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Microstructure and Microchemistry 
of Hard Zone in Dissimilar Weldments 

of Cr-Mo Steels 

Different types of carbides and their quantities are identified in weldments 
between 9Cr-1Mo and 21ACr-1Mo terrific steel that was postweld heat treated 

BY C. SUDHA, V. THOMAS PAUL, A. L. E. TERRANCE, S. SAROJA, AND M. VIJAYALAKSHMI 

ABSTRACT. This paper reports the mi
crostructure and microchemistry of 
"hard" and "soft" zones in a dissimilar 
wcldment between 9Cr-lMo and 2MCr-
lMo ferritic steel subjected to postweld 
heat treatments (PWHT). Diffusion of 
carbon driven by the activity gradient 
across the weld interface is found to result 
in the formation of a soft zone in the low-
Cr side and a carbide-rich hard zone ad
joining the soft zone in the high-Cr side of 
the weldmcnt. Detailed analytical trans
mission electron microscopy (ATEM) 
studies were essential to evaluate a num
ber of microstructural parameters based 
on which the variation of concentration of 
carbon across the hard zone was derived 
using mass balance equation. The concen
tration of carbon in the hard zone thus ar
rived follows the same trend as that of the 
variation of area fraction of carbides with 
distance across the hard zone. 

Introduction 

Weldments joining different kinds of 
heat-resistant steels are used for high-
temperature applications in fossil-fueled 
power plants, and the chemical, petro
chemical, and nuclear industries. Dissimi
lar weldments, especially between low-Cr 
and high-Cr ferritic steel, arc used in a 
number of steam generator circuits. It is 
well known that carbon migration occurs 
across the weld interface from low-alloy 
ferritic steel to high-alloy ferritic steel dur
ing exposure to high temperature. This re
sults in the formation of a carbon-
denuded soft zone characterized by low 
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hardness in the low-alloy side and a car
bon-enriched hard zone on the high-alloy 
side of the weld interface. Studies on the 
formation of soft and hard zones in dis
similar weldments during PWHT are es
sential for the prediction of microstruc
tural instability during prolonged 
exposure at the operating temperature. 
These microstructural instabilities would 
lead to severe degradation in the mechan
ical properties of the weldments. 

Several investigations (Refs. 1-4) have 
been made to study the microstructural 
changes introduced near the weld inter
face due to the migration of carbon. These 
studies showed that on subjecting the 
weldments to PWHT, carbon migration 
dictated by the carbon activity gradient oc
curs leading to the formation of a soft zone 
in the low-Cr steel with an adjoining pre
cipitate-rich hard zone in high-Cr steel. 

Carbon activity diagrams were pro
posed (Ref. 1) to aid the selection of weld
ing consumables that would prevent the 
formation of these hard brittle zones. It 
was shown (Refs. 5,6) that these zones are 
susceptible to failure when subjected to 
creep and tensile tests. Room-tempera
ture tensile tests showed that even though 
deformation started at the soft zone, the 
constricting effect of the hard zone and 
the strain hardening of the soft zone 
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shifted the site of maximum stress to the 
TACx base metal side. But fracture oc
curred at the soft zone during high-
temperature stress rupture tests. Creep 
tests (Ref. 7) done in a dissimilar weld-
ment between lCrMoV and I2CrMoV 
using filler metals with 5 and 12% Cr 
showed fracture initiation in the soft zone. 
Analysis for the distribution of carbon 
across the interface of dissimilar weld
ments was done and theoretical equations 
were proposed (Refs. 8-10) to calculate 
the width of carburized and decarburized 
zones. Though the carbide-rich hard zone 
is almost always associated with carbon re
distribution, direct experimental evidence 
for weldments of Cr-Mo ferritic steels 
does not exist. An attempt (Ref. 2) was 
made earlier to determine the elemental 
redistribution (mainly of Cr, Mo) across 
the weld interface, and based on the mi
crochemistry to identify the nature of car
bides in hard and soft zones in dissimilar 
weldments between 9Cr-lMo and 2'ACr-
1 Mo ferritic steel. The estimation of a car
bon profile has not been attempted so far. 
The type of carbides and evolution of car
bides for different PWHT parameters has 
not been studied. Hence, a detailed inves
tigation has been carried out to obtain di
rect confirmatory evidence for the enrich
ment of carbon in the hard zone and to 
establish the sequence of precipitation of 
carbides. 

This paper gives a detailed study of 
hard and soft zones in dissimilar weld
ments between 9Cr-lMo and 2!4Cr-lMo 
ferritic steels subjected to PWHT of 
750°C (1023 K) for 1-15 h. Evolution of 
different types of carbides, their type, 
amount, and microchemistry in the hard 
zone, has been investigated using analyti
cal transmission electron microscopy 
(ATEM). Based on these experimental 
data, carbon redistribution across the 
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Fig. 1 — Cross section of the weldment under study (dotted lines indicate the plane of observation and 
continuous line shows the region of interest). 

Table 1 -

SI. No. 

1 
2 
3 

— Chemical Composition of the 

Description 

2KCr-lMo Plate 
9Cr-l Mo Plate 
9Cr-lMo Weld Metal 
(Electrode) 

Steel Plates and the Weld Metal 

Element (wt-%) 

C Cr Mo Mn S 
0.12 2.18 1.0 0.46 0.001 
0.07 8.24 1.0 0.36 0.001 
0.08 10.25 0.98 0.91 0.02 

1' 
0.01 
0.02 
0.02 

Si 
0.25 
0.21 
0.40 

Table 2 — Welding Parameters Employed for Preparation of Weld Pads 

Electrode 
dia. (mm) 

4 

Preheat 
Temp. 
(K) 

493 

Current 
(A) 

160-175 

Volt 
(V) 

26 

age Welding 
Speed 
(mm/min) 

140 

Joint 
Geometry 

Single-V 
Root opening 
2 mm 
Included angle 
llOdeg 

Bead 
Tech 

Stringer 

No. of 
passes 

8 

hard zone has been evaluated, thus pro
viding for the first time direct confirma
tion for the origin of the hard zone. 

Experimental Details 

Weldmentsof9Cr-lMoand2MCr-lMo 
steel were prepared using plates of 12.5-
mm thickness supplied in normalized and 
tempered conditions. The nominal com
position of the steels is given in Table 1. 
Shielded metal arc welding (SMAW) was 
employed in the preparation of a single-V 
groove weld using 9Cr-lMo as the elec
trode. The welding parameters are given 
in Table 2. Postweld heat treatment was 
given at a temperature of 1023 K for du
rations ranging from 1 to 15 h. The speci
mens were prepared by conventional met-
allographic procedures (polishing and 

etching using 2% Nital) for microstruc-
tural investigations. Nital being a mild 
reagent etches only the 2MCr-lMo side. 
Microstructural examination was carried 
out using a Leica MEF4A optical micro
scope. Scanning electron microscopy was 
carried out using a Philips XL30 ESEM at 
an operating voltage of 10-20 keV. 
Cameca SX 50 electron probe micro ana
lyzer (EPMA) at an operating voltage of 
20 keV was used to investigate chromium 
redistribution across the weld interface. 
The cross section of the weldment on 
which the analytical transmission electron 
microscopy (ATEM) study was carried out 
is shown in Fig. 1. The region of interest in 
the present study is confined to the inter
face between the 2MCr-lMo base metal 
and 9Cr-lMo weld metal and the plane of 
observation is alone the middle section of 

the weld as shown by dotted lines in Fig. 1. 
Carbon extraction replicas a few mi

crometers thick were selected from the 
hard zone and prepared as follows: 

After etching the sample with 2% Nital 
solution, the hard zone alone was carbon 
coated by masking the remaining regions 
of the sample with aluminum foil. After 
carbon coating, the aluminum foil was re
moved, leaving a thin film of carbon along 
the hard zone of the sample. On etching 
the sample again with 2% Nital solution, 
the carbon film with the extracted carbides 
could be removed from the surface of the 
sample. These films were collected on a 
200-mesh grid for ATEM analysis. De
tailed microstructural and microchemical 
investigations were carried out on carbon 
extraction replicas using a Philips CM 200 
analytical electron microscope with 
EDAX, DX4 analyzer and a super ultra-
thin window. 

Selected area diffraction (SAD) pat
terns obtained from the carbides were an
alyzed to identify the type of carbides. The 
EDAX spectra obtained from various car
bides were also characteristic of the car
bide. It was used for identification of the 
type of carbide and also for quantification 
of the composition using Fe Kcc, Cr Kcc, 
and Mo La lines. Around ten spectra were 
obtained from each type of carbide. Quan
tification of the spectra required evalua
tion of Cliff Lorimer constants (i.e., kAB 

values). A sample of 316 stainless steel of 
known chemical composition was used for 
the purpose of evaluating kAI3 values, 
under identical experimental conditions. 
These kAR values were used for the quan
tification of EDAX spectra using the fol
lowing Cliff Lorimer equation: 

C I* 
~r~ — KAR — 

cR h (I) 

where CA and CB refer to the concentra
tion of A and B in alloy AB. IA and IB are 
the X-ray intensities for A and B. 

The concentration of all the elements 
in the carbides thus evaluated was found 
to agree with those obtained by wet chem
ical analysis of the carbide extracted by 
chemical dissolution methods (Rcf. 11). 
The carbon present in the a-ferrite could 
not be determined due to its low concen
tration. An indirect method adopted to ar
rive at the carbon concentration in car
bides is described in Appendix 1. 

In order to identify the different types 
of carbides and their area fraction (Ap) as 
a function of distance from the interface, 
the hard zone was assumed to be divided 
into 30 rectangular areas or slabs of equal 
size parallel to the interface. The area 
fraction of each type of carbide in each 
slab was determined graphically. Then the 
total area fraction of carbides in each slab 
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Fig. 2 — Optical micrographs. A —As-welded structure; B —formation of hard and soft zones (hardness profile superimposed) in a sample exposed for 15 
h at 1023 K and etched with 2% Nital; C — SE image of precipitates in hard zone; D — SE image offerrite grains in soft zone, devoid of secondary phases. 

Table 3 — Types of Carbides Identified and the Distribution of Major Alloying Elements in Them 

Type of carbide Wt% of elements 

I 1 I I I I I I I I I 

0 10 20 30 40 50 60 70 80 90 100 

M 2 3C 6 

Cr 

Fe 

Mo 

M6C 

M,C 

was calculated as 

A„ (2) 

where Ap= total area fraction of carbides 
in a slab, and AA + Alt = area fraction of 
carbides of types A and B. 

The values thus calculated from sev
eral slabs were found to be accurate to 
only within ± 10%. The sources of error in 
this calculation are a) statistical scatter, b) 
assumption that the distribution of car
bides in the carbon extraction replica is a 
true representation of the same in the 
sample, and c) nonuniform distribution of 
carbides. However, these sources of inac
curacy have been found to be insignificant 
due to the following advantages: 

1) A carbon extraction replica repre
sents the distribution of carbides over a 
larger number of grains than thin foil and, 
therefore, provides a better statistical rep
resentation of the distribution of carbides. 

2) Examination of many replicas for 
the same treatment revealed no signifi
cant differences in the distribution of 
carbides. 

3) Similar procedure adopted in the 
case of 9Cr-lMo steel (Ref. 11) revealed 

WELDING JOURNAL 



*t • • I 

' 'ft' 

4> 
. V 

5|am 

£ ̂  

5um 

Fig. 3 — Low-magnification TEM micrographs showing distribution of precipitates in hard zone. 

Table 4 — 

Temperin 
Time (h) 

1 

2 

5 

15 

Details of Analysis of Types of Carbides and their 

I Precipitate 
Type 

M,,C„ 

M2C 

M,,C„ 

M,C 

MoQ 

M23C() 

M„C 

at.-% M 
at.-% Z 

Fe 
57.0 
75.2 
39.2 

2.1 

54.9 
77.8 
40.0 
2.4 

31.3 
52.2 
80.7 

32.4 
52.3 
28.0 

in Metal Sub Lattice 
= ± 10% 

Cr 
32.7 
20.3 
53.1 
12.9 

31.0 
20.9 
51.7 
21.5 

59.4 
46.2 
18.8 

55.2 
34.5 
4.9 

Mo 
11.7 
4.5 
7.8 

85.0 

11.7 
1.3 
8.4 

76.2 

2.1 
1.7 
0.5 

12.4 
3.1 

67.2 

Chemistry 

Stoichiometry of the Carbides 

Fe„ ,Cr7,Mo,7C,, 
Fe17-,Cr,7MoC„ 
FcCr^Moi jQ, 
Fe„ ,Cr0JMo17C 

FeP6Cr7lMo,7C„ 
Fe,79Cr4sMO||,C,, 
Fe92Cr119Mo19C6 

Fe0.,Cr0.4MouC 

Fe7.2Cri3.7Mo2.iQ 
FepCrm^MOnjC,, 
Fe,8„Cr4JMo„,Cr, 

Fe75Crp7Mo,gC,, 
FePCr7„Mo; ,C„ 
Fe:Cr„,,Mo,.7C 

that measured values of A. are in agree
ment with those obtained from the weight 
fraction of precipitates by the chemical ex
traction procedure. 

Since this procedure has been verified 
for 9Cr-lMo steel, it is reasonable to ex
tend it to the case of weldments. 

After determining the area fraction 
and type of carbides in each slab, the total 
amount of carbon in each slab in the hard 
zone was evaluated from the mass balance 
equation 

Q; — CoAa + AA//* 'P^lf '/> (3) 

where C„ = 
each slab; C0 

total amount of carbon in 
= amount of carbon present 

in a-ferrite (value taken as 0.002, which is 
the maximum solubility limit of carbon in 
a-ferrite for an alloy with about 9% Cr); 
Cp = amount of carbon in carbides (p -
M23Q, M6C, etc.); Ap = area fraction of 
the precipitates; Aa = area fraction offer-
rite (i.e., \-Ap ) . 

Results 

The optical microstructure of the weld-
ment in an as-welded condition is shown 
in Fig. 2A. The 9Cr side has not been 
etched by the reagent while the 2MCr side 
shows a predominantly tempered bainitic 
structure. Figure 2B shows the optical mi
crostructure of the weldment subjected to 

a PWHT at 1023 K for 15 h. Microstruc-
tural changes are observed in regions close 
to the interface in the weld as well as in the 
base metal side. Superposition of the mea
sured microhardness profile on the micro
graph in Fig. 2B shows that the heavily 
etched region marked A has a high hard
ness (282 VHN) compared to the rest of 
the weldment. In contrast, the lightly 
etched region marked B in Fig. 2B, called 
the soft zone, is found to have a low hard
ness of only 124 VHN. The SEM micro
graphs in Fig. 2C and D showed that the 
hard zone is characterized by an uniform 
distribution of a high density of fine pre
cipitates, while the soft zone is marked by 
the formation of large grains of a-ferrite 
due to dissolution of the preexisting ce-
mentite particles in bainite. On either side 
of the hard zone, the high density of fine 
precipitates typical of the hard zone was 
not observed. 

The TEM micrograph in Fig. 3 shows 
the distribution of carbides from different 
regions of the hard zone. It was observed 
that on either side of the hard zone, the 
number density of carbides reduced sig
nificantly. Figure 4A and B shows the elec
tron micrographs of carbides extracted 
from the hard zone of a weldment exposed 
to PWHT for 15 h. Various morphologies 
of carbides, either coarse globular, coarse 
lenticular, or fine needle shaped are ob
served. The insets in Fig. 4A and B show 
the SAD patterns from an acicular and 
globular precipitate of M2}C6 along < 2 1 
T > and < 3 2 1 >, respectively. The 
EDAX spectra obtained from the two pre
cipitates is shown in Fig. 4C and D. The 
precipitates were found to be either rich in 
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Fig. 4 — TEM micrograph from the hard zone of a weldment after PWHT at 1023 Kfor 15 h. A —Acieular carbide; B —globular carbide. Insets show SAD 
patterns from <2TT> ofM23C6 (left) and < 3 2 1 > ofM23C6 (right); C and D — EDAX spectra showing the presence of Fe-rich and Cr-rich carbides, 
respectively. 

iron or chromium and quantification of 
the spectra showed that the acieular pre
cipitate had a stoichiometry of 
FeH 7Cr77Mo3r,C6, while the stoichiome
try of globular precipitate was 
Fe7 |Crn 2Mo47C(,. The above observa
tions clearly illustrate that the type of pre
cipitate is M2-jC6 even though it forms in 
different morphologies and microchem-
istry. Similar observations were made for 
other PWHT times also. 

Figure 5A shows the electron micro
graph of a region in the hard zone very 
close to the interface (—20 fxm) for PWHT 
of 15 h. It was found that in addition to the 
predominantly found M23C6, a bulky 

cuboidal carbide was also present. Analy
sis of the SAD pattern inset in Fig. 5A 
shows that it belongs to the M6C type. The 
additional inset in Fig. 5A is the SAD pat
tern taken along < T 11 > of M23C(, hav
ing acieular morphology present adjacent 
to M6C. The corresponding EDAX spec
tra for a molybdenum-rich M6C and Fe-
rich M23Q, are given in Fig. 5B and C, re
spectively. The above results show that 
M23C6 and M6C carbides coexist in the 
hard zone close to the interface. 

At short aging times of 1 and 2 h, high 
density of carbides of the M23Cf, type along 
with very few fine carbides were observed 
in regions very close to the interface (Fig. 

6A), which were found to be molybdenum 
rich — Fig. 6B. These were identified as 
Mo-rich M2C by comparing with the spec
tra for M2C available in literature (Ref. 2). 
As the exposure time was increased to 5 h, 
it was observed that M23C6 type of car
bides were predominant. A typical distrib
ution of carbides for 5 h is shown in Fig. 
7A. The inset in Fig. 7A shows the SAD 
pattern from a representative carbide, 
which confirms that it belongs to M23C6 

along < 1 0 0 >. The corresponding 
EDAX spectra is given in Fig. 7B. Analy
sis for all PWHT times show that the 
M23C6 carbides are either Fe or Cr rich, 
while the M,,C carbide is rich in Mo. The 
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Fig. 5 — A — TEM micrograph showing carbides present 
in hard zone very close to the interface for PWHT at 1023 
Kfor IS h. Inset shows SAD pattern obtained along < 11 
1 > M23C6 (left) and < T T1 > ofM6C (right); B — ED AX 
spectra from M6C molybdenum-rich carbide; C — EDAX 
spectra from M2jC6 carbide showing it to be iron rich. 
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Fig. 6 — Evidence for the presence of Mo >C in a weldment subjected to PWHT of 1023 
Kfor 1 h.A — TEM micrograph; B — EDAX spectra. 

composition of M23C6 carbides was 
not unique, and both Fe- and Cr-
rich M23C6 carbides were observed 
at all exposure times. There was a 
steep increase in average Cr/Fe 
ratio as the PWHT time was in
creased from 1 to 15 h — Fig. 8. 
However, there was no appreciable 
change in the average molybdenum 
content of carbides. In addition to 
the Cr/Fe ratio, the size of the pre
cipitates also increased with PWHT 
time. The above observations show 
that the three types of carbides, 
namely M2:,C,„ M2C, and M,,C, have 
distinct chemical compositions 
(Table 3). and microchemistry could 
be used as a signature to classify the 
carbides. The details of chemical 
composition and the stoichiometry 
of carbides obtained from micro-

chemical analysis are provided in Table 4. 
Analysis of regions in the soft zone (re

gion B in Fig. 2B) adjacent to the interface 
showed it almost devoid of carbides, which 
also explains its low hardness levels. The 
TEM micrograph from an isolated carbide 
in the soft zone after 15 h of exposure is 
shown in Fig. 9A. The EDAX spectrum in 
Fig. 9B shows that it is Mo rich, having sig
natures of M6C type. 

Extensive studies on 9Cr-lMo steel 
and 2MCr-lMo carried out in our labora
tory (Refs. 11, 12) show that chromium-
rich M2X and M2,C(, are the only two types 
of carbides that form in 9Cr-1 Mo steel and 
molybdenum-rich MftC and M2C are the 
carbides typical of low-Cr steels. The iden
tity of X in M2X could not be established 
in our laboratory, although it is reported 
(Ref. 13) that it is of Cr2N type. In the pre
sent study, although the observation of 
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Fig. 7 — Carbides in the hard zone after exposure for 5 h. Inset shows 
SAD patterns from < 1 0 0 > M2^C& A — Transmission electron mi
crographs; B — ED AX spectra showing Cr-rich M2 ;C6. 

M2,C(, in the hard zone of 9Cr-lMo steel 
is as expected, no Cr-rich M2X type of pre
cipitate was observed. Also, the occasional 
presence of Mo-rich M2C and MflC in the 
hard zone very close to the interface is 
rather unexpected. This suggests that 
there could be a redistribution of the sub-
stitutional element Cr across the interface 
as a result of PWHT. Therefore, electron 
microprobe analysis was carried out to get 
an elemental redistribution profile of Cr 
across the interface, which is given in Fig. 

10. An EPMA profile 
shows that there is a re
distribution of Cr across 
the interface, up to a dis
tance of about 10—20 urn. 

Having studied the 
crystallography and mi-
crochemistry of carbides 
in the hard zone, the eval
uation of carbon content 
in different slabs of hard 
zone (as described in the 
previous section) re
quires the input parame
ters of the chemical com
positions of carbides and 
total area fraction of car
bides in each slab. 

The chemical compo
sitions of carbides, espe
cially the carbon content, 
were evaluated using an 
indirect method given in 
Appendix 1. The total 
area fraction of carbides 
in each slab within the 
hard zone was measured 
and plotted in Fig. 11A 
for a sample aged at 1023 
K for 15 h. It was found 
that Ap is maximum at a 
distance of 20 |tm from 
the interface, followed by 
a gradual decrease as the 
distance from the inter

face increased. Assuming that a-ferrite is 
relieved completely of its carbon super-
saturation after 15 h of aging at 1023 K, 
the total amount of carbon in each slab in 
the hard zone was calculated using the 
mass balance equation. Figure 11A also 
shows the variation in carbon concentra
tion and area fraction of carbides with dis
tance across the hard zone. It is clear the 
carbon profile follows the same trend as 
that of area fraction of carbides. Figure 
11B illustrates the variation of hardness 

across the complete weldment for PWHT 
time of 15 h in which it is seen that the 
hardness is maximum in a narrow region 
of 100 u.m. When this observation is ana
lyzed in conjunction with Fig. 11 A, where 
Ap and C0 is maximum in the same region, 
it may be inferred that the high hardness 
value of the hard zone is indeed due to the 
carbon 
enrichment. 

Discussion 

It is noted that in the dissimilar weld-
ments of this study, the concentration of 
carbon in the 2!4Cr base metal side is 
higher than that of the 9Cr weld metal side 
(Ref. Table 1). Carbon is observed to dif
fuse from 2MCr-lMo base metal into 9Cr-
lMo weld metal during PWHT. This can 
be understood in terms of the role of the 
alloying additions, mainly substitutional 
alloy content, which alters the activity of 
carbon from 0.19 on the low-alloy steel to 
0.007 in the 9Cr-lMo weld metal. 

Carbon activity values have been cal
culated from the following equations, 
which have been derived using data from 
2/4Cr-lMo and 9Cr-lMo steels with car
bon content varying in the range of 0.009 
to 0.12 and 0.068 to 0.12-wt%, 
respectively. 

In C2!/4Cr.1Mo (wt-%) = -1.12 + 0.61 In ac 

(Ref. 14) 

C901M0 (wt"%) = 0.16ac
014 + 10.5«c

2-2 

(Ref. 15) 
where ac = carbon activity. 

Due to the diffusion of carbon during 
PWHT, microscopic regions across the 
weldment get enriched in carbon to a higher 
concentration level than the solubility limit 
of carbon. The diffusing carbon combines 
with the substitutional elements present in 
solution on the high-Cr side and gets pre
cipitated in the form of carbides to form the 
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Fig. 10 — EPMA profile showing Cr redistribution across the interface. 

sides; 2) depletion in the 
level of Cr due to the for
mation of carbides on 
high-Cr side, which leads 
to a reduction in the ten
dency of carbon to dif
fuse from 2'ACT to 9Cr 
side; 3) low C level in so
lution on the low-Cr 
side; and 4) the forma
tion of a high density of 
carbides in the diffusion 
paths of carbon atoms, 
inhibiting further 
diffusion. 

The precipitation se
quence of carbides in 
the hard zone formed 
on the 9Cr-lMo side of 
the weldment were de
rived based on our ob
servation as follows: 

a' -> a + M 2 3 Q (4) 

hard zone. Since the hard zone (marked A 
in Fig. 2B) has a high density of fine precip
itates, its hardness is found to be higher than 
other regions of the weldment. Diffusion of 
carbon due to the presence of an activity 
gradient across the interface disturbs the 
thermodynamic equilibrium on the low-Cr 
side. In order to maintain the equilibrium, 
the cementite particles in bainite dissolve 
and the proeutectoid ferrite grains grow, 
leading to the formation of a soft zone. The 
soft zone (marked B in Fig. 2B) thus formed 
is found to have a lower hardness than the 
rest of the weldment since its carbon con
tent is low and is almost free of carbides. 
The width and hardness of these zones were 
found to increase with PWHT time (Ref. 
16). The diffusion of carbon from the low-
Cr to high-Cr side and dissolution of preex
isting precipitates in the low-Cr side contin
ues till the change in width and hardness 
saturates due to 1) a decrease in the differ
ence in carbon activity between the two 

It has been reported in literature (Refs. 
17, 18) that M2X and M23C6 are the only 
two types of carbides that form in 9Cr-
lMo steel. However, in our study, M2X 
was not detected in the hard zone. This is 
possibly due to the high carbon in the hard 
zone which favors the precipitation of 
M23Q as compared to Cr2N. It is well un
derstood that the precipitation behavior 
of supersaturated ferrite depends on 
many factors like initial concentration of 
substitutional alloying elements, differ
ence in their affinity toward carbon, effi
ciency of various carbides to scavenge the 
carbon from the matrix, and difference in 
the carbon level of ferrite leading to 
changes in phase stability of local regions. 
The rare observation (Figs. 6A and 5A) of 
precipitates like Mo2C and M6C in the 
hard zone on 9Cr-lMo side is rather un
expected. Mo2C and M(,C carbides typical 
of medium Cr steels are normally ob
served in 2/jCr-lMo steel and also ob

served in high-Cr steels only after pro
longed service exposure of 45,000 h (Refs. 
11, 19). The EPMA profile in Fig. 10 
shows that there is indeed a redistribution 
of Cr across the interface, up to a distance 
of about 10-20 |am. Chromium content in 
the hard zone at the interface is low and 
increases with distance from the interface. 
Further, the high carbon content in this re
gion reduces the net chromium equivalent 
(Cr equivalent of a steel ~ [Cr] + 6[Mo] -
40[C]) (Ref. 20). The observation of Mo-
rich carbides together with M23C6 in this 
region suggests that the steel behaves like 
a low- or medium-chromium steel. As the 
Cr content increases, the behavior be
comes typical to that of a 9Cr-lMo steel 
beyond a distance of 10-20 u.m from the 
interface, although the high carbon pre
vents the formation of M2X. 

A detailed analysis of the composition 
values of M23C6 shows significant re
arrangement taking place in Fe and Cr val
ues. The ratio of composition of Cr to Fe 
inside M23C6 was found to increase with 
aging time from 1 to 15 h — Fig. 8. The Mo 
content remained more or less the same. 
This variation in the microchemistry can 
be understood in terms of the high solu
bility of Fe and Cr in M23C6. The solubil
ity of Fe in M23C6 has a wide range al
though the equilibrium M23C6 

corresponds to Cr23C6. It is known that 
(Ref. 18) Cr23C6 is the most stable carbide 
in 9Cr-lMo steel in the temperature range 
of 823-1023 K. At shorter durations, lower 
mobility of Cr atoms and abundant avail
ability of Fe atoms could have facilitated a 
higher flux of Fe atoms at the precipitate 
to matrix interface. This could have re
sulted in the lower value of Cr/Fe ratio. 
For longer durations, sustained mobility 
of Cr atoms and the thermodynamic dri
ving force to approach the chemistry of 
equilibrium precipitate outweighs the ef
fect of higher availability of Fe atoms 
around each precipitate, thus resulting in 
a higher Cr/Fe ratio. Such a variation in 
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Fig. 11 —A — Variation of carbon concentration and area fraction of carbides across the hard zone after 15 h at 1023 K; B — hardness profile across the weld-
ment after PWHT. 

Cr/Fe ratio has been observed in the case 
of wrought 9Cr-lMo steel (Ref. 21). 

In low-Cr steels, observation of Mo2C 
and M(1C can be understood as follows: 

The higher affinity of Mo for C offsets 
Cr-C interaction, favoring the formation 
of Mo2C. When the equilibrium gets dis
turbed on the low-Cr side due to the mi
gration of carbon, these precipitates dis
solve leading to an increase in C and Mo 
concentration in the matrix. Due to avail
ability of more Mo atoms in the matrix, 
the equilibrium shifts toward M6C at 
higher PWHT times, as seen in Fig. 9A in 
the soft zone of 2%Cr-lMo steel. It is 
known that M,,C is the equilibrium car
bide in the proeutectoid ferrite in TACr-
lMo steel (Ref. 19). 

This investigation shows for the first 
time the variation of carbon content 
across the weldment of 2'ACv-XM.o and 
9Cr-l Mo after PWHT. Any direct method 
for the determination of carbon content, 
such as the chemical method, was not suit
able due to the distribution of low 
amounts of carbon (0.02 to 0.12%) across 
microscopic regions of the order of a few 
microns. Hence, an indirect method was 
adopted to evaluate the concentration of 
carbon in the hard zone. It is assumed that 
a-ferrite is relieved completely of its su-
persaturation after 10 h of aging at 1023 
K and its carbon content reaches the sol
ubility limit, which is known. This as
sumption is valid since the rate of growth 
of the hard zone was constant after 10 h, 
as shown in our earlier study (Ref. 16). 
Hence, carbon content in a-ferrite can be 
taken as the equilibrium content of car
bon in a-ferrite for a weldment subjected 

to PWHT for 15 h. Using the mass bal
ance equation, the total amount of carbon 
in each slab in the hard zone was calcu
lated and the variation of carbon concen
tration across the hard zone was obtained. 
The average carbon content in the hard 
zone was found to be 0.39%. 

Since the area fraction of precipitates 
was higher near the interface, the carbon 
concentration was also high close to the in
terface, and it is expected to follow the same 
trend as that of the area fraction, which has 
also been confirmed. Thus, direct evidence 
has been provided for enrichment of carbon 
and precipitation of secondary carbides in 
the hard zone formed during PWHT of dis
similar weldments. 

Conclusions 

Based on the above study, the follow
ing conclusions may be drawn: 

1) Analytical electron microscopy 
study on carbon extraction replicas taken 
from the hard zone provided direct evi
dence for the precipitation of carbides in 
the hard zone of dissimilar weldments be
tween 9Cr-lMo and 2%Cr-lMo steels sub
jected to PWHT. 

2) The precipitation sequence and mi-
crochemistry of secondary phases in hard 
and soft zones have been established. 

3) An indirect method was adopted to 
calculate the composition of carbides in 
the hard zone based on the type, amount, 
and microchemistry. Variation of carbon 
content across the hard zone was calcu
lated, and it was found to follow the^l_ vs. 
distance profile. Average carbon content 
in the hard zone was found to be 0.39%. 
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Appendix 1 

The procedure adopted to arrive at the 
microchemistry of carbides in the hard 
zone is discussed in detail as follows: 

1. Based on the analysis of SAD pat
tern, the type of carbide is identified (e.g., 
M 2 3 Q ) . 

2. The X-ray spectra from the carbides 
are analyzed using the procedure of nor
malizing the contents of the elements, Fe, 

Cr, and Mo except carbon. Thin foil ap
proximation was used and absorption cor
rection was applied. 

3. The result of the above step docs not 
give the composition of the carbide, but it 
does give the content of Fe, Cr, and Mo in 
M in the carbide (e.g., M23Q,). 

4. Since the formula of the carbide and 
the specific rat io of the conten t of the 
three elements are known, the stoichiom-
etry of the carbide is calculated as follows: 

X* 
%Fe in M 

x 2 3 (in this case) 
100 (1A) 

Value for Xc is taken as 6 in this carbide. 
5. Based on the evaluated stoichiomctry 

of the carbide, the wt-% of each element 
was estimated using the equation 

Wt% of Fe = 

XFeAFe 

XFeAFe + . XMoAMo + XcAC 

(2A) 
Where AFe, ACn AMo, and Ac refer to the 
atomic weight of Fe, Cr, Mo, and C, respec
tively. The statistical error for 99% confi
dence limit ( ± 2a) in the calculation of 
around ten spectra is about ± 2% for Fe, ± 
4 % for Cr, and ± 6% for Mo. 

6. Using the above method, the carbon 
content in each type of precipi tate was 
evaluated. 
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