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Dissimilar metal weld failures between low alloy Cr-Mo ferritic steels and austenitic stainless
steels made with Ni-base filler metals are typically observed along the fusion line. Such DMW
failures often exhibit the onset of damage well before their expected service life. Failure is
typically associated with a carbon-depleted region in the ferritic steel and formation of creep
voids along a row of so-called Type I carbides. More recently, the formation of Type I carbides
adjacent to a carbide-free ferrite band has also been observed in DMWs where the ferritic steel
was a 9 pct Cr creep strength-enhanced ferritic steel. However, it has not been completely
clarified whether these microstructural features formed during welding, post-weld heat
treatment or service. In this study, single pass bead-on-plate welds were prepared on a Grade
91 steel substrate using commonly specified Ni-base weld metals; ENiCrCoMo-1, ENiCrMo-3,
ENiCrFe-3, ENiCrFe-2 and EPRI P87 (ENiFeCr-4) and were characterized in the as-welded,
post-weld heat treatment (PWHT) and aged conditions. The evolution of the ferrite band was
found to form by a diffusion-controlled process and was observed after PWHT and aging
associated with regions exhibiting steep concentration gradients in the partially mixed zone
(PMZ). In this study, steep concentration gradients were observed along the toe of the weld
whereas relatively shallow gradients were observed at the weld bottom-center, resulting in a
discontinuous ferrite band along the fusion line during PWHT and aging. The variation in
chemical gradients in the PMZ corresponded to different chemical potential gradients, which
lead to differences in carbon diffusion during high-temperature PWHT and aging. The results of
this study provide insight into potential solutions for minimizing the risk of failure in future
applications.

https://doi.org/10.1007/s11661-020-05715-2
� The Minerals, Metals & Materials Society and ASM International 2020

I. INTRODUCTION

DISSIMILAR metal welds (DMWs) in the power
generation industry between Grade 91 (P91) and
austenitic stainless steels are most commonly welded
together using Ni-base filler materials.[1,2] These welds
connect ferritic steels, used in the low-temperature
regions of a power plant, to stainless steels, which are
used in the higher temperature and more corrosive
regions. A key characteristic of DMWs is the tendency
for premature failure, which can lead to significant
economic impact due to lost profits and repair costs.[3]

The general failure mechanism of DMWs involving
low alloy, Cr-Mo ferritic steels (e.g., Grade 22) has
recently been reviewed in detail.[4] To summarize, the

sharp change in microstructure across the fusion line of
DMWs in the as-welded condition forms due to a steep
chemical concentration gradient across the partially
mixed zone (PMZ), resulting in the formation of
as-quenched martensite. Prolonged high temperature
exposure during post-weld heat treatment (PWHT) or
service results in carbon diffusion down the chemical
potential of carbon (CPC) gradient from the ferritic base
metal towards the austenitic fusion zone. In DMW
failures involving Grade 22 steels, carbon diffusion leads
to the formation of a row of carbides (Type I carbides)
adjacent to a carbon-depleted soft zone on the ferritic
side and a carbon-enriched hard zone on the austenitic
side.[5] These large differences in microstructure and
strength occur over very short distances across the
fusion line (~ 50 to 100 lm). Concomitantly, locally high
stresses can develop along the fusion line in the DMW
from the differences thermal expansion coefficients
(CTE) between the ferritic and austenitic steels. As a
result of these factors, strain is concentrated in the weak,
carbon-depleted zone near the fusion line, thus gener-
ating creep voids around the Type I carbides. Eventually
the extent of damage is such that continued in-service
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growth leads to the formation of micro- and later
macro-cracking. This observed mode of failure may be
assisted by local contributors to an enhanced stress-
state, temperature cycling or formation of a surface-con-
nected oxide notch.

While Grade 22 DMW failures have been extensively
studied, few studies have focused on failures involving
Grade 91 DMWs. Work conducted to date on failures
involving Grade 91 have demonstrated that failure also
occurs along the fusion line where creep voids ultimately
lead to failure.[6,7] Similar to DMWs involving lower
Cr-Mo steels, failure is attributed to various microstruc-
tural features including the presence of a carbide-free
ferrite band and Type I carbides along the fusion line.
The carbides initially form in a spherical shape, but
subsequently form a lenticular morphology with con-
tinued aging and alignment along the fusion line.[4,8–11]

A recent study has observed these carbides in DMWs
involving Grade 91.[12]

A recent study characterized service-induced damage
in a DMW between Grade 91 and ENiCrFe-3 as shown
in Figures 1(a) through (d).[13] This sample was sub-
jected to a service temperature of 565 �C for approxi-
mately 125,000 hours prior to removal. Damage is
postulated to have orignated near the surface at the
fusion line and propagated through the wall thickness
along the fusion line due to the formation of creep voids
along the interface between the carbide-free ferrite band
and Type I carbides. This carbide-free ferrite band
ranged in width from 1 to 3 lm and was only observed
between the fusion line and the FCC/BCC interface
(Figure 1(d)). A similar creep damage mechanism was
recently observed in fusion welds involving IN740H,
where creep failure was found to be associated with
precipitation-free zones and coarsened precipitates.[14]

Similar to the DMW service failure, creep voids were
found to form between the precipitate-free zone and the
coarsened secondary phase. In each case, strain

Fig. 1—DMW service failure after 125,000 h at 565 �C between P91 and ENiCrFe-3 with stereo-microscopy (a) etched, (b) as-polished, (c) light
optical image highlighting the damage along the fusion line and heat affected zone (HAZ), and (d) scanning electron microscopy image of the
damage tip along the fusion line.
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localization within the precipitate-free zone appeared to
be an important factor that contributed to failure.

Although the carbide-free ferrite band and Type I
carbides were observed after service failure in the DMW
described above, the condition of the microstructure
near the fusion line in the as-welded, PWHT, and aged
condition has not yet been reported in detail. Thus, it is
currently not known whether these microstructural
features form as a result of welding, PWHT, or service
aging, and the formation mechanism has not yet been
considered in detail for DMWs involving Grade 91.
Therefore, the objective of this study is to understand
how the microstructure evolves at the fusion line in the
as-welded, PWHT and aged condition. This is con-
ducted through microstructural analysis via electron
microscopy as well as thermodynamic and kinetic
modeling. The results of this study provide insight into
potential solutions for minimizing the risk of failure in
future applications.

II. PROCEDURE

Single pass bead-on-plate DMWs were fabricated
using P91 base metal and ENiCrCoMo-1, ENiCrMo-3,
ENiCrFe-3, ENiCrFe-2 and EPRI P87 (ENiFeCr-4)
electrodes using the shielded metal arc weld (SMAW)
process. The welding process was performed manually
using a consistent set of variables including a voltage of
25 V, amperage of 100 A and a travel speed of 8 in/min
(203.2 mm/min). The measured compositions of the P91
base metal and filler wires used in this study are shown
in Table I.

Samples were cross-sectioned from regions where the
weld exhibited steady-state conditions and evaluated in
the as-welded and 1-hour PWHT condition at 760 �C
(1400 �F). Additional samples were subjected to a
1-hour PWHT at 760 �C and subsequently aged at
625 �C (1157�F) for 2000, 4000, 6000 and 8000 hours.
Each sample was metallographically prepared to a final
polish of 50 nm colloidal silica and etched with Vilella’s
etchant for the base metal and electrolytically etched
with 10 pct oxalic at 2.5 V for 3 to 30 seconds for the
fusion zone.

Light optical microscopy (LOM) was conducted on a
Riechert-Jung� MeF3 metallograph. Scanning electron
microscopy (SEM) was conducted on a Hitachi� 4300
FEG-SEM and a FEI� Scios Dual Beam microscope
using an accelerating voltage of 15 kV and a beam
current of 0.5 nA. Electron Backscatter Diffraction

(EBSD) was conducted using an EDAX Hikari Pro
detector using an accelerating voltage of 15 kV and a
beam current of 13 nA at a 70 deg tilt. Energy-Disper-
sive Spectroscopy (EDS) was conducted with an EDAX
Octane Elite Detector under the same conditions as
EBSD. The EDS and EBSD maps were collected
simultaneously and exported using EDAX TEAM�
software. Semi-quantitative EDS results were exported
via ZAF correction using the EDAX TEAM� software.
Nanoindentation was conducted using a Hysitron�
PI-85 nanoindentor in an SEM with a berkovich
diamond tip and a max load of 2500 lN and a
trapezoidal load function.
Thermo-Calc/DICTRA� kinetic and thermodynamic

models were used to simulate the carbon diffusion after
PWHT and aging using the TCFE9 and TCNI8
databases for thermodynamic calculations and the
MOB2 database for the kinetic calculations using a
homogenization model.[15–17] A PMZ size of 50 lm was
used for each simulation with 2.5 mm of base metal and
2.45 mm of weld metal for a total 5 mm length in the 2D
diffusion simulation.[13] A bilinear chemical concentra-
tion gradient was used in the PMZ, which was in good
agreement with the recent electron microprobe mea-
surements for Grade 91 DMWs.[13]

Table II lists the compositions used for the Thermo-
Calc/DICTRA� simulations for each alloy. The com-
position used for the fusion zone was calculated using
an estimated dilution of 10 pct using the average value
of every element with the exception of carbon for the
filler metal and base metal, according to the AWS
standard.[18,19] The maximum specification tolerance
for carbon concentration was used for the base metal,
and the minimum carbon concentration tolerance for
each filler metal was used. This effectively produced the
largest carbon concentration gradient, and therefore,
presents the most intense condition for diffusion.

III. RESULTS AND DISCUSSION

A. Experimental

The location of the FCC/BCC interface was identified
with EBSD analysis. Since EBSD cannot differentiate
between ferrite (BCC) and martensite (body-centered
tetragonal), the phase maps were used to identify the
FCC/BCC interface. It is thus important to clarify the
BCC nomenclature for martensite was used throughout
this article in reference to the EBSD phase maps. Image

Table I. Chemical Compositions (Wt Pct) of Material Used

Alloy C Mn Fe P S Si Cu Ni Co Cr Nb + Ta Mo

P91 0.10 0.4 bal 0.013 0.0020 0.26 0.013 0.13 0.0112 8.58 0.061 0.94
ENiCrCoMo-1 0.12 1.8 1.1 0.010 0.0030 0.50 0.010 bal 11 24 0.6 9.0
ENiCrFe-2 0.030 2.9 7.8 < 0.0010 0.020 0.26 0.010 bal 0.048 14 1.52 0.8
EPRI P87 (ENiFeCr-4) 0.10 1.5 38 0.010 0.010 0.25 0.030 bal — 9.4 — 1.9
ENiCrFe-3 0.054 6.4 8.1 0.0090 0.0060 0.44 0.020 bal — 16 1.7 —
ENiCrMo-3 0.033 0.72 0.90 0.0040 0.0070 0.47 0.010 bal — 21 3.4 9.1
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quality (IQ) and inverse pole figure (IPF) maps were
used to observe the grain and subgrain misorientation,
where low angle subgrain boundaries were characterized
to differentiate martensite from ferrite.[20,21]

B. As-Welded Condition

The EBSD measurements were collected along the
fusion line in the as-welded condition as shown in
Figure 2(a) through (c) for the DMW between ENiCr-
CoMo-1 and P91. The phase map of this region is
shown in Figure 2(a) with FCC in red and BCC in blue.
The phase map overlaid on the IQ map in Figure 2(b)
shows grain boundaries and sub grain boundaries as
dark lines. The orientation of each of these grains and
subgrains are shown by the IPF map in Figure 2(c).
Large austenite grains are observed in the FCC region
and several packets of martensite are observed in the
BCC region. These are identified by the low angle

misorientations within the packet, which is in accor-
dance with the low-angle subgrain boundaries of lath
martensite.[20,21] These low angle misorientations are
identified both in the IQ map as dark lines (subgrain
boundaries) and in the IPF map as slight changes in
orientation, which is consistent with a martensitic
microstructure.[20] These observations were consistent
for all DMWs evaluated, where a continuous band of
martensite was observed adjacent to the FCC/BCC
interface. Martensite formation along the fusion line
after welding has been observed and explained in
previous work.[6,22] The high-alloy content in the PMZ
induces high hardenability that, when combined with
the high cooling rates from welding, lead to martensite
formation in the PMZ. As discussed below, formation
of the ferrite band (as observed on damaged samples
removed from service) is diffusion-controlled and thus
cannot form with the short processing times associated
with welding.

Table II. Chemical Compositions (Wt Pct) used for Modeling

Elements P91 ENiCrFe-2 ENiCrFe-3 ENiCrMo-3 ENiCrCoMo-1 EPRI P87 (ENiFeCr-4)

C 0.120 0.030 0.03 0.03 0.0574 0.111
Co 0.00 0.00 0.00 0.00 11.2 0.00
Cr 8.48 15.0 15.4 19.8 20.6 8.94
Fe 89.5 11.7 22.8 18.6 10.8 45.6
Mn 0.445 1.50 6.31 0.00 0.00 0.00
Mo 0.920 1.44 0.268 7.34 8.15 1.82
N 0.0480 0.00 0.00 0.00 0.00508 0.00775
Nb 0.0690 1.57 0.00 2.35 0.00730 0.973
Ni 0.215 68.8 55.1 51.8 49.2 42.5
V 0.210 0.00 0.00 0.00 0.0221 0.0221

Fig. 2—EBSD of a DMW between P91- ENiCrCoMo-1 after welding with the (a) phase map (BCC is blue, FCC is red), (b) image quality (IQ)
map overlaid with phase map and (c) inverse pole figure (IPF) map (Color figure online).
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C. PWHT Condition

After a 1-hour PWHT at 760 �C, an ‘‘interfacial
band’’ (IB) was observed between the fusion line and the
FCC/BCC interface for all DMWs. The IB is charac-
terized by EBSD/EDS for the P91-ENiCrMo-3 DMW
in Figure 3(a) through (f) and is representative of similar
observations for the DMWs involving ENiCrFe-3,
ENiCrFe-2 and EPRI P87 (ENiFeCr-4) after PWHT.
The EBSD phase map overlaid on the SEM image
(Figure 3(a)) demonstrates the IB to be BCC with no
Type I carbides between the band and the base metal.
The lath substructure from the P91 base metal extends
into the IB (Figures 3(b) and (c)), terminating at the
FCC/BCC interface. The subgrain boundaries suggest
the microstructure of the IB is martensitic and is
associated with the high hardenability of Grade 91 and
the PMZ.[23] EDS maps for Cr, Mo, and Ni overlaid
with the phase map of the same area are shown in
Figures 3(d) through (f). These maps show that the IB is
enriched in Ni and Cr when compared to the base metal.
Identical analyses were conducted for the other DMW
samples and the observations for the as-welded, PWHT
and aged conditions are summarized in Table III.

For these DMWs, the IB likely transformed to
austenite during PWHT but, due to the high harden-
ability, resulted in a martensitic transformation upon
cooling. To assess this possibility, the composition of the
martensite band was extracted from the EDS maps and
is presented in Table IV. This composition was used
with Andrew’s empirical calculations to estimate the

Ac1, Ac3, and MS temperatures.[24] Although these
equations were designed for compositions with less than
5 wt pct Ni and Cr, the calculations provide an
estimation of these temperatures. Since the Ac1, Ac3,
and MS temperatures are highly dependent on the
carbon content and carbon cannot be accurately deter-
mined from EDS analysis, the carbon content was
varied from 0 to 0.12 wt pct. This resulted in an
estimated Ac1 temperature range of 719 �C to 723 �C
and Ac3 temperatures in the range of 784 �C to 790 �C.
This suggests that the IB was able to partially transform
to austenite during PWHT at 760 �C, but the high
hardenability of the PMZ P91 resulted in formation of
martensite instead of ferrite on-cooling.[23] This is
reinforced by the low, critical cooling rate of Grade 91
of approximately 0.2 �C/s and the empirically calculated
Ms temperature, in the range of 130 �C to 139 �C.[24,25]
This aspect has been observed in other DMW systems
involving ENiCrMo-3.[6,22]

Unlike the other DMWs, the IB for the P91-ENiCr-
CoMo-1 sample exhibits a different microstructure as
shown by the EBSD/EDS characterization in
Figures 4(a) through (f). The IB is BCC with a row of
Type I carbides between the IB and base metal. The lath
substructure from the base metal does not continue into
the IB, instead a unique grain orientation is observed
within the IB with no subgrain misorientation
(Figure 4(c)). These observations indicate that the IB
is ferritic. EDS maps overlaid with the phase map of this
region show that the band is not enriched in Ni, Cr, or

Fig. 3—EBSD/EDS overlaid with the phase map of the 1-h PWHT P91-ENiCrMo-3 DMW with (a) SEM image overlaid with phase map, (b)
IQ overlaid with phase map, (c) IPF map, EDS maps overlaid with phase map for (d) Cr, (e) Mo, and (f) Ni.
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Mo and is carbide-free (Figures 4(d) through (f)).
However, two distinct secondary phases are observed
between the base metal and carbide-free ferrite band,
with one exhibiting Cr enrichment and the other
exhibiting Fe/Mo/Si enrichment. Similar observations
were made for service aged DMWs involving P92 by
Clark et al., who characterized the microstructure
through transmission electron microscopy as well as
EDS. In their study, the Cr-rich Type I carbides were
identified as the FCC M23C6 carbides and the Mo-rich
phase was identified as a hexagonal laves phase with a
composition (all in weight percent) of 37Fe-11Cr-35-
Mo-5Si.[6] Several studies have also reported the pres-
ence of laves phase along the fusion line for service aged
P91 DMWs with enrichment of iron and molybdenum
according to an (Fe)2(Mo) stoichiometry.[26–29] The
composition of the Mo-rich phase was extracted from
the EDS map in Figure 4 resulting in a composition (on
a weight percent basis) of 43Fe-13Cr-33Mo-4Si, sug-
gesting that the phase observed is the (Fe,Cr)2(Mo,Si)
laves observed in Clark’s work.[6]

The composition of the carbide-free ferrite band
(Table IV) was used to empirically calculate the Ac1
and Ac3 temperatures, using the same method employed
for the martensite band.[24] The calculated Ac1 temper-
ature range is 853 �C to 856 �C and the calculated Ac3
temperature range is 897 �C to 903 �C, both of which
are greater than the PWHT temperature used in this
study of 760 �C. Therefore, the carbide-free ferrite band
did not transform to austenite during PWHT and, since
this region was adjacent to the FCC/BCC interface,
likely became carbon depleted as has been observed in
other DMW systems.[4]

D. Aged Condition

Each DMW system exhibited a carbide-free ferrite
band and Type I carbides after aging up to 6000 hours as
shown in Figures 5(a) through (e). Thus, none of the filler
metals characterized in this study are immune to the
formation of the carbide-free ferrite band and Type I
carbides under the time and temperature conditions used
here. However, there are differences in the time required
to form these microstructural features (Table III).
The carbide-free band and associated Type I carbides

became more pronounced for each DMW after 8000
hours of aging at 625 �C. The EBSD/EDS results of
these microstructures are shown for the representative
8000-hour aged P91-ENiCrMo-3 DMW (Figures 6(a)
thorugh (f)). Similar to the ferrite band observed after
PWHT for the P91-ENiCrCoMo-1 DMW, grains
exhibiting no subgrain misorientation reside between
the base metal and the FCC/BCC interface. The lack of
subgrain misorientation is especially apparent in
Figures 6(b) and (c) when comparing the misorientation
of the ferrite band to that of the tempered martensite
base metal. The EDS maps of this region overlaid with
the phase map show that the ferrite is carbide-free and is
adjacent to a row of Cr and Mo/Ni rich Type I carbides.
These are likely to be Cr-rich M23C6 Type I carbides and
the Mo/Fe/Si rich Laves Phase which were observed for
the P91-ENiCrCoMo-1 DMW after PWHT.
Although the carbide-free ferrite band was observed

for all samples after aging for 6000 hours at 625 �C, this
band was not continuous through the interface between
the Ni-base weld metal and P91 substrate. An example
of this is shown in Figures 7(a) thorugh (f), which

Table III. Summarized Microstructural Observations for each DMW

Weld Metal
Microstructure
After Welding

Microstructure After
PWHT at 760 �C

625 �C Aging Time When Carbide-Free Ferrite Band and
Type I Carbides were First Observed (h)

ENiCrFe-2 martensite martensite 6000
ENiCrCoMo-1 martensite ferrite 2000
ENiCrMo-3 martensite martensite 4000
EPRI P87 (ENiFeCr-4) martensite martensite 6000
ENiCrFe-3 martensite martensite 4000

Table IV. Chemical Composition (Wt Pct) Comparison of Base Metal, Carbide-Free Ferrite Band, and Martensitic Band to
Compositions Reported in Literature

Technique
SEM EDS

WDS STEM EDS

Element Base Metal
Ferrite
Band

Martensite
Band

DuPont et al. Service Failure: Ferrite
Band[13]

Clark et al.Ferrite
Band[6]

Nb < 0.5 ± 0.1 < 0.5 ± 0.1 < 0.5 ± 0.1 — < 0.5 ± 0.2
Mo < 0.5 ± 0.1 0.8 ± 0.1 0.7 ± 0.2 < 0.5 ± 0.1 < 0.5 ± 0.3
V < 0.5 ± 0.1 < 0.5 ± 0.1 0.7 ± 0.2 — < 0.5 ± 0.1
Cr 9.9 ± 0.3 11 ± 0.4 11 ± 0.4 7.5 ± 0.3 8.1 ± 0.2
Mn 0.65 ± 0.1 0.7 ± 0.2 1.4 ± 0.2 0.6 ± 0.1 —
Fe 87 ± 5.4 85 ± 2.1 76 ± 1.7 89 ± 2.5 89 ± 0.5
Ni 1.5 ± 0.1 2.1 ± 0.3 10 ± 0.5 2.3 ± 0.2 1.8 ± 0.2
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displays the EBSD characterization of two different
regions of a P91-ENiCrFe-3 DMW after aging 8000
hours at 625 �C. This sample exhibited a carbide-free
ferrite microstructure along the toe of the weld
(Figures 7(a) through (c)) and a martensitic structure
towards the bottom-center of the weld (Figures 7(d)
thorugh (f)).

The average compositions of the carbide-free ferrite
band, martensitic band and the base metal were
extracted from EDS maps of the DMW’s listed in the
first two columns of Table V, which are averaged over
the as-welded, PWHT and aged conditions as shown in
Table IV. Although these compositions were averaged
over different locations, different DMWs and different
aging times, the standard deviation values of both the
martensite and ferrite band are relatively low. This
indicates that the ferrite and martensite bands have
uniform composition of substitutional alloying elements
regardless of the aging time or weld metal for which it
was observed. These results are compared to two other
compositional measurements from service failures which

exhibited a carbide-free ferrite band.[6,13] Although the
compositions reported from the literature are for service
failed samples exhibiting a ferrite band, the concentra-
tion of both Fe and Ni are similar to those measured in
this study. The Cr content measured in the carbide-free
ferrite band is higher for the samples in this study, likely
due to differences in interaction volume of the electron
beam in this study where a high beam current and a 70
deg tilt was used to simultaneously conduct EBSD/EDS
characterization. This may have captured Cr character-
istic X-rays from the Cr-rich Type I carbides adjacent to
the band.

IV. KINETIC MODELING

Thermodynamic and kinetic modeling was conducted
to simulate carbon diffusion during PWHT and aging.
These simulations provide insight into the microstruc-
tural observations and assist in the comparison of the
filler metals.

Fig. 4—EBSD/EDS overlaid with the phase map of the 1-h PWHT P91-ENiCrCoMo-1 DMW with (a) SEM image overlaid with phase map, (b)
IQ overlaid with phase map, (c) IPF map, EDS maps overlaid with phase map for (d) Cr, (e) Mo, and (f) Ni.
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A. PWHT Condition

Figure 8 shows the CPC (8A), carbon concentration
(8B) and phase fraction of minor phases (8C), plotted as
a function of distance for the representative P91-
ENiCrCoMo-1 DMW. The microstructural observa-
tions are in good agreement with the DICTRA��
kinetic modeling at 760 �C where carbon depletion is
predicted to occur in the BCC base metal (Figures 8(a)
thorugh (c)). The depletion of carbon in the base metal
is due to a sharp discontinuity in the CPC at the fusion
line, followed by a large, negative gradient in the PMZ.
The system will act to relieve this sharp discontinuity
and large gradient, which drives carbon to diffuse from
the base metal to the FCC PMZ. This results in lower
phase fractions of M23C6 and M6C carbides in the base
metal when compared to the PMZ. Sigma and mu
phases were predicted to form further into the FCC
PMZ, which were not observed in this study and likely

require longer times to form. Identical simulations were
conducted for DMWs involving alloys ENiCrFe-3,
ENiCrMo-3 and ENiCrFe-2 which showed similar
trends. However, the P91-EPRI P87 (ENiFeCr-4)
DMW exhibits a different trend and is shown by
Figures 9(a) thorugh (c). For this DMW, there is a
chemical potential gradient from the weld metal to the
base metal, and the sharp gradient across the fusion line
leads to a local carbon-enriched peak in the FCC PMZ.
Under the conditions of PWHT at 760 �C for 1-hour,

there is not enough time for significant substitutional
diffusion to occur as shown by Figure 10, where
substitutional diffusion is negligible compared to inter-
stitial diffusion.
Thus, reductions in the CPC gradient can only be

achieved through carbon diffusion, where an increase in
carbon concentration will lead to an increase in CPC
and vice versa.[30] The change in carbon concentration
over time (dC/dt) is proportional to the second

Fig. 5—SEM image after 6000 h of aging at 625 �C for DMWs between P91 and (a) ENiCrCoMo-1, (b) ENiCrFe-3, (c) ENiCrFe-2, (d)
ENiCrMo-3, and (e) EPRI P87 (ENiFeCr-4).
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derivative of the CPC gradient (dl/dx) according to
Fick’s second law (Eq. [1]).[31]

dC

dt
/ d2l

dx2
½1�

Following Eq. [1], regions that exhibit a concave
down CPC gradient (i.e., near the fusion line) will result
in the local reduction in carbon concentration over time.
However, regions where the CPC gradient is concave up
(i.e., PMZ) will result in an increase in carbon concen-
tration locally over time. Because of this, carbon can
diffuse up the concentration gradient, resulting in
further depletion of the base metal and enrichment of
the FCC PMZ with increasing time (Figure 8(b)).
However, within these relatively short time frames,
complete equilibrium cannot be achieved. Hence, the
overall CPC gradient can be reduced by a decrease in the
CPC before the fusion line (i.e., in the base metal) and
an increase in CPC after the fusion line. Since substi-
tutional diffusion is limited during a 1-hour PWHT, the
change in CPC is proportional to the carbon

concentration. This effect is apparent by comparing
the initial CPC curve to the curve after 3600 seconds of
simulated exposure to 760 �C (Figure 8(a)). Lastly,
carbon diffusion down the gradient near the FCC
PMZ/weld metal region is not as pronounced as that
observed at the fusion line. This can be attributed to the
lower CPC gradient in that region and the lower
diffusivity of carbon in FCC relative to BCC.
The local carbon depletion and enrichment near the

fusion line depends largely on the magnitude of the
initial CPC gradient at the fusion line. The magnitude of
the gradient is, in turn, controlled by the width of the
PMZ and the variation in composition as affected by
dilution and filler metal composition. Although carbon
will diffuse to reduce the chemical potential gradient, the
initial difference in carbon concentration between the
weld metal and the base metal does not have a
significant effect on the CPC gradient (Figures 11(a)
through (d)). Figures 11(a) and (b) provide results for a
carbon concentration of 0.0574 wt pct for ENiCr-
CoMo-1, and Figures 11(c) and (d) shows results where
the carbon concentration is 0.12 wt pct for

Fig. 6—EBSD/EDS overlaid with the phase map of the 8000-h aged P91-ENiCrMo-3 DMW with (a) SEM image overlaid with phase map, (b)
IQ overlaid with phase map, (c) IPF map, EDS maps overlaid with phase map for (d) Cr, (e) Mo, and (f) Ni.
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ENiCrCoMo-1, matching the carbon concentration of
P91. Even in the absence of an initial carbon concen-
tration gradient, the CPC gradients are on a similar
magnitude, indicating that these gradients are highly
dependent on the substitutional alloying elements
(Figures 11(a) through (c)). This leads to similar carbon
concentration curves after PWHT where the base metal
is depleted and the PMZ becomes enriched
(Figures 11(b) through (d)).

Therefore, substitutional elements such as Ni, Cr and
Mo have a much larger impact than carbon content on
the CPC gradient. This is displayed in Figure 12 where
the initial chemical potential gradient for each simulated
DMW is plotted against the extent of carbon depletion
and enrichment after a 1-hour PWHT. As expected, the
DMWs with ENiCrCoMo-1 and ENiCrMo-3 filler
metals, which exhibited the greatest CPC gradient at
the fusion line, exhibit the most depletion in the base

Fig. 7—EBSD for the (a to c) toe of the weld and (d to F) center of weld for a DMW between P91-ENiCrFe-3 after aging for 8000 h at 625 �C
with, (a/d) SEM image overlaid with phase map (b/e) IQ map overlaid with phase map, and (c/f) IPF map.

Table V. Concentration Gradients Extracted from EDS Traces

Weld Metal Sample Microstructure

Concentration Gradient (Wt Pct/lm)

Fe Ni

ENiCrCoMo-1 AW center of weld martensite � 2.7 1.8
AW toe of weld martensite � 6.1 5.3
1 h PHWT ferrite � 7.7 6.0
2000 h aged center of weld martensite � 0.54 0.37
2000 h aged toe of weld ferrite � 6.3 4.5
8000 h aged ferrite � 6.7 5.4
DICTRA� — � 9.2 5.7

ENiCrFe-3 8000 h aged toe of weld ferrite � 12 11
8000 h aged center of weld martensite � 1.7 1.6
DICTRA� — � 6.5 5.4

ENiCrMo-3 8000 h aged ferrite � 8.8 6.6
1 h PWHT martensite � 1.6 1.4

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, MAY 2020—2231



metal and enrichment in the PMZ. This is associated
with high levels of carbide forming substitutional
elements of Cr, Mo, and/or Nb in these alloys. Filler
metals ENiCrFe-2 and ENiCrFe-3 show reduced carbon
depletion, which can be attributed to reduced levels of
Cr and Mo. The filler metal EPRI P87 (ENiFeCr-4)
shows the smallest change in carbon concentration near
the fusion line due to the purposeful, reduced Cr
concentration in this filler metal.

B. Aged Condition

DICTRA� simulations were conducted for the aged
condition using the final compositions of the 1-hour
PWHT simulations as the starting compositions for
aging (Figures 13(a) through (c)). Because of this
starting condition, there is an initial carbon concentra-
tion peak in the PMZ that is apparent after 3600
seconds (Figures 8(b) and 13(b)). This results in a peak
in the CPC curve due to the carbon enrichment in the
PMZ from PWHT (Figure 13(a)). This CPC peak is
eliminated with aging time by the diffusion of carbon
into the base metal and the PMZ. The CPC peak is
observed in the aged simulation and not in the PWHT
simulation due to the temperature dependence of the
CPC as well as the location of the FCC/BCC interface in
the PMZ. Carbon diffuses from the BCC base metal,
down the CPC gradient into the FCC PMZ and, due to
the lower diffusion rate of carbon in FCC compared to
BCC, diffusion into the weld metal is inhibited and a
carbon-enriched region forms. A carbon-enriched peak
is observed along the fusion line, associated with an
increase in phase fraction of M23C6 and M6C carbides,
which agrees with the observation of Type I carbides.
This is followed by a carbon- and carbide-depleted
region between the fusion line and the FCC/BCC
interface, which is where the BCC carbide-free ferrite
band was observed. A carbon-enriched region was
predicted to form in the FCC PMZ, which corresponds
to M23C6 carbides that are observed along austenite
grain boundaries. With increasing aging time, carbon
continues to diffuse from the base metal to the FCC
PMZ resulting in further depletion of the region between

Fig. 8—DICTRA� simulation of the P91-ENiCrCoMo-1 DMW
after a 1-h PHWT at 760 �C: (a) chemical potential of carbon, (b)
carbon concentration, (c) phase fraction for minor phases after 1-h.

Fig. 9—DICTRA� simulation of the P91-ENiFeCr-4 DMW after a
1-h PHWT at 760 �C: (a) chemical potential of carbon, (b) carbon
concentration, (c) phase fraction for minor phases after 1-h.

Fig. 10—DICTRA� comparison of the extent of interstitial and
substitutional diffusion after a 1-h PWHT at 760 �C for the
P91-ENiCrCoMo-1 DMW.
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the FCC/BCC interface and fusion line. This observa-
tion serves to elucidate the reason for a more pro-
nounced carbide-free ferrite band after 8000 hours of
aging.

These observations were consistent for each DMW
system, although the extent of carbon diffusion varied
for each filler metal. However, the P91-EPRI P87
(ENiFeCr-4) DMW (Figures 14(a) through (c)) shows
that carbon diffuses from the weld metal into the base
metal so that the FCC PMZ is carbon-depleted, and the
base metal is enriched in carbon. Even though carbon
diffuses from the FCC PMZ into the base metal, a
carbon-depleted region forms between the FCC/BCC
interface and fusion line, where the carbide-free ferrite

band was observed to form after service exposure
(Figure 1).
A comparison plot of all DMW systems after a 1-hour

PWHT at 760 �C and aging at 625 �C for 8000 hours is
shown in Figures 15(a) and (b). Figure 15(a) provides a
set of curves plotted as the difference in carbon
concentration of each point (e.g., distance) after 1-hour
PWHT and 8000 hours of aging from the initial
compositions input into the simulation and
Figure 15(b) exhibits the initial CPC curves plotted over
the same distance. Although the extent of carbon
enrichment and depletion varies for each DMW, corre-
sponding to the differences in initial CPC gradients, a
carbon-depleted region forms between the fusion line
and FCC/BCC interface. This is in good agreement with
the microstructural observations where the carbide-free
ferrite band was observed for all DMWs after 8000
hours. However, there are differences in the time
required to form these microstructural features
(Table III). The differences in absolute time are associ-
ated with variation in the filler metal composition that
controls the chemical potential gradient and concomi-
tant carbon diffusion. The simulated change in carbon
concentration after aging (Figure 15) is generally in
agreement with the times where the ferrite band was
observed. For example, DMWs with ENiCrCoMo-1
and ENiCrMo-3 are predicted to exhibit more carbon
diffusion compared to DMWs involving ENiCrFe-2 and

Fig. 11—Effect of nominal carbon concentration for the DICTRA� diffusion simulation of a P91/ ENiCrCoMo-1 DMW subjected to a 1-h
PWHT at 760 �C with (a, b) the minimum allowed carbon concentration as shown in Table II and (c, d) the nominal carbon composition of the
filler metal as shown in Table I.

Fig. 12—Carbon enrichment and depletion of each DMW as a
function of initial CPC gradient after a 1-h PWHT.
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EPRI P87 (ENiFeCr-4) where the carbide-free ferrite
band was observed after additional aging time.

C. Gradient Comparison

Although the carbide-free ferrite band microstructure
was observed after PWHT and aging, this band was not
continuous along the fusion line as was shown for the
8000-hour aged P91-ENiCrFe-3 DMW (Figure 7). This
sample exhibited a carbide-free ferrite microstructure
along the toe of the weld (Figures 7(a) through (c)) and
a martensitic microstructure (Figures 7(d) through (f))
towards the bottom-center of the weld.
The deviation in microstructure results from differ-

ences in chemical concentration gradients through the
PMZ in the as-welded condition. An example of this is
shown by EDS traces of the P91-ENiCrCoMo-1 DMW
in the as-welded condition, which were taken along the
toe of the weld (Figure 16(a)) and bottom-center of weld
(Figure 16(b)) and are summarized in the schematic
bead-on-plate weld (Figure 16(c)). These EDS traces are
overlaid with the IQ and phase maps of the regions
evaluated to identify the FCC/BCC interface and
microstructure. The location of the EDS line trace is
shown in green and the FCC/BCC interface is labeled by

Fig. 13—DICTRA� simulation for the P91- ENiCrCoMo-1 DMW
after a 1-h PHWT at 760 �C and aging for up to 8000 h at 625 �C:
(a) chemical potential of carbon, (b) carbon concentration, (c) phase
fraction for minor phases after aging 8000 h.

Fig. 14—DICTRA� simulation for the P91-ENiFeCr-4 DMW after
a 1-h PHWT at 760 �C and aging for up to 8000 h at 625 �C: (a)
chemical potential of carbon, (b) carbon concentration, (c) phase
fraction for minor phases after aging 8000 h.

Fig. 15—DICTRA� simulation of each DMW displaying (a)
difference in carbon concentration after a 1-h PWHT at 760 �C and
aging at 625 �C for 8000 h and (b) initial chemical potential of
carbon as a function of distance.
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the red line. Although these traces were taken from the
same sample, the observed concentration gradients
varied, corresponding to differences in PMZ size, where
the region near the toe of the weld (Figure 16(a)) has a ~
7 lm PMZ and the region at the bottom-center of the
weld has a PMZ size greater than 20 lm. Similar trends
were observed for other DMWs in this study, where
steep concentration gradients (similar to Figure 16(a))
were observed near the toe of the welds, and the shallow
concentrations gradients (as shown in Figure 16(b))
were observed at the bottom-center of the welds
(Figure 16(c)). This is summarized in Table V, where
concentration gradients for Fe and Ni were extracted
from EDS traces for regions within this study and are
listed with the observed microstructures. The concen-
tration gradients associated with the carbide-free ferrite
band are an order of magnitude larger than the region
where martensite was observed. This observation was
not unique to this sample as the ferrite band was not
continuous along the fusion line for any DMWs aged up
to 8000 hours.

The variation of the chemical concentration gradients
may be associated with differences in fluid flow velocities
along the fusion line prior to solidification.[32] There are
several driving forces for fluid flow during welding such
as the buoyancy, Lorentz, surface tension and arc sheer

stress forces.[32] Of these sources, the surface tension and
arc shear stress drive fluid flow from the top-center of
the weld towards the toe of the weld due to the
differences in temperature, which lead to differences in
fluid density and surface tension. However, as the
bottom-center of the weld is not in close proximity to
the surface of the weld, these forces will not impart as
much mixing, thus leading to a reduced concentration
gradient. This spatial difference in fluid flow velocity
could be the cause of the difference in observed
concentration gradients.
Therefore, the differences in observed microstructure

after PWHT (Figures 3 and 4) are likely attributed to
the differences in observed concentration gradients. The
EDS traces overlaid with IQ and phase maps of the
P91-ENiCrMo-3 and P91-ENiCrCoMo-1 DMWs are
shown by Figures 17(a) and (b), respectively. Here, the
P91-ENiCrCoMo-1 DMW (demonstrating the car-
bide-free ferrite band) exhibits a steep concentration
gradient across the FCC/BCC interface (Figure 17(a)).
In contrast, the P91-ENiCrMo-3 DMW (demonstrating
the martensite band) exhibits a shallow concentration
gradient across the FCC/BCC interface. Kinetic mod-
eling of the PWHT condition (Figure 13) shows that the
CPC gradient across the FCC/BCC interface is more
severe than the gradient further into the PMZ.

Fig. 16—EDS traces overlaid with IQ and phase maps for the as-welded P91-ENiCrCoMo-1 DMW (a) toe of weld, (b) bottom/center of weld
with (c) schematic bead-on-plate weld summarizing the gradient and microstructural observations after PWHT and aging.
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Therefore, the differences in initial concentration gradi-
ents lead to differences in the extent of carbon diffusion
after PWHT, explaining why ferrite was observed for
the ENiCrCoMo-1 DMW and martensite was observed
for ENiCrMo-3. Further evidence of this is supported
by the 8000-hour aged P91-ENiCrFe-3 DMW which
showed that the differences in microstructural observa-
tions are related to the gradient, independent of the filler
metal used.

V. MECHANICAL PROPERTY COMPARISON

To compare mechanical property differences of the
carbide-free ferrite band, base metal and partially mixed
zone, nanoindentation was used in place of micro-
indentation due to the size limitation of the carbide-free
ferrite band. Nanoindentation traces taken across the
8000-hour aged P91- ENiCrFe-3 DMW are compared
to a P91- ENiCrFe-3 DMW service failure as shown in
Figure 18.

In both the service failure and the 8000-hour aged
DMW, no localized softened region is observed adjacent
to the fusion line and the measured hardness is
consistent between the two samples along the trace.
This indicates that the room temperature hardness of
the carbide-free ferrite band is not significantly different
than the base metal or the PMZ and that the aged
material is representative of the service failure. The
similarity in room temperature hardness may be
attributed to the small grain size of the ferrite band (1
to 3 lm) as well as the possibility that the region may be
plastically deformed from the localized strain of the
CTE mismatch along the fusion line. Although the
ambient temperature hardness of the ferrite band is
similar to that of the neighboring base metal and

partially mixed zone, the small grain size and lack of
carbides would render this region susceptible to the
premature failure by accelerated creep deformation that
is observed in the field samples.

VI. RECOMMENDATIONS FOR MINIMIZING
FAILURE

As discussed previously, the carbide-free ferrite band
and the Type I carbides only evolve with exposure to
high temperatures and times associated with PWHT and
aging. Although the carbide-free ferrite band is not a
direct result of welding (i.e., the ferrite band does not
form during welding), the difference in concentration
gradients along the fusion line lead to differences in CPC
gradient at elevated temperatures. Carbon diffuses from
the base metal into the weld metal, down the CPC

Fig. 17—EDS traces overlaid with phase maps for 1-h PWHT DMWs between (a) P91- ENiCrCoMo-1 as shown in Fig. 4 and (b)
P91-ENiCrMo-3 as shown in Fig. 3.

Fig. 18—Nanoindentation traces taken across the fusion line for the
8000-h aged P91- ENiCrFe-3 DMW compared to a P91- ENiCrFe-3
DMW service failure with data extracted from Ref. [13].
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gradient, resulting in a local carbon-depleted region
prior to the FCC/BCC interface. This carbon diffusion
can lead to localized carbide dissolution and degrada-
tion of the original martensitic lath morphology
(Figure 19), resulting in a carbide-free ferrite
microstructure. Due to the differences in the chemical
concentration gradients, the carbide-free ferrite band
and Type I carbides were commonly observed near the
toe of the weld. As the toe of the weld will be exposed to
the service environment, the formation of an oxide
notch and the carbide-free ferrite band make this region
the most susceptible to failure.[4,7,9,33,34] However, there
are several possible practical solutions. For example, the
concentration gradient along the fusion line could be
reduced by increasing the dilution of the first weld pass.
Alternatively, a filler metal with a composition interme-
diate to the base metal and filler metal could be used to
make the first pass. A recent study has shown promise
through the use of a graded transition joint involving
Grade 22 and could also be applied to DMWs involving
Grade 91.[35] Each approach would reduce the chemical
potential gradient that is ultimately responsible for the
ferrite formation. Of course, any investigation of these
possible approaches would also require a thorough
analysis of changes in local creep properties.

VII. CONCLUSIONS

Microstructural characterization was conducted on
DMWs between P91 base metal and various Ni base
filler metals to understand how the fusion line
microstructure evolves during welding, PWHT, and
long-term aging. The following conclusions can be
drawn from this work.

1. The carbide-free ferrite band and Type I carbides do
not form during welding, but form as a consequence
of a diffusion-controlled process resulting from
high-temperature exposure during PWHT and ser-
vice-simulated aging.

2. For the aging conditions used in this work, the
carbide-free ferrite band was observed for all filler
metals after 6000 hours of aging at 625 �C and only
formed in regions exhibiting steep chemical con-
centration gradients. The chemical concentration
gradients were steeper along the toe of the weld
when compared to the bottom-center. Therefore,
carbide-free ferrite was more commonly observed
along the toe of the weld and Ni-rich martensite was
observed at the bottom-center of the weld after
aging.

3. The carbide-free ferrite band results from carbon
diffusing down the chemical potential gradient
during high-temperature aging and PWHT in
regions which exhibit a steep chemical concentra-
tion gradient after welding. This leads to local
depletion of carbon in the martensite along the
interface, thus producing a carbide-free ferrite
band.

4. The carbide-free ferrite band and Type I carbides
were observed for all DMW systems after 6000
hours of aging at 625 �C. However, some DMW
systems exhibited the ferrite band earlier than
others, which is related to the composition of the
filler metal and the effect of the CPC. None of the
filler metals included in this study are immune to
the formation of this microstructure under the aging
conditions utilized in this study.
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