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Microstructural Changes in Grade 22 Ferritic
Steel Clad Successively with Ni-Based and

9Cr Filler Metals

A study was conducted of the interface microstructure in a Grade 22 ferritic steel
base metal weld clad with ENiCrFe-3 and P91 filler metals

BY R. ANAND, C. SUDHA, V. THOMAS PAUL, S. SAROJA, AND M. VIJAYALAKSHMI

ABSTRACT

This investigation demonstrates the ef-
fectiveness of using a nickel-based inter-
layer in preventing the formation of hard
and soft zones during postweld heat
treatment of Grade 22 ferritic steel weld
clad with Grade 91 ferritic steel. Since
carbon diffusion due to the activity gra-
dient is responsible for the formation of
the zones, a nickel-based interlayer
(ENiCrFe-3) was introduced by welding
to prevent carbon diffusion, thereby con-
trolling the formation of hard and soft
zones. Postweld heat treatment of weld-
ments with 0.1-mm-thick interlayers was
carried out at 1023 K for 1 and 15 h. In-

Introduction

Ferritic steels are the preferred struc-
tural materials for steam generator circuits
of thermal and nuclear power plants due to
their good high-temperature oxidation and
corrosion resistance as well as moderate
creep rupture strength (Ref. 1). In-
service exposure or postweld heat treatment
(PWHT) of ferritic steel dissimilar weld-
ments often results in the formation of a
carbon depleted “soft zone” in the low-Cr
side and a precipitate-rich “hard zone” in
the high-Cr side near the weld interface
(Refs. 2, 3). Diffusion of carbon due to the
activity gradient from low-Cr to high-Cr side
was identified as the principal cause for the
formation of the zones (Ref. 4). It has been
recognized that formation of such deleteri-
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terfacial microstructure and microchem-
istry between Grade 22/ENiCrFe-3 and
Grade 91/ENiCrFe-3 were investigated
in detail using electron microprobe and
transmission electron microscopy. For-
mation of a hard zone was not observed
at the interface of the P91 steel and ENi-
CrFe-3 interlayer. However, presence of
a zone of retained austenite (~6 um in
width) at the interface between Grade 22
and ENiCrFe-3 was confirmed. This
zone did not show any systematic varia-
tion in width with postweld heat treat-
ment schedule. Formation of retained
austenite was understood based on
nickel dilution across the interface dur-
ing welding.

ous zones at the weld interface leads to pre-
mature failure of the welds, well before their
design life period.

A number of methods have been identi-
fied (Refs. 5-7) to prevent the formation of
hard and soft zones in dissimilar joints: 1)
introducing a diffusion barrier to carbon, 2)
reducing the activity gradient by welding
steels with graded Cr composition, and 3)
reducing the carbon activity on the low-Cr
side by alloying with elements like Nb, V, or
Ti, which have higher affinity for carbon. Of
these methods, introduction of a nickel-
based diffusion barrier was found to be most
effective. In dissimilar weldments of Fe-
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0.47C and Fe-19Cr-8Ni-0.09C steels, pres-
ence of a 50-um-thick interlayer of spec-
trally pure nickel was found to have a
retarding influence on carbon redistribution
(Ref. 8). The retarding effect was found to
be directly proportional to the thickness of
the interlayer. Further, a nickel-based diffu-
sion barrier between a corrosion-resistant
steel (Fe-3%Si) and carbon steel was found
to reduce the thickness of the carburized
zone by a factor of almost three (Ref. 9).
Several such studies are available suggest-
ing the beneficial effect of nickel-based an-
tidiffusion barriers (Refs. 10-13). Nickel
was also the preferred filler metal in ferritic-
ferritic transition joints since its thermal ex-
pansion coefficient (14.9 x 10 K for
ENiCrFe-3) lies closer to that of a ferritic
steel (14 x 10 K-! for Grade 22 ) (Ref. 14).

The microstructure that develops at the
interface between a low-Cr ferritic steel and
nickel-based filler metal in austenitic-ferritic
and ferritic-ferritic transition joints has been
extensively studied and debated. J. Barford
et al. (Ref. 15) have reported dark etching
“finger like” duplex structure (o+y) extend-
ing from the 2%Cr side to the Inconel®
weld metal side in high-temperature ex-
posed joints. Uniaxial tensile tests and creep
tests performed on such joints showed that
these duplex structures do not pose serious
problems during fracture. There is agree-
ment among several authors (Refs. 16-20)
that instead of a duplex structure, M,3Cq
and MC carbides precipitate at the weld in-
terface. These carbides are together desig-
nated as Type I or II depending on the
microstructural feature associated with
them and distance from the interface. Type
I carbides appear as a narrow, sharp, well-
delineated feature close to the weld inter-
face and Type II carbides appear as a
relatively wider band (~50-100 um from
the interface) of fine precipitates. Type I
carbides are found to be responsible for pre-
mature failure of the joints in service.
This is attributed to the cavitation around
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Fig. 1 — Schematic representation of the weld
cladding under study (region of interest is marked
by dotted lines).

-

Fig. 2 — Optical microstructure and superimposed hardness profile across as-received weld cladding of
Grade P91 on Grade 22 ferritic steel with 0.1-mm-thick ENiCrFe-3 interlayer.

Fig. 3 — A — TEM micrograph showing the presence of globular M3C- and acicular M,C-type of precipi-
tates in Grade 22 base material of as-received weld cladding; B— micro diffraction pattern along <001> Ermrgy eV
zone axis for M3C-type of precipitate; C — corresponding key for the micro diffraction pattern; D — micro
diffraction pattern along <0110> zone axis for M,C-type of precipitates; E — corresponding key for the
micro diffraction pattern; F — EDS spectra showing Fe enrichment in M 3C-type of precipitate; G — Mo en- G

richment in M,C-type of precipitate.

Table 1 — Chemical Composition of the Base Metal and Electrodes
Description Element (wt-%)
C Cr Mo Mn S P Si Ni Nb Ti
Grade 22 0.12 2.18 1.0 046 0.001 001 025 — — —
(ASTM A387)
Grade 91 0.08 1025 098 091 002 0.02 040 — — —
(Electrode)
(ASTM A387)
ENiCrFe-3 0.05 13.8 — 7.84 0.004 0.01 056 66 1.84 04
(Electrode) T LR I
Enerpy keV
Table 2 — Welding Parameters Used for the Preparation of Weld Cladding the carbide particles leading to interfacial
crack propagation (Refs. 21, 22). Investi-
Base Electrode Electrode Current  Voltage Speed Preheat gation on the crack propagation in power
Metal Diameter (A) V) (mm/min) (°C) plant boilers after service at 838 K from
(mm) 40,000 to 200,000 h revealed that these
Grade 22 ENiCrFe-3 3 80 22 140 150 carbide precipitates redissolve when
ENiCrFe-3 Grade 91 5 80 22 140 — heated above 977 K (Ref. 23).

Despite all these observations con-
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Fig. 4 — A — TEM micrograph showing the presence of spherical Ni3Ti (y') intermetallic phase in the in-
terlayer; B — micro diffraction pattern obtained from y matrix along <011> zone axis; C — correspon-
ding key for the micro diffraction pattern; D — EDS spectrum obtained from the matrix showing Ni and
Fe enrichment; E — SAD pattern from Ni3Ti (') phase along <111> zone axis; F — key for the SAD

pattern.

cerning the interfacial microstructure be-
tween Grade 22 ferritic steel and nickel-
based filler material, there is a universal
agreement that the nickel-based interlayer
reduces the peak hoop stress of the weld
joint by about 38% (Refs. 24, 25). No fail-
ures were reported in Grade 22/Ni-17Cr-
6Fe-0.1C joints even after being in service
for 15 years (Ref. 26). Nickel-based inter-
layers are still considered to be the best
choice to reduce carbon diffusion in dis-
similar weldments of ferritic and austenitic
steels (Refs. 27-29).

The authors have carried out exten-
sive investigations on the formation of
hard and soft zones in direct dissimilar
weldments of 9Cr-1Mo/2%Cr-1Mo fer-
ritic steels (Refs. 5, 30). Numerical simu-
lations based on the finite difference
method predicted that an ~80-um-thick
nickel-based diffusion barrier is sufficient
to prevent the formation of the zones
(Refs. 31, 32). In the present study, the
above prediction has been experimentally
verified by introducing an ~100-um-thick
nickel-based interlayer in dissimilar joints
of ferritic steels. The effectiveness of
using ENiCrFe-3 filler metal in prevent-
ing the formation of hard and soft zones
in ASTM A387 Grade 91 weld cladding

on ASTM A387 Grade 22 ferritic steel
has been investigated. Detailed mi-
crostructural and microchemical charac-
terization has been carried out using
electron microprobe and analytical trans-
mission electron microscopy analysis.

Experimental Details

Weld cladding was performed by
shielded metal arc welding (SMAW) on
Grade 22 base metal using ENiCrFe-3 and
Grade 91 electrodes successively. Grade
22 base metal prior to welding was in the
normalized and tempered condition.
Composition of Grade 22, Grade 91, and
ENiCrFe-3 are given in Table 1 and the
welding parameters are listed in Table 2.
Thickness of the ENiCrFe-3 interlayer be-
tween the ferritic steels was restricted to
0.1 mm. Figure 1 shows the schematic rep-
resentation of the weld cladding used for
the present investigation, where the region
of interest is marked by dotted lines.

The welded specimens were given
PWHT at 1023 K for 1 and 15 h. The weld-
ments were polished using conventional
metallographic procedure and etched
using Villela’s reagent for microstructural
examination. Easier observation of ENi-

CrFe-3/ferritic steel interface was facili-
tated by using an etchant only for the fer-
ritic steels. A specific etchant for retained
austenite, 30%glycerol-10%HNO5-
20%HCI was used to reveal the structure
at Grade 22/ENiCrFe interface. Mi-
crostructural examination was carried out
using an optical microscope (model No:
MEF4A of M/s Leica) and scanning elec-
tron microscope (XL 30 ESEM of M/s
FEI), which was attached with an energy-
dispersive spectrometer (EDS). A Leitz
microhardness tester with an applied load
of 100 g was used for microhardness meas-
urements. An X-ray diffractometer
(XRG3000 model of M/s INEL) equipped
with a curved position-sensitive detector
was used to identify different phases pres-
ent in Grade 91 filler metal and at the in-
terface of Grade 22/ENiCrFe-3. Cu Ka
was used as the incident radiation at 40 kV
and 30 mA. Angular 26 range from 10 to
90 deg was covered with a step size of
0.012 deg.

Elemental distribution across the weld
interface between Grade 22/ENiCrFe-3
and Grade 91/ENiCrFe-3 was identified
using a Cameca SX50 electron probe
micro analyzer (EPMA). Accelerating
voltage of 20 kV and beam current of 20
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Fig. 5— A — TEM micrograph obtained from Grade 91 ferritic steel showing the presence of both ferrite (o) and austenite (y) phases; B — SAD pattern ob-
tained from a phase along the <011> zone axis; C — key for the SAD pattern; D — SAD pattern obtained from y phase along <111> zone axis; E — key for
the SAD pattern; F — EDS spectrum obtained from the y phase showing the presence of Ni.

Fig. 6— X-ray diffraction pattern showing the pres-
ence of both o. (ferrite) and y (austenite) phases in
Grade 91 steel of as-received weld cladding.

nA were used for the analysis of iron,
chromium, and nickel, whereas 10 kV and
20 nA were used for the analysis of carbon.
Crystals used were LiF for Fe Ko, Cr Ka,

and Ni Ko, and PC2 for C Ka. Quantita-
tive analysis was performed by comparing
the intensities of Ko or Lo radiation of
the elements obtained from the sample
with that of the standards. A specialized
computer package was used for quantita-

tive analysis, which takes care of the cor-
rections to be made while calculating the
concentrations of various elements.

Base metal, weld metal, as well as the
weld interface were analyzed using a Philips
CM 200 analytical transmission electron mi-
croscope (TEM) with an energy-dispersive
spectrometer (EDS) with a superultra-thin
window. Thin foils as well as carbon extrac-
tion replicas were used in the investigation.
To prepare the carbon extraction replicas,
initially the samples were polished to a mir-
ror finish and etched using Villela’s reagent.
The entire specimen except the specific re-
gion to be studied was then masked with
thin Al foil. After carbon coating, the Al foil
was removed and again the sample was
etched using Villela’s reagent. On etching,
the carbon film with extracted carbides
could be removed from the region of inter-
est and collected in Cu mesh for TEM
analysis.

To prepare thin foils of Inconel inter-
layer and 9Cr-1Mo weld bead, these por-
tions were cut from the weld cladding. The
samples were initially mechanically pol-
ished using silicon carbide papers up to a
thickness of ~100 wm. Then 3-mm discs
were punched out of these polished spec-

imens. To get electron transparent mate-
rial the 3-mm discs were further polished
by jet thinning technique using 20% per-
chloric acid+10% methanol as electrolyte
at a temperature of 258 K. Selected area
diffraction (SAD) or micro diffraction pat-
terns were used to get crystallographic in-
formation and EDAX spectra were used
to get information about microchemistry,
as given in the Appendix.

Results

Characteristics of As-Received Weld
Cladding

Figure 2 shows the optical microstruc-
ture and superimposed hardness profile of
the as-received weld cladding. Grade 22
ferritic steel showed a bainitic structure,
while the Grade 91 ferritic steel exhibited
a solidification structure. ENiCrFe-3 was
not etched by the Villela’s reagent. Aver-
age hardness of 229 VHN was obtained on
Grade 22 base plate and ENiCrFe-3 weld
bead. Heat-affected zone (HAZ) on the
base metal side showed a high hardness of

~399 VHN. Hardness values of around
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Fig. 7— EPMA concentration profiles for Cr, Ni, and  Fig. 8 — Optical microstructure and superimposed hardness profile across a weld cladding of Grade
Fe as a function of distance X from the interface for as- 91 on Grade 22 ferritic steel with 0.1-mm-thick ENiCrFe-3 interlayer subjected to PWHT at 1023 K for
received weld cladding. 1 h showing no change from as-received condition.
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Fig. 9— TEM micrographs, electron diffraction patterns, and EDS spectra obtained from Grade 22 base metal after PWHT at 1023 K for 15 h showing the fol-
lowing: A — Needle-shaped MgC-type precipitate; B — micro diffraction pattern from MgC precipitate along <301> zone axis; C — key for the micro dif-
fraction pattern; D — EDS spectrum showing Mo enrichment in MsC precipitate; E — TEM micrograph showing bulky M »3C ¢-type precipitate; F — SAD pat-
tern from M3C precipitate along <111> zone axis; G — key for the SAD pattern; H and I — EDS spectra showing Fe and Cr enrichment in M y3C¢ precipitate,
respectively.
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Fig.10 — Optical microstructure of weld cladding after PWHT at 1023 K for 15 h showing mi-
crostructural modification (marked as X and Y) in Grade 22/ENiCrFe-3 interface.

Fig.11 — X-ray intensity profile across the weld
cladding after PWHT at 1023 K for 15 h showing
carbon enrichment in the dark etching region X
near the Grade 22/ENiCrFe-3 interface.
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Fig. 12— EPMA concentration profiles for Fe, Ni,
and Cr as a function of distance X from the interface
after PWHT at 1023 K for 15 h.

237 VHN only were obtained on Grade 91
ferritic steel, which were consistent with
the observed microstructure.

Figure 3 shows the TEM micrographs
and electron micro diffraction patterns, as
well as EDS spectra obtained from Grade
22 base metal. Figure 3A shows the pres-
ence of both globular M;C and acicular
M,C type of precipitates in the base metal.
Analysis of the micro diffraction patterns
given as Fig. 3B and D showed that the
globular M;C-type of precipitate is along
<001> zone axis and acicular M,C precip-
itate is along the <0110> zone axis, re-
spectively. M3C precipitates are Fe rich
and M,C precipitates are all Mo rich as
shown in the EDS spectra given as Fig. 3F
and G, respectively.

Figure 4A shows the TEM micrograph
obtained from the ENiCrFe-3 interlayer,
which shows the presence of an inter-
metallic phase in the matrix. From the
analysis of the micro diffraction pattern
(Fig. 4B), the matrix was found to have
austenite structure with the orientation
along the <011> zone axis. The EDS
spectrum (Fig. 4D) obtained from the ma-
trix showed higher Fe content than what is
expected from the composition of the in-
terlayer. From the analysis of the SAD
pattern given in Fig. 4E, the secondary
phase existing in the matrix was identified
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Fig. 13 — SEM micrograph showing the following: A
— Cross section of the weld cladding subjected to
PWHT at 1023 K for 15 h where the dark etched band
is marked as X and ferrite grains are visible in Y; B —
interface between X and Grade 22 steel as observed
from the surface of the specimen cut along dotted lines
as indicated in A; C — EDS spectrum obtained from
X showing the presence of Ni; D — optical micrograph
revealing retained austenite structure of X.

L Siy

as NisTi (y') intermetallic phase. The in-
termetallic phase exhibited a spherical
morphology and the orientation was found
to be along <111> zone axis. EDS spec-
trum could not be obtained from the in-
termetallic phase due to matrix
interference. Figure SA shows the TEM
micrograph obtained from Grade 91 fer-
ritic steel showing a contrast difference,
suggesting a two-phase structure. Analysis
of the SAD patterns (Fig. 5B and D) ob-
tained from the two regions showed the
presence of both ferrite (o) and austenite
(v) phases along <011> and <111> zone
axes, respectively. The EDS spectrum

(Fig. 5F) obtained from the y phase
showed the presence of ~29% Ni. To fur-
ther confirm the presence of y phase on
the Grade 91 side X-ray diffraction pat-
tern (Fig. 6) was obtained. The XRD spec-
trum showed the presence of (111), (200),
and (220) peaks corresponding to y phase
as well as (110), (200), and (211) peaks
corresponding to o phase. Lattice param-
eter for the y phase was obtained as
3.5891+0.003 A and for a phase as
2.8715+0.004 A.

To determine elemental distribution
across the weld interface, quantitative X-
ray intensity measurements were obtained
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Fig. 14 — X-ray diffraction pattern confirming the presence of retained austen-
ite in the dark-etched band X present in Grade 22/ENiCrFe-3 interface. B = ‘_'E
.

using an electron microprobe — Fig. 7.
Within ~6 um distance on the Grade 22
side of the Grade 22/ENiCrFe-3 interface,
Ni content decreased from 20 wt-% near
the interface to 0% corresponding to the
base metal. Cr concentration changed
from about 10 wt-% near the weld inter-
face to 2.25% corresponding to the base
metal. However, across the Grade 91/ENi-
CrFe interface, significant distribution of
the alloying elements was observed. On
the ENiCrFe-3 side, nickel content de-
creased from 66 to 40% and iron content
increased from 8 to 15%. Similar observa-
tion was also made on the Grade 91 side
where the Fe content was found to have
decreased from 90 to 66%, whereas the
nickel content increased from 0 to 30%.

Effect of PWHT on Weld Cladding

Figure 8 shows the optical microstruc-
ture of the weld cladding after PWHT at
1023 K for 1 h. Grade 22 showed tem-
pered bainitic structure and Grade 91 re-
tained the solidification structure.
Superimposed hardness profile shows a
hardness value of 366 VHN in the HAZ
and 212 VHN in Grade 22 base metal.
Average hardness value of 225 VHN was
obtained on ENiCrFe-3 and Grade 91. No
observable microstructural change could
be seen either in Grade 22/ENiCrFe or in
Grade 91/ENiCrFe interface.

After 15 h of heat treatment, Grade 22
showed predominantly a ferrite structure
with limited retention of bainite in the
base metal away from the interface. Fig-
ure 9 shows the TEM micrographs, elec-
tron diffraction patterns as well as EDS
spectra obtained from Grade 22 base
metal. Both MgC- and M,;C¢-types of pre-
cipitates were detected. The MgC-type
precipitate had needle-shaped morphol-
ogy (Fig. 9A) with orientation along
<301> zone axis (Fig. 9B). It was also
found to be Mo rich as shown by the EDS

spectrum in Fig.
9D. The My;Cq pre-
cipitates were glob-
ular (Fig. 9E) along
<111> zone axis
(Fig. 9F). Both Fe-
and Cr-rich M23C6
precipitates were
detected, as shown
by the EDS spectra
in Fig. 9H and I, re-

spectively.  Even
after 15 h of heat
treatment, 9Cr-

1Mo retained the
solidification struc-
ture. An overall re-
duction in the
hardness of the
weldment was
observed.
Microstructural

Fig. 15 — A — Schematic of the Fe-Cr-Ni ternary phase diagram at 1073 K
with superimposed diffusion profiles obtained across the Grade 22/ENiCrFe-
3 interface (solid lines) and Grade 91/ENiCrFe-3 interface (dotted lines) for
weld cladding PWHT at 1023 K for 15 h. Diffusion profiles show the existence
of yand o+y phases in the Grade 22/ENiCrFe-3 interface and dual phase (o+y)
structure in Grade 91; B — expanded portion of the phase diagram with mi-

modification was
not observed in
Grade 91/ENiCrFe

crostructures of corresponding phase fields inserted.

interface after 15 h

of heat treatment

— Fig. 10. Electron

microscopy studies carried out on carbon
replicas extracted from the interface of
Grade 91/ENiCrFe showed no evidence of
the presence of carbide precipitates. This
is in sharp contrast to the behavior that
had a hard zone formed. In Grade 22 and
ENiCrFe-3 interface, a dark etched zone
of ~6 um width (marked as X in Fig. 10)
and a light etched region of ~20 um
width (marked as Y in Fig. 10) were ob-
served. Average hardness of 289 VHN on
X and ~152 VHN on Y was obtained.
The X-ray elemental line scan for carbon
(Fig. 11) obtained using an electron mi-
croprobe showed increase in carbon in-
tensity corresponding to X. Quantitative
elemental analysis across the weld inter-
face using electron microprobe (Fig. 12)
showed that variation of Ni, Cr, and Fe

concentration across Grade 91/ENiCrFe-
3 interface as well as Grade 22/ ENiCrFe-
3 interface was similar to that in
as-received joints. No redistribution for
chromium was observed between X and Y.

Figure 13A shows possibly a dual-phase
structure of X and ferrite grains in Y. To fur-
ther investigate the dark etching band X, a
cross section of the weld was cut parallel to
the Grade 22/ENiCrFe-3 interface (marked
by dotted lines in Fig. 13A). The cut surface
(Fig. 13B) was repeatedly polished and
etched till the area fraction of X was ~>0.5.
EDS spectrum given as Fig. 13C shows the
presence of Ni in the dark etching band X.
Figure 13D shows the retained austenite
structure of the dark etching band X, which
was revealed only after using a special
etchant for retained austenite. Further con-
firmation for the presence of retained
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austenite in X was obtained using X-ray dif-
fraction pattern (Fig. 14), which showed the
presence of (111), (200), and (220) peaks
corresponding to the y phase and (110),
(200), and (211) peaks corresponding to the
o phase.

Discussion

In the as-received weld cladding,
Grade 22 base material, which was in the
normalized and tempered condition, ex-
hibited a bainitic structure with a hardness
value of around 229 VHN. In the HAZ, a
high hardness value of around 399 VHN
was obtained (Fig. 2). During welding, the
base material, which is directly in contact
with the weld metal, can experience tem-
peratures above A; (temperature at which
transformation from ferrite to austenite is
complete). Depending upon the cooling
rate, the austenite can transform to
martensite or bainite. A high hardness
value of around 399 VHN is indicative of
a martensitic transformation in the HAZ
during cooling subsequent to welding.
Electron microscopy investigations carried
out on the carbon extraction replicas ob-
tained from the base metal showed the
presence of Fe;C and Mo,C type of pre-
cipitates — Fig. 3. This is in accordance
with the reported microstructure of nor-
malized and tempered Grade 22 steel
(Ref. 33).

After PWHT for 1 h, a slight reduction
in the overall hardness of the weld
cladding was noticed as a result of tem-
pering of the microstructure. Otherwise
no significant change in the microstructure
was observed after 1 h of heat treatment
— Fig. 8. When the PWHT duration was
increased to 15 h, the microstructure of
Grade 22 base metal showed predomi-
nantly a ferrite structure with limited re-
tention of bainite — Fig. 10. The presence
of bulky globular Fe or Cr-rich M,3Cs and
needle-shaped Mo-rich MgC were con-
firmed through electron microscopy in-
vestigations — Fig. 9. The microstructure
obtained was similar to that of high-
temperature (1023 K) exposed Grade 22
steel containing 0.11% C (Ref. 34).

Microstructure of ENiCrFe-3 inter-
layer in as-received weld cladding (Fig. 4)
showed the presence of Ni3Ti (y') inter-
metallic phase in y matrix. This observa-
tion is in accordance with the
microstructure observed for nickel-based
superalloys (Ref. 35). On the Grade 91
side, a solidification structure was ob-
tained both in as-received and PWHT
weld cladding — Figs. 2, 8, and 10. Elec-
tron microscopy investigations did not re-
veal the presence of carbides on the Grade
91 side after heat treatment. From elec-
tron microprobe investigation (Fig. 7), it is
found that considerable redistribution of
the alloying elements had taken place be-

tween Grade 91 ferritic steel and ENi-
CrFe-3 interlayer due to mixing during
welding. On the Grade 91 side, the Ni con-
tent was found to be quite high (30 wt-%).
It is expected that the high Ni content near
the weld interface on Grade 91 side would
favor the formation and retention of y
phase during cooling subsequent to weld-
ing. Confirmation for the existence of y
phase on Grade 91 was obtained both
from electron microscopy and X-ray dif-
fraction analysis — Figs. 5 and 6. Since
these investigations were performed on
the cross section of the weld overlay, the
o phase also was detected along with .
Volume fraction of y phase in Grade 91
can be calculated using the following for-
mula (Ref. 36)

1 RV
vy
Ia Rcr.Vo. (1)
and
Vy+Vy =1

(@)

where V, and V, are volume fraction of
the austenite and ferrite phase, respec-
tively, 1, and I, are measured integrated
intensity of (111) and (200) peaks for y and
(110) and (200) peaks for a phase, re-
spectively. R, and R, are constants calcu-
lated from crystal structure and lattice
parameters for both phases as follows

(3

where v is the volume of the unit cell (m?),
F is the structure factor, p is the multiplic-
ity factor, 0 is the Bragg angle, and e is
the temperature factor. Using the above
formulas, volume fraction of the y phase in
Grade 91 steel is found to be 0.38 and that
of the o phase is 0.62. High Ni content in
Grade 91 will expand the y phase field and
also reduce the martensitic start (Ms) tem-
perature considerably. The effect of Ni on
Ms temperature was evaluated based on
Andrews (linear) equation (Ref. 37) given
below where the concentration of the al-
loying elements are expressed in wt-%.

|F|” p

2 1+ c0s220 oM
sin0 cos 0
3)

Ms(°C) = 539 — 423C — 30.4Mn
~12.1Cr = 17.7Ni - 7.5Mo (4)

On substituting the concentration of al-
loying elements in Grade 91 filler metal,
the Ms temperature is obtained as 137 K,
which is much below the room tempera-
ture. In a recent work in literature (Ref.
38), the following empirical equation
based on neural network analysis has been
suggested for accurate determination of
the Ms temperature of steels.

Ms(K) = 765.2 - 302.6C — 30.6Mn
~16.6Ni — 8.9Cr + 2.4Mo ~11.3Cu
+8.58C0o + 7AW - 14.55i )

Input variables for the neural network
were obtained from a range of elemental
concentration (e.g., C0.001 to 1.62%, Mn
010 3.76%, Cr 0 to 17.9%, Ni 0 to 27.2%,
Mo 0 to 5.10%). Ms temperature for
Grade 91 filler metal calculated using the
above equation agreed well with the value
obtained using Andrews equation. The
martensitic start temperature reported in
the literature (Ref. 39) for 9Cr-1Mo steel
having 8.25%Cer is below 673 K. Hence,
the presence of Ni in Grade 91 would have
drastically reduced the Ms temperature as
a consequence of which the martensitic
transformation is completely suppressed
on cooling subsequent to welding. This ex-
plains the solidification structure with very
low hardness than what is expected on
Grade 91 side in as-received weld
cladding.

Such a change in the structure of
Grade 91 steel is brought about due to
mixing during welding. Since the melting
point of ENiCrFe-3 (1369-1673 K) is close
to that of Grade 91 ferritic steel
(1281-1473 K), it is possible that during
deposition of Grade 91 bead, the underly-
ing ENiCrFe bead would also have melted
or heated to high temperature leading to
mixing of the molten material. No zone or
formation of intermetallics was observed
at the interface of Grade 91 and ENiCrFe-
3. Even otherwise, the interface between
a high-Cr ferritic steel/Ni-based interlayer
is considered to be less problematic when
compared to low-Cr ferritic steel/Ni-based
interlayer since the low-carbon activity
gradient at the interface inhibits carbon
diffusion. It has been reported (Ref. 20)
that in single V-groove butt joint welds of
Alloy 800 (Fe-31Ni-20Cr-0.03C) and
Grade 91 steel, because of the low-carbon
activity in the Grade 91 ferritic steel, only
limited precipitation is observed at the in-
terface after prolonged aging. An increase
in the Ni content in the filler metal may
further limit this precipitation.

In the interface of Grade 22 and ENi-
CrFe-3, the dark-etched region of ~6-um
thickness observed after PWHT at 1023 K
for 15 h (marked as X in Figs. 10 and 13A)
was identified as retained austenite. The
adjacent light-etched region of ~20 um
thickness (marked as Y in Figs. 10 and
13A) was identified as ferrite. Reason for
the formation of dark etching zone X can
be understood as follows:

Electron microprobe based investiga-
tions showed high concentration for Ni
and Cr, from the interlayer to ~6 um dis-
tance into the Grade 22 side of the inter-
face, which may be a result of dilution of
the base metal during welding. Concen-



tration of Ni in Grade 22 very near the in-
terface was 20 wt-% and that for Cr was
10%. From the structure diagram for Cr-
Ni steels proposed by Strauss and Maur-
rer (Ref. 40) for the given concentration
of Ni and Cr, only y phase is expected to
form very near the weld interface. In ad-
dition to stabilizing the y phase field, pres-
ence of Ni also brings down the Ms
temperature to 265 K (from Equation 4).
Hence, a retained austenite structure is ex-
pected to form very near the interface be-
tween Grade 22 and ENiCrFe-3. Evidence
for the existence of retained austenite was
obtained in such weldments — Figs. 13,
14. As the distance from the interface in-
creases on Grade 22, Ni and Cr contents
decreased gradually to reach the base ma-
terial concentration beyond 6 um. Hence,
it is to be expected that the zone X will
have dual-phase structure with the ratio of
the volume fraction of a to that of y in-
creasing with distance from the interface.

In an earlier work (Ref. 15) on dis-
similar joints between Grade 22 and
Inco-A, presence of dark etching fingers
have been reported. This feature was
found to be absent in the as-welded spec-
imens, and even in heat-treated joints
they were not found throughout the weld
interface. Formation of such zones was
related to degeneration of martensite
during heat treatment. In the present
work, the dark etching zone X also was
not observed in the as-received weld
cladding, but it was present throughout
the weld interface in heat-treated speci-
mens. However, evidence was obtained
(Fig. 7) for the redistribution of alloying
elements during welding up to
~ 6-um distance in the base metal, which
confirms the existence of the zone in the
as-received specimen also. Since this
zone of very small thickness is present
adjacent to a dark etching HAZ of the
base metal, observing it as a well-defined
feature with a sharp interface is difficult.

Figure 15A shows the schematic of Fe-
Cr-Ni ternary phase diagram at a temper-
ature of 1073 K. The diffusion profiles
across Grade 22/ENiCrFe-3 and Grade
91/ENiCrFe-3 interfaces are superim-
posed on the phase diagram. Figure 15B
shows an expanded portion of lower Ni-
higher Fe section of the phase diagram
with microstructures of corresponding
phase fields superimposed. It is clear from
Fig. 15A that the composition on Grade
91 side exists in o+y phase field. As a re-
sult of this, it exhibits a dual-phase solidi-
fication structure, evidence for which is
given in Fig. 15B. Again from Fig. 15A, it
is seen that in the Grade 22/ENiCrFe-3
interface on the Grade 22 side, the v
phase field exists up to some distance after
which the structure changes from y to
a+y. Evidence for these observations are
also given in Fig. 15B.

The formation of an additional zone Y
adjacent to X after heat treatment for 15 h
can be explained as follows:

Formation of retained austenite (in
X) during welding introduces an a/y in-
terface (between base material and X)
within Grade 22 ferritic steel, thereby in-
troducing a carbon activity gradient.
PWHT would have led to the diffusion of
carbon from the Grade 22 side to the zone
X. Using an electron microprobe carbon
enrichment has been observed in the re-
gion corresponding to X — Fig. 11. Since
the solubility of carbon iny phase is much
higher than that in ferritic steel, no pre-
cipitation is observed. Also, since carbon
is an austenite stabilizer it would have fur-
ther stabilized the retained austenite struc-
ture at the interface. Due to the diffusion
of carbon, the precipitates on Grade 22
side will dissolve leading to the formation
of a zone of ferrite (marked as Y in Fig.
10) adjacent to X. The width of Y was
much smaller (~20 um) when compared
to the width of soft zone (~300 um),
which forms in direct dissimilar welds be-
tween Grade 91 and Grade 22 ferritic
steels for the same heat treatment condi-
tion (Ref. 5).

Conclusions

* A nickel-based interlayer of about 0.1
mm thickness was used to effectively con-
trol the formation of soft and hard zones
in dissimilar weld cladding of ferritic
steels.

* The hard zone was found to be ab-
sent in the Grade 91/ENiCrFe-3 interface.
However, a zone of retained austenite of
about 6-um thickness formed in the inter-
face of the Grade 22 and ENiCrFe-3 in-
terlayer due to dilution during welding.

e Subsequent PWHT resulted in the
formation of a soft zone adjacent to the re-
tained austenite layer in the Grade
22/ENiCrFe-3 interface due to the diffu-
sion of carbon.

* Width of the soft zone that forms ad-
jacent to the zone of retained austenite was
found to be much smaller than that ob-
served in direct dissimilar welds without an
interlayer for the same PWHT conditions.
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Appendix

The procedure adopted to arrive at the
microchemistry of carbides is discussed in
detail below.

1) Based on the analysis of SAD pat-
tern, the type of carbide is identified (Eg.
M23Cy)

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 does not
give the composition of the carbide but the
content of Fe, Cr, and Mo in ‘M’ in the
carbide (Eg. M»;Cy).

4. Since the formula of the carbide and
the specific ratio of the content of the
three elements are known, the stoichiom-
etry of the carbide is calculated as follows:
For Eg,

_YeFeinM

X x 23 (in this case)
Fe l(x)

5. Based on the evaluated stoichiome-
try of the carbide, the weight-percentage
of each element was estimated using the
equation

XFe AFe

+XCrACr+XMoAMo+XCAC)

XFe AFe

wt - % of Fe= (
Where Ag., Acy, Ay, and Acrefer to the
atomic weight of Fe, Cr, Mo, and C,
respectively.
The statistical error for 99% confi-
dence limit (=2 ) is about £2% for Fe, +
4% for Cr, and * 6% for Mo.
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