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ABSTRACT. Two dissimilar weldments 
between 9Cr- lMo and 2.25Cr-1Mo 
ferritic steels have been characterized 
for their microstructural stability during 
various postweld heat treatments 
(PWHTs). The samples for the inves- 
tigation were extracted from bead-on- 
plate weldments made by depositing 
2.25Cr-1Mo weld metal on 9Cr- lMo 
base plate and vice versa. Subsequent 
application of PWHT resulted in the 
formation of a soft zone in the low Cr 
ferritic steel weld or base plate. A 
carbide-rich hard zone, adjoining the 
soft zone, was also detected in the 
high Cr side of the weldment. Unmixed 
zones in the weld metal provided 
additional soft and hard zones in 
the weld metals. The migration of 
carbon from Iow-Cr steel to high-Cr 
steel, driven by the carbon activity 
gradient, has been shown to be 
responsible for the formation of soft 
and hard zones. A carbon activity 
diagram for 2.25Cr-1Mo/9Cr-1Mo 
weldments has been proposed to aid in 
the selection of welding consumables 
for reducing or preventing the soft zone 
formation. 

Introduction 

The Cr-Mo ferritic steels are uni- 
versally employed in the fabrication of 
steam generators for thermal and nuclear 
power plants. Recent global trends to 
enhance the efficiency of power gen- 
eration have resulted in increased de- 
mand for Cr-Mo ferritic steels capable of 
withstanding higher service temper- 
atures than were anticipated earlier 
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(Refs. 1,2), and has provided an impetus 
toward the development of new 
Cr-Mo ferritic steels which can be 
employed at still higher service tem- 
peratures. At present, these steels 
are used in the temperature range 
773-833 K. The most popular among 
these steels is the 2.25Cr-1Mo ferritic 
steel for which the service temperature is 
limited to approximately 773 K. For 
applications involving temperatures 
higher than 773 K, 9Cr- lMo and 
12Cr-1Mo steels or their modified ver- 
sions are used (Ref. 3). 

In the fabrication of steam generators 
for thermal or nuclear power plants, both 
high Cr and low Cr steels are employed, 
depending on the service temperatures 
experienced by different parts of 
the steam generator such as the 
superheater, reheater, etc. This results in 
dissimilar metals welding in selected 
locations. PWHT of such dissimilar 
weldments results in the formation of a 
"soft" region near the weld interface on 
the low Cr side, and a "hard" zone on the 
high Cr side of the weldment (Refs. 4-11). 
In fact, formation of a soft zone during 
annealing has been reported in a 
weldment between two 2.25Cr-1Mo 
steels, differing only marginally in their 
Cr contents (Ref. 8). 

The effect of such hardness changes 
on the mechanical properties of the 
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weldments has been studied (Refs. 6, 7, 
10). Room temperature tensile tests of 
9Cr- lMo and 2.25Cr-1Mo steel weld- 
ments have shown that the deformation 
initiated in the soft zone, but that 
subsequent strain hardening and the 
constricting effect of the adjoining hard 
zone prevented further deformation of 
the soft zone, and shifted the region of 
maximum strain to 2.25Cr-1Mo steel 
base metal (Ref. 6). However, during 
high-temperature tests, such as stress 
rupture tests, where the effect of strain 
hardening is negligible, fracture actually 
occurred in the soft zone. In another 
investigation, two dissimilar weldments 
of 1CrMoV and 12CrMoV base metals 
using 5CrMoV and 12CrMoV filler 
metals were studied (Ref. 7). Creep 
rupture tests showed that the fracture 
initiated in the soft zone. The presence of 
a hard zone near the weld interface 
affected the impact properties of the 
weldments. A reduction in the toughness 
near the fusion zone of the dissimilar 
welds between 12Cr-1MoV and 2.25Cr- 
1Mo steels and modified 9Cr-lMo and 
2.25Cr-1Mo steels has also been re- 
ported (Ref. 10). 

Though these studies indicate that 
the presence of a soft zone and an 
adjoining hard zone near the weld 
interface of the weldment adversely 
affect the properties of the joint, no 
serious failures of such weldments in 
service have been reported (Ref. 10). This 
is in contrast to a large number of failures 
that have been documented in the case 
of dissimilar welds between Cr-Mo 
ferritic steels and austenitic stainless 
steels. In these instances, the fracture has 
been attributed to the formation of 
precipitate bands in the weld metal and 
recrystallized soft zones near the weld 
interface in the ferritic steel (low Cr side) 
(Refs. 12,13). 
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O b j e c t i v e s  

In the present study, formation of a 
soft zone near the weld interface of 
dissimilar weldments between two 
Cr-Mo ferritic steels has been inves- 
tigated in detail. The dissimilar weld- 
ments were subjected to various PWHTs 
and the changes in microstructure, 
hardness and composition profiles across 
the weld interface were studied. This 
study also evaluated the role played by 
the presence of unmixed zones in the 
weld metal. 

Exper imenta l  

The 2.25Cr-1Mo and 9Cr-1Mo ferritic 
steel plates used in this investigation 
were in the normalized and tempered 
condition. Bead-on-plate welds were 
made by the shielded metal arc welding 
(SMAW) process on 9Cr-lMo steel plate 
using 2.25Cr-1Mo electrodes, and on 
2.25Cr-1Mo plate using 9Cr-lMo elec- 
trodes. Weld deposition was carried out 
at 100 mm/min travel speed and without 
any preheat. Welding current was 
maintained in the range of 90-100 A and 
the voltage around 18 V. The chemical 
composition of the two base plates and 
weld metals is given in Table 1. 

The weldment samples from 9Cr-1 Mo 
plate (designated as 9B2W) were given 
PWHTs at 973 and 1023 K for durations 
of up to 3 h and 2 h, respectively. The 
samples from 2.25Cr-1Mo steel plate 
(designated as 2B9W) were subjected to 

PWHTs for 1 h at 973, 998, and 1023 K. 
Note that the difference in carbon con- 
centration between weld metal and base 
metal in the 9B2W sample is only 0.017 
wt-%, whereas in the 2B9W sample, the 
carbon content in the weld deposit is 
0.048 wt-% higher than the base metal. 
Metallographic examination of the weld 
interface was carried out after etching the 
specimens using Vilella's reagent and 2% 
nital reagent. Vickers microhardness 
(HVl00) profiles across the weld metal- 
base metal interface were obtained using 
a Shimadzu microhardness tester at a 
constant load of 100 g. Carbon and 
chromium composition profiles across 
the weld interface of the weldments were 
determined using a Cameca IMS-4F 
Secondary Ion Mass Spectrometer 
(SIMS). Ten Kev Cs + primary ions were 
used for sputtering, and negative 
secondary ions of carbon and chromium 
were detected. The primary ion beam 
was raster scanned over a specimen area 
of 250 tJm x 250 pm, and the secondary 
ions were collected only from the central 
circular region of 30 jam diameter, 
defined by the transfer lens field aperture 
couple. The standard line scan program 
was used to obtain concentration profiles 
by moving the specimen in steps of 5 pm 
over a distance of about 1000 pm across 
the weld interface. Ion images of the 
carbon, using C 2- secondary ions in the 
direct image mode, were also recorded 
from the region near the weld interface to 
reveal the carbon enriched and depleted 
regions. 

Table I - -  Chemical Composition and Carbon Activity (a c) of the 9Cr-lMo and 2.25Cr-1Mo 
Plates and Weld Metals (wt-%) 

Material C Cr Mo Si Mn S P a c 

9Cr-lMo Steel plate 0.072 8 .24  0.955 0.265 0.356 0.001 0.021 0.0033 
2.25Cr-1Mo Steel plate 0.06 2.18 0.93 0.18 * 0.008 0.008 0.063 
9Cr-1Mo Weld Metal 0.108 9.08 0.9 * 0.64 0.004 * 0.037 
2.25Cr-1Mo Weld Metal 0.055 2.3 0.95 * 0.51 0.018 * 0.054 
*Not determined 

Results 

Microstructural Studies 

As-Welded Condition 

Figure 1A shows the typical micro- 
structural features in the as-welded 
9B2W sample etched in Vilella's reagent. 
Under identical conditions of etching, 
Vilella's reagent etches the low-alloyed 
2.25Cr-1 Mo steel more severely than the 
high alloyed 9Cr-lMo steel. The heat- 
affected zone (HAZ) of 9Cr-lMo steel is 
etched lightly, as it is fully martensitic. In 
the weld metal, two differently etched 
regions were present. The fusion 
boundary region adjacent to the HAZ 
was lightly etched, while the region away 
from the fusion boundary was etched 
heavily, possibly because of an improper 
mixing of the molten base metal with the 
electrode. The region of the lightly 
etched weld metal may have the 
composition closer to that of 9Cr-lMo 
base metal than the 2.25Cr-1Mo steel 
electrode. Improper mixing of the molten 
base metal and the molten electrode was 
better revealed if etched with nital, a mild 
etchant compared to Vilella's reagent 
that does not etch 9Cr-lMo steel. Ob- 
serve the microstructure of the fusion 
zone after etching with nital - -  Fig. 1 B. It 
is observed that 9Cr-1Mo steel HAZ is not 
etched and the microstructure of the 
weld metal shows bands which are also 
not attacked by the etchant. Thus, 
etching of the weld using nital etchant 
confirms inadequate mixing of the 
molten electrode (2.25Cr-1 Mo steel) and 
the base metal (9Cr-lMo steel). These 
regions, melted and solidified, but, since 
their composition is close to that of the 
base metal, are commonly referred to as 
unmixed zones or intermediate mixed 
zones in the literature (Refs.14-16). 

Figure 2A is a typical photomicro- 
graph of the fusion zone of the 2B9W 

Fig. 1 - -  Microstructure of  9B2W weld in the as-welded condition. A - -  Etched with Vilella's reagent. B - -  Etched with nital. (BM: Base Metal, WM: 

Weld Metal, UMZ:  Unmixed Zone) 
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Fig. 2 - -  Microstructure of  2B9W weld in the as-welded condition. A - -  Etched with Vilella's reagent. B - -  Etched with nital. 
Weld Metal, UMZ: Unmixed Zone) 

BM: Base Metal, WM: 

sample etched in Vilella's reagent, and 
the microstructure shown in Fig. 2B is 
from the same weld but etched in nital. 
This sample also contained an unmixed 
zone in the weld metal. 

PWHT Condition 

The microstructure of the 9B2W 
sample after PWHT of 1023 K/1 h is 
shown in Fig. 3A. Bands of new grains 

are observed within the weld metal and 
also along the weld interface. The band 
formed at the interface between the weld 
metal and base metal was continuous 
throughout, while the other bands lying 
within the weld metal and slightly away 
from the weld interface were discon- 
tinuous in nature. These new grains were 
almost precipitate free compared to the 
rest of the weldment and appeared to 
have formed by recrystallization. Each 
band of new grains was associated with 

an adjoining pre- 
cipitate-rich re- 
gion, which is 
clearly revealed 
when etched with 
nital, as shown in 
Fig. 3B. Similar 
bands were also 
observed in the 
2B9W samples. 
However, the 
bands rich in 
precipitates were 
formed in the 
weld metal (9Cr- 
1Mo steel) and 

precipitate-impoverished bands in the 
HAZ (2.25Cr-1Mo steel). Figure 4 of the 
2B9W sample after PWHT of 1023 K/1 h 
shows these features. 

The size of the bands formed during 
PWHT depends on the time and 
temperature of the heat treatment. See 
the microstructural changes in the 
same region of the 9B2W sample 
with increasing time of heat treatment 
at 1023 K - -  Fig. 5. The width of the 
recrystallized zone increased with time, 
and with a corresponding increase 
in the size of the grains. It may be 
noticed that, near the weld interface, 
the grain growth was observed only 
toward the weld metal that contained a 
lower amount of Cr. Similar micro- 
structural evolution was also observed 
in the case of samples heat treated at 
973 K. However, the precipitate-free 
grains were formed after longer exposure 
times. It was also observed that the size 
of the grains formed was smaller than 
those obtained after PWHT at 
1023 K for the same duration of heat 
treatment. 

Fig. 3 - -  Microstructure of  9B2W weld after PWHT of  1023 K/1 h. 
A - -  Etched with Vilella's reagent. B - -  Etched with nital. (BM: Base 
Metal, WM: Weld Metal, SZ: Soft Zone) 

Fig. 4 - -  Microstructure of  2B9W weld after PWHT of  1023 K/I h and 
etched with Vilella's reagent (BM: Base Metal, WM: Weld Metal, SZ: Soft 
Zone) 
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Fig. 5 - -  Microstructure o f  9B2W weld after PWHT at 1023 K for different durations. A - -  40 min. B - -  60 min. C - -  80 min. D - -  100 min. (BM: 

Base Metal, WM:  Weld Metal, SZ: Soft Zone) 

Microhardness Measurements 

Microhardness (HVl00) traverses 
across the weld metal/base metal inter- 
face for the 9B2W sample in both the 
as-welded and postweld heat treated 
(1023 K for different durations) con- 
ditions - -  Fig. 6. The region corre- 
sponding to the recrystallized zone near 

the weld interface always showed a 
lower hardness (=140 HVl00) than the 
rest of the weldment (200-225 HVl00). 
The hardness profile for the sample after 
1023 K/1 h showed a region of lower 
hardness in the weld metal away from 
the weld interface, and this region 
corresponded to the precipitate-free 
zone formed in the weld metal. The 

hardness of the HAZ adjoining the weld 
interface was higher than the rest of the 
weldment and this pertained to the 
precipitate-rich band seen in the high Cr 
side. 

Figure 7 shows the hardness profiles 
for the 2B9W sample, both in the as- 
welded and postweld heat treated 
conditions. It may be noticed that the 
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zone of minimum hardness near the weld 
interface was on the base metal side, 
which contained lower Cr than the weld 
metal. Thus both microstructural studies 
and hardness measurements confirmed 
the formation of a soft zone on the low 
Cr side of the weldment and a hard 
precipitate-rich band on the high Cr side 
of the weld interface. These results also 
revealed the formation of additional dis- 
continuous soft zones with associated 
precipitate-rich bands within the weld 
metal. 

SIMS Analysis 

Figure 8A shows the secondary ion 
counts for carbon and chromium ob- 
tained from SIMS analysis across the 
weld metal/base metal interface as a 
function of distance from the weld in- 
terface for the 9B2W samples, both in 

the as-welded and postweld heat treated 
(1023 K/1 h) conditions. Figure 8B 
represents the optical photomicrograph 
of the same region etched by the primary 
ions during SIMS sputtering. In the as- 
welded condition, the counts for C and 
Cr in the weld metal and base metal 
were uniform. However, after PWHT, a 
sharp reduction in the counts for C near 
the weld interface on the low Cr side was 
observed. This was also accompanied 
by increased counts for C and Cr on the 
high Cr side. The optical photo- 
micrograph confirmed that recrystal- 
lized zones were present in the same 
region from which secondary ion counts 
for carbon had been lower than those 
obtained for the rest of the weld sample. 
Figure 9A shows SIMS line scan profiles 
for the 2B9W samples in the as-welded 
and postweld heat treated conditions. In 
this sample, the carbon-depleted region 

at the weld interface was formed in the 
base metal and carbon-rich region in 
the weld metal• In addition, carbon- 
depleted zones with associated carbon- 
enriched zones were also observed 
within the weld metal. The optical 
photomicrograph of the region of the 
weldment etched by the primary ion 
bombardment during SIMS analysis 
(Fig. 9B) shows the presence of re- 
crystallized zones from which lower 
counts for carbon ions had been ob- 
tained. Figure 10 shows the secondary 
carbon ion images for the 2B9W and 
9B2W samples near the weld interface. 
These images were taken from the same 
regions shown in Fig. 8 for the 9B2W 
sample and Fig. 9 for the 2B9W samples. 
These clearly reveal the carbon en- 
richment in the high Cr side and de- 
pletion in the low Cr side. Variation in 
the concentration of carbon in the 
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Fig. 10 - -  Ion images of carbon using C 2- secondary ions in the direct image mode which reveal 
variation in the carbon concentration near the weld interface. A - -  9B2W weld after PWHT. 
B - -  2Bgw weld after PWHT. (BM: Base Metal, WM: Weld Metal, SZ: Soft Zone) 

recrystallized zones in the weld metal 
may also be noticed. 

Discussion 

From the above results, it is clear that 
there is a definite migration of carbon 
atoms across the weld interface from the 
low Cr side to the high Cr side during 
PWHT of dissimilar welds of Cr-Mo steels 
differing in Cr content. For a given 
amount of carbon, the carbon activity 
(a c) of 2.25Cr-1 Mo composition is higher 
than that of 9Cr-lMo steel. Therefore, 
upon PWHT, the carbon atoms migrate 
down the activity gradient from low Cr to 
high Cr steel (Refs. 6, 7, 11). Since the 
solubility of carbon in ferrite is extremely 
low, carbon migration is preceded by the 
dissolution of carbides in the low Cr side. 
During the initial stages of carbon 
migration, carbon atoms dissolved in the 
ferrite matrix diffuse to the high Cr side. 
This upsets the carbides/matrix equi- 
librium and the carbides become 
thermodynamically unstable. The car- 
bides start to dissolve in the matrix and 
the carbon atoms thus released in the 
ferrite matrix also diffuse to the high Cr 
side. As a result of carbide dissolution 
and carbon diffusion, the ferrite grains 
become almost free of carbides. In the 
absence of the pinning effect of carbides, 
these grains coarsen, thus producing a 
band of soft and large ferrite grains. 
Microstructure with large grain size has 
been reported by Klueh (Ref. 17) for 
normalized and tempered 2.25Cr-1Mo 
steel with 0.009 wt-% of C, which 
indicates that grain growth can occur 
even at the tempering temperature if the 
carbides are not present to pin the grain 
boundaries. 

As the ferrite matrix has a very low 
solubility for carbon, most of the carbon 
atoms which diffuse into the high 
Cr steel form carbides, thus producing a 
precipitate-rich band on the high Cr side 
adjoining the soft zone. The nature of 
carbides present in the precipitate-rich 
bands formed in 9Cr-lMo steel has not 
been studied in this investigation; but 
type M23C 6 (rich in Cr) is reported to be 
the most stable carbide type in this steel 
(Ref. 18), which also explains why an 
increase in counts for Cr ions was 
observed along with an increase in 
counts for carbon ions in the precipitate 
rich zones. Further, as the diffusion 
coefficient of Cr, a substitutional solute 
atom in iron, is an order of magnitude 
lower than that of carbon, an interstitial 
solid solute, diffusion of Cr atoms from 
the high Cr side to the low Cr side would 
have been negligibly small. 

The presence of recrystallized bands 
within the weld metal, in addition to that 
near the fusion zone, has not been 
reported so far. The formation of these 
bands in the present investigation is 
attributed to the presence of the unmixed 
zones in the weld metal I Figs. 1 and 2. 
These zones are reported (Refs.14-16) to 
be closer to the base metal in com- 
position than the weld metal, and the 
degree of mixing of weld metal and base 
metal depends on the welding process 
and heat input used (Ref. 19). The 
presence of such zones within the weld 
metal results in carbon activity gradient 
between the unmixed zone and sur- 
rounding zones of weld metal. During 
PWHT, soft and precipitate-rich hard 
zones may form by a mechanism similar 
to that described for the formation of 
such zones across the weld interface. 

Since unmixed zones are seen only as 
discontinuous patches in the weld metal, 
the soft and hard zones formed from 
these are also discontinuous. The 
influence of soft and hard zones formed 
within the weld metal on mechanical 
properties is not known. 

To mitigate the soft zone formation in 
dissimilar weldments of Cr-Mo ferritic 
steels, the difference in the carbon 
activity of the two steels should be 
minimized. However, only very few 
attempts have been made to estimate the 
carbon activity and to model the process 
of carbon migration. Buchmayr, et al. 
(Ref. 7), have used a ternary diffusion 
model to predict the width of the 
decarburized and carburized zones, and 
the maximum concentration of the 
carbon in the carburized zone in dis- 
similar welds between 12CrMoV and 
1CrMoV steel. This model assumes only 
dissolution of cementite and its ap- 
plication is limited up to the tem- 
perature range of 773-823 K, the range 
below which there is no substantial 
precipitation of chromium carbides. This 
model was later modified to include 
simultaneous diffusion of carbon and 
dissolution of carbides on one side, 
and carbon migration and carbide 
precipitation on the other side, and 
was applied to the same dissimilar welds 
and predicted carbon depletion in 
the low Cr side and carbon enrichment 
in the high Cr side during heat treatment 
at 973 K (Ref. 11). Good correlation 
between measured and predicted 
values for carbon enrichment has 
been obtained. This model is based 
on the assumption that, on the 1CrMoV 
side, the carbides dissolved are only 
Fe3C while the carbides precipitated 
on the 12CrMoV side are of M23C 6, As 
different carbides are formed in the 
2.25Cr-1Mo steel during PWHT and 
most prominent among them is M2C, this 
model cannot be directly applied to the 
present study. Moreover, estimation of 
actual carbon activity in these steels 
from first principles is difficult because 
of the complex sequence of carbide 
precipitation t.hat is also influenced 
by the presence of other alloying 
elements. 

Experimental determination of carbon 
activity in 2.25Cr-1Mo steel in the 
temperature range of 873-1073 K and 
9Cr-1Mo steel in the range of 773-973 K 
has been carried out by Natesan, et al. 
(Refs. 20, 21). It was found that, in the 
temperature range studied, the carbon 
activity was fairly independent of tem- 
perature and can be represented as a 
function of carbon content alone for both 
the steels. They proposed the following 
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equations for the calculation of carbon 
activity a o 

In C2.25Cr.lMo(Wt-%) =-1.12 + 
0.611n a c (Ref. 20) (1) 

C9cr.lMo(Wt-%) = 0.16 ac 0.14 + 
10.5 ac2.2 (Ref. 21) (2) 

These equations have been derived 
using data from 2.25Cr-1Mo and 
9Cr- lMo steels with carbon content 
varying in the range of 0.009 to 0.11 and 
0.43 to 0.12 wt-%, respectively. Fig- 
ure 11, which is reproduced from Ref. 21, 
shows the variation of a c with wt-% of C 
for 2.25Cr-1Mo and 9Cr- lMo steels. 
Table 1 and Fig. 11 indicate the 
calculated a c for the alloys used in this 
study. It may be noted that, while the 
activity of carbon in 2.25Cr-1Mo steel 
base and weld metal is in the same range 
as that of the carbon content, there is a 
large difference in the carbon activity 
and its content in the case of 9Cr-lMo 
steel. Thus, in the case of the 9B2W 
samples, though the difference in the 
carbon concentration of 9Cr-lMo base 
plate and 2.25Cr-1Mo weld metal is only 
0.017 wt-%, the difference in the carbon 
activity is 0.05 wt-%. For the 2B9W 
samples, the wt-% of C in 9Cr-lMo weld 
metal is higher by 0.048 wt-% than in the 
2.25Cr-1 Mo plate. However, activity of C 
in 9Cr-1Mo weld metal is lower than the 
2.25Cr-1Mo base metal by 0.025 wt-%. 
Even though carbon content in the weld 
metal is much higher than in the base 
metal, migration of carbon can still take 
place under the influence of the carbon 
activity gradient. Further, as carbon 
activity difference between low Cr and 
high Cr steel is higher in the 9B2W weld 
than in 2B9W weld, under identical 

conditions of PWHT, it is expected that 
the carbon migration and soft zone 
formation should be faster in the former. 
However, this has not been investigated 
in the present study. 

Practical Implications 

Results from the present study provide 
important insight about how the soft 
zone formation can be avoided or its size 
can be reduced. It is recognized that the 
driving force for the formation of a soft 
zone is the difference in the carbon 
activity of the two steels being welded. 
For 9Cr-1Mo and 2.25Cr-1Mo steels, it is 
possible to calculate the wt-% of carbon 
that would be present in the steel for a 
given a o using Equations 1 and 2, 
respectively. Data thus obtained can be 
used to construct a diagram, as shown in 
Fig. 12, in which regions corresponding 
to the decarburization of 2.25Cr-1Mo 
and 9Cr-lMo steels are separated by a 
carbon activity line. This line has been 
obtained from Equations 1 and 2 by 
substituting different a c values and 
calculating the corresponding values of 
wt-% of carbon in 2.25Cr-1Mo and 
9Cr-1Mo steels. The portion of the curve 
joined by a solid line corresponds to the 
range of carbon contents for which both 
Equations 1 and 2 are valid. The solid 
line has been extended (as broken line) 
to include the validity range of Equa- 
tion 1 for 2.25Cr-1Mo steels. In an actual 
dissimilar weld, if points corresponding 
to wt-% of carbon in 2.25Cr-1Mo and 
9Cr-1Mo steels lie on the carbon activity 
curve, carbon migration should not 
occur. The locations of the two dissimilar 
welds used in this study, namely 2B9W 
and 9B2W, and also that studied by 
Lundin, eta l .  (Ref. 6), and Laha (Ref. 22), 

are indicated with respect to the carbon 
activity line. In all the welds, a soft zone 
formed in the 2.25Cr-1Mo steel as in- 
dicated in the figure. 

It is evident from Fig. 12 that, for the 
same activity of carbon, the carbon 
content in 9Cr- lMo steel should be 
substantially higher than that in 2.25Cr- 
1Mo steel. However, the permissible 
carbon content in these steels is limited 
by various codes and specifications, and 
this diagram should be used within the 
limits specified by these codes. Thus, 
according to the ASTM specifications, 
A 387M for plates and A 213M for tubes, 
the maximum permissible carbon 
content in 2.25Cr-1Mo and 9Cr- lMo 
steels is 0.15 wt-% with a lower limit of 
0.04 wt-% specified only for 2.25Cr-1 Mo 
steel. For 2.25Cr-1Mo welding con- 
sumables, AWS A5.5 specifies a maxi- 
mum carbon content of 0.12 wt-% for 
E9018 B3 and 0.05 wt-% for E9018 B3L 
electrodes with no minimum limit 
specified. For 9Cr- lMo steel welding 
consumables, AWS A5.5 specifies a 
maximum carbon content of 0.10 wt-% 
with no minimum limit for E505 elec- 
trodes. By applying these specification 
limits to Fig. 12, it can be shown that in 
the dissimilar welding of 2.25Cr-1Mo 
and 9Cr- lMo ferritic steels, there is a 
definite probability for soft zone for- 
mation in the 2.25Cr-1Mo side with an 
associated precipitate-rich band in the 
weld metal during PWHT, if 9Cr- lMo 
steel consumables are used for welding. 
Further, according to the diagram, it is 
possible to choose 2.25Cr-1Mo steel 
consumables with carbon content that 
meets the specifications and prevents the 
soft zone formation in the dissimilar 
welds between these two steels. It ap- 
pears that a 2.25Cr-1Mo steel consum- 
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able with sufficiently low carbon content 
(E9018 B3L) may be more appropriate, 
for dissimilar welds between 9Cr - lMo  
and 2.25Cr-1Mo steels to reduce suscep- 
t ib i l i ty  to soft zone formation dur ing 
PWHT. If the carbon content of the 
9Cr-1Mo steel is sufficiently high and that 
of the 2.25Cr-1Mo steel consumable is 
low, a soft zone may be formed even in 
the high Cr side of the weld dur ing 
PWHT - -  Fig. 12. 

Selection of suitable weld ing con- 
sumables based on the carbon activity of 
the alloys may not always be practical, 
especially when the carbon content in 
the high Cr steels is low. Further, 
formation of a soft zone during PWHT is 
a general problem in the dissimilar welds 
between any Cr-Mo steels, and carbon 
activity data for all these steels are not 
readily available, thus making the choice 
of ferritic steel consumables for welding 
a diff icult task. Often nickel alloys like 
Inconel 182 or 82 are recommended for 
welding different Cr-Mo steels, as these 
alloys act as a diffusion barrier for carbon 
(Ref. 4). Another option is to carry out 
PWHT at low temperatures (within the 
specified range) for shorter durations, 
which would reduce the extent of carbon 
migration, and thereby min imize the 
width of the soft zone formed. PWHT 
temperatures recommended in codes 
are in the range of 963-1023 K for 
2.25Cr-1Mo steel and 973-1033 K for 
9Cr - lMo steel. Hence, PWHT may be 
carried out at lower temperatures within 
this range for shorter durations if per- 
mitted, to reduce carbon migration and 
thus the size of the soft zone. In practice, 
PWHT condit ions for dissimilar welds 
are chosen specif ically to achieve this 
purpose (Ref. 23) in addition to reducing 
the residual stresses. 

The presence of a precipitate-r ich 
band may also be of concern dur ing 
repair welding of such dissimilar weld- 
ments. The welding thermal cycle im- 
posed on the precipitate-rich band may 
cause the dissolution of carbides into the 
matrix. The HAZ microstructure of this 
region formed after weld ing would be 
different and hardness higher than that 
expected from the nominal alloy chem- 
istry. Therefore, this region wou ld  be 
more brittle and susceptible to hydrogen- 
assisted cracking than the HAZ formed in 
the base metal. The hydrogen-assisted 
cracks may initiate in this brittle region if 
the preheating temperature used was 
estimated from the base metal chemistry. 
In such situations, Fig. 12 may be used to 

indicate the absence or presence of the 
precipitate-rich region. 

Conclusions 

The fol lowing main conclusions are 
drawn based on the results obtained from 
this study: 

1) Carbon migration during PWHT, 
dictated by carbon activity gradient, in 
dissimilar weldments of 2.25Cr-1Mo and 
9Cr - lMo  ferrit ic steels, results in the 
formation of a soft zone in the low Cr 
steel with an adjoining precipitate-rich 
zone in the high Cr steel. The width of the 
soft zone increases when time is in- 
creased at a given temperature and for 
the same durat ion at higher PWHT 
temperatures. 

2) Presence of unmixed zones in 
the weld metal causes formation of 
addit ional soft zones wi th  associated 
precipitate-rich bands in the weld metal. 

3) With the help of carbon activity 
data, it is possible to choose weld ing 
consumables so as to prevent or to 
reduce carbon migration during PWHT, 
which would then mitigate the soft zone 
formation in the dissimilar welds. 
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