship is accepted, the NACE limit 
of 23 HRC can be taken as equivalent to 
275 HV. In this case, there is a much bet- 
ter prospect of meeting the specification 
requirement. Final hardness was not in- 
fluenced by welding conditions or 
process over the range studied, and 
viewed overall, the results indicate that 
the following measures should be pur- 
sued to achieve weld metal hardness 
below 275 HV: 

1) The material carbon content should 
be reduced as far as possible (provided 

that specified strength levels can be main- 
tained). Results from single and double 
PWHT cycles giving lowest hardness are 
shown in Fig. 14. Using a single cycle, 
carbon should be below about 0.02% for 
the greatest chance of meeting a 275 HV 
maximum criterion, whereas up to 0.03% 
appears tolerable for a double cycle with 
intermediate cooling to 0°C. 

2) The present results suggest that 
maximum softening can be obtained at 
600-620°C for most materials, but the 
time at higher temperature in this range 
must not be too long. More especially for 
higher carbon materials, 600°C for 20 h 
may give more reliable attainment of low 
hardness, although a preference for 
605°C (1121 °F) will be noted from Amer- 
ican work (Refs. 4, 10). 

3) Lowest hardness can be obtained 
with a double temper treatment, at least 
for high-carbon weld m e t a l s -  Fig. 10. 

Table 7 - -  Base (BM) Melal and HAZ Hardness after Final Heat Treatment at 620°C for 20 h, HV10 

Region 

BM 262-251 243-242 242-230 
255 243 237 

HAZ, 351-304 270-266 260-254 
0.8 kJ/ ' 333 268 257 
mm 

HAZ, 360-357 262-260 272-258 
2 kJ/mm 358 261 267 

Condition 
Double Cycle 

Intermediate Cool to 0°C Intermediate Cool to 2 0 ° C  Intermediate Cool to 150°C 
As-welded Single cycle 650°C, 10h 670°C, 10h 690°C, 10h 650°C, 10h 670°C, 10h 690°C, 10h 650°C, 10h 670°C, 10h 690°C, 10h 

254-247 233-230 240-238 304-299 247-240 276-264 276-274 270-260 
250 231 239 301 243 268 275 266 

262-252 262-258 260-251 317-302 254-247 285-270 306-297 302-287 
255 261 256 309 250 275 300 293 

245-240 254-251 262-256 306-302 249-247 276-264 306-285 302-287 
243 252 260 304 248 268 297 290 
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Fig. 11 - -  Hardness difference between single- 
and double-cycle PWHT. Single cycle: 20 h at 
600°C or 620°C; double cycle: 10 h at 670°C, 
cool to 0°C, 20 h at 600 ° or 620°C. 

However, the temperature for the first 
cycle should be held fairly low, say 
650°C, while intermediate cooling to 0°C 
is strongly preferred - -  Fig. 10A. Indeed, 
subzero cooling to promote complete 
transformation to martensite may well 
give an even better response to temper- 
ing, and could be considered directly 
after welding, prior to a single heat treat- 
ment cycle. Double tempering does not 
necessarily guarantee that a 275 HV max- 
imum will be achieved. Higher carbon 
deposits, of higher original hardness, may 
still exceed this value, as indicated by Fig. 
14. The data in Fig. 12 suggest that use of 
a midrange temperature of 670°C for the 
first cycle can increase the final hardness. 
In principle, therefore, higher or lower 
temperatures are to be recommended, 
but it will be noted that material of com- 
position outside the present range may 
show rather different behavior. 

The present observations are consis- 
tent with those of other workers (Refs. 
3-8), especially in indicating the fine bal- 
ance that must be struck between achiev- 
ing a temperature high enough to give 
tempering, but not inducing too much 
austenite formation, which will revert to 
virgin martensite on cool out. It is, thus, 
unfortunate that it is not possible to pre- 
dict the A d temperature from material 
composition with any confidence at the 
present time. This work shows the role of 
composition to be complex, and further 
study of the transformation behavior of 
commercial 13%Cr-4%Ni steels and 
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weld metals is required, in terms of both 
the Acl and Ms/Mf temperatures. Since 
nickel in particular is recognized as a 
strong depressant of the Acl point, con- 
sideration could well be given to the use 
of consumables of fairly low nickel level 
to obtain effective tempering and low 
hardness, assuming that adequate de- 
posit toughness can be maintained. 
Loveless, et  al. (Ref. 10), observed that 
lower hardness could be more readily 
obtained with molybdenum-free steel. 
This approach would necessitate atten- 
tion to corrosion behavior, but could be 
viable for most sour service conditions. 

In principle, lower hardness can be 
obtained with extended heat treatment 
times at temperatures of 600°C. How- 
ever, this may cause unacceptable loss in 
tensile properties, especially yield 
strength (Ref. 4). 

Summary and Conclusions 

Work has been carried out to clarify 
factors influencing the final hardness 
achieved at welded joints in 13%Cr- 
4%Ni steels. Bead-on-plate and bead-in- 
groove welds were produced using the 
SMA and GTA processes under high and 
low arc energy/preheat conditions. Dif- 
ferent consumables were employed to 
obtain a range of deposit composition 
within that likely to be encountered by 
industry. Vickers and Rockwell hardness 
measurements were carried out on the 
base metal, HAZs and weld deposits, 
both as-welded and after single and dou- 
ble postweld heat treatment cycles. The 
following conclusions were reached: 

1) The work confirms the practical dif- 
ficulty in meeting a maximum hardness 

limit of 253 HV, taken as equivalent to 23 
HRC from ASTM E140-88 and BS 860: 
1967. However, it is concluded that 23 
HRC is equivalent to 275 HV for 13%Cr- 
4%Ni materials, and this limit can gen- 
erally be met by appropriate control of 
material composition and heat treatment 
schedule. 

2) The major compositional factor de- 
termining hardness was carbon content. 
Higher hardness was associated with in- 
creased carbon contents, both as-welded 
and following postweld heat treatments, 
although the effect of carbon was least 
with double PWHT cycles. 

3) Hardness was not consistently re- 
lated to any other single element, in- 
cluding nitrogen. 

4) As-welded HAZ and weld metal 
hardness was reduced by single postweld 
heat treatment at 580 to 620°C. Mini- 
mum hardness was generally achieved 
following heat treatment at 600°C/20 h 
or 620°C/10 h; hardness tended to in- 
crease for higher carbon (>0.03%) de- 
posits on extending PWHT time at 620°C 
to 20 h. 

5) Further decrease in hardness could 
be obtained with a double postweld heat 
treatment cycle. However, to obtain 
maximum softening, it was essential for 
the intermediate temperature between 
heat treatment stages to be as low as pos- 
sible. Cooling to 0°C gave significantly 
lower hardness than cooling only to 
room temperature. Final hardness was 
decreased by use of a lower temperature 
for the first cycle, within the range of 650 
to 690°C. 

6) The results did not indicate that 
welding process, arc energy or preheat 
temperature had a significant effect on 

the final HAZ or weld metal hardness 
levels achieved, either as-welded or 
after postweld heat treatment. 

7) The ASTM E140-88 and BS 
860:1967 RockwelI-Vickers hard- 
ness correlations for wrought steels 
were found to be inapplicable to 
13%Cr-4%Ni materials. Up to 30 
HRC, the present weld metal results 
were consistent with a Rockwell- 
Vickers hardness relationship de- 
rived following Hays and Patrick. 

8) The present results and the 
Hays-Patrick data indicate that, for 
13%Cr-4%Ni steels, the NACE hard- 
ness limit of 23 HRC is equivalent to 
275 HV. 

9) To hold weld area hardness 
below 275 HV, the materials should 
be of minimum carbon content, with 
final temper at 600 to 620°C but not 
for excessive times. Lower hardness 
can be obtained with a double heat 
treatment, with an intermediate cool 
to 0°C being recommended. With a 

double PWHT cycle, carbon levels sub- 
stantially below 0.03% are not of partic- 
ular benefit. 
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