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a b s t r a c t

Modified 9Cr-1Mo ferritic steel is a preferred material for steam generators in nuclear power plants for
their creep strength and good corrosion resistance. Austenitic stainless steels, such as type 316LN, are
used in the high temperature segments such as reactor pressure vessels and primary piping systems. So,
the dissimilar joints between these materials are inevitable. In this investigation, dissimilar joints were
fabricated by the Shielded Metal Arc Welding (SMAW) process with Inconel 82/182 filler metals. The
notch tensile properties and Charpy V-notch impact toughness properties of various regions of dissimilar
metal weld joints (DMWJs) were evaluated as per the standards. The microhardness distribution across
the DMWJs was recorded. Microstructural features of different regions were characterized by optical and
scanning electron microscopy. Inhomogeneous notch tensile properties were observed across the
DMWJs. Impact toughness values of various regions of the DMWJs were slightly higher than the pre-
scribed value. Formation of a carbon-enriched hard zone at the interface between the ferritic steel and
the buttering material enhanced the notch tensile properties of the heat-affected-zone (HAZ) of P91. The
complex microstructure developed at the interfaces of the DMWJs was the reason for inhomogeneous
mechanical properties.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Modified 9Cr-1Mo ferritic steel (also called Grade 91 or P91) is a
preferred material for steam generators in nuclear and thermal
power plants for their excellent creep strength and good corrosion
resistance. Austenitic stainless steels, such as type 316LN (also
called AISI 316LN or SS 316LN), are used in the high temperature
segments such as reactor pressure vessels and primary piping
systems. So, the dissimilar joints between these materials are
inevitable. Bi-metallic joints of these materials have performed
poorly in power plants. Formerly, these bi-metallic joints were
made with stainless steel fillers, but they resulted in premature
failures because of carbon migration and sigma phase formation. In

addition, many thermal stresses occurred because of a coefficient of
thermal expansion mismatch between ferritic steel and stainless
steel [1,2]. To overcome these issues, nickel-based (Inconel 82 and
Inconel 182) consumables were used because of their intermediate
coefficient of thermal expansion and they significantly retard the
carbon migration [3].

Cross weld tensile testing has been widely used in the industry
to qualify welds, for example, when failure occurs in the base metal
that represents good scenario, or in the weld metal or HAZ that is
not desired. For a reliable integrity assessment, one must know the
variations of the mechanical properties at each region (base metal,
weld metal, and heat affected zone), but it is difficult to extract the
specimens from each region. To overcome this issue, a notch tensile
test is used. Because of the presence of the notch, plastic defor-
mation occurs at the root of the notch and the failure is due to the
stress concentration effect [4].

Jang et al. [5] investigated the spatial variation in mechanical
properties between low alloy steel and stainless steel with Inconel
82/182 welds. They reported that the strength properties were
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50e70 MPa greater at the bottom of the weld, whereas the fracture
toughness values at the top of the weld were about 70% greater
than the bottom of the weld. Kim et al. [6] studied the local me-
chanical properties of the dissimilar joint between SA508 and 316L
stainless steels. They concluded that the mismatch in the yield
stress (YS) was undermatched for the HAZ of both the base metals,
and the yield strength of the weld metal was overmatched (M > 1)
for both the base metals. The minimum ductility occurred at the
HAZ of SA508 at room temperature (RT) and 320�C.

Wang et al. [7] investigated the local mechanical properties of
the dissimilar metal joint between low alloy steel and stainless
steel with Inconel 52M welds. They observed inhomogeneous
mechanical properties across the dissimilar joint, and they attrib-
uted this to the complex microstructure developed at the interface.
Sharma et al. [8] investigated the variations in the mechanical
properties across the dissimilar joints between low alloy steel and
stainless steel with Inconel 82/182 weld metal using a ball inden-
tation technique; they concluded that the YS of the weld metal was
slightly higher than that of the stainless steel and smaller than that
of the low alloy steel, and the ultimate tensile stress of the weld
metal was similar to that of the base metals. Furthermore, the
strength values of both buttering and weld metal were the same.
HAZs had higher YS and ultimate tensile stress values compared
with their base metals. Wang et al. [9] studied the local mechanical
properties of an Alloy 52M dissimilar metal welded joint (DMWJ) in
nuclear power systems using the mini-sized flat tensile specimens.
The results showed that there were drastic variations in the local
mechanical properties in the interface regions between materials.
The heterogeneous mechanical properties were mainly related to
the local microstructures of the DMWJ, which was caused by the
convection of the weld pool and element migration during the
welding process. The local mechanical properties and their mis-
matches may have a significant effect on crack-tip fracture me-
chanics parameter, plastic deformation behavior, local fracture
resistance, and crack growth behavior. Ming et al. [10] investigated
the microstructural characterization of dissimilar joints between
low alloy steel and stainless steel. The interface microstructure
between low alloy steel and the buttering material with Type-I and
Type-II boundaries with carbon-depleted soft zones and carbon-
enriched hard zones. Microhardness profiles also revealed the
nonuniform mechanical properties across the DMWJs.

Rathod et al. [11] studied variations in mechanical properties
and conducted a comparative evaluation of welding consumables
between SA508 ferritic steel and SS304L stainless steel. They found
that Inconel 82/182 offered better strength properties than Inconel
52/152. Ming et al. [12] investigated the local mechanical properties
and stress corrosion cracking (SCC) susceptibility of dissimilar
joints between low alloy steel and stainless steel. Their results
showed nonuniform hardness distribution and inhomogeneous
mechanical properties in the DMWJs, whereas the interface be-
tween the weld metal and stainless steel showed the highest SCC
susceptibility while the stainless steel showed the lowest SCC
susceptibility. The reported literature does not reveal any published
information on evaluating the mechanical properties of various
regions of DMWJs through notch tensile testing. Hence, our
investigation is significant in that it is focused on evaluating the
local mechanical properties of dissimilar joints between P91 and SS
316LN through the notch tensile test.

2. Experimental

2.1. Materials and welding

The base metals used in this investigation were modified 9Cr-
1Mo ferritic steel (P91; normalized and tempered) and AISI 316LN

austenitic stainless steel (SS316LN; solution annealed). The micro-
structure of the P91 base metal is shown in Fig. 1A. It consists of
tempered martensite with prior austenitic grain boundaries, and
some of the secondary phase particles are finely distributed in the
grain boundaries and within the grains. These secondary phase
particles are M23C6 type, and some of Nb and V rich (C, N) phases
are also presented in the grain boundaries [13]. In addition, the
martensite structure has high dislocation density even after
tempering treatment (760�C for 1 hour), which shows that the
tempering time is not sufficient [14]. The optical micrograph of SS
316LN is shown in Fig.1B, which consists of fully equiaxed austenite
grains with annealing twins, and some of the d-ferritewas visible in
the grain boundaries in the form of stringers [15]. The dissimilar
joints were fabricated by a shielded metal arc welding process with
a gas tungsten arc welding root pass using Inconel 82/182 filler
metals. The Inconel 82 (ø 1.2 mm) is a GTA filler wire, which is used
for root and second passes. For the remaining passes, SMA elec-
trodes of Inconel 182 (ø 3.12 mm) were used. Before welding, the
electrodeswere dried in an oven (250�C for 1 hour) according to the
manufacturer's specifications. The chemical compositions and
mechanical properties of the base and filler metals are presented in
Tables 1 and 2, respectively. A K-joint configuration was used to

Fig. 1. Optical micrographs of base metals. (A) Optical micrograph of P91-Base metal
(B) Optical micrograph of 316LN-Base metal (d-ferrite (white arrows), annealing twins
(red arrow)).
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fabricate the DMWJ, and the dimensions are shown in Fig. 2. Before
welding, the P91 plates were buttered with Inconel 182 electrodes.
The preheat and interpass temperature of 250�C was maintained
throughout the buttering process. After buttering, the plates were
subjected to postheating with a temperature of 760�C for 2 hours.
The postheating was performed in the electrical resistance furnace
with a heating rate of 150�C/h and was followed by furnace cooling.
After postheating, the buttered P91 plates were subjected to dye
penetrant testing and no surface cracks were found. The dissimilar
joint between buttered P91 and SS 316LN was performed in a 1G

(flat horizontal) position. The welding parameters used to fabricate
the DMWJ joints are presented in Table 3. After welding, the DMWJ
was subjected to a 100% radiography test as per American Society of
Mechanical Engineers (ASME) Section V (inspection procedure),
and it was accepted as per the ASME Section III (acceptance
criteria).

2.2. Mechanical testing and characterization

For the evaluation of tensile properties and impact toughness in
various regions of the DMWJ, a block with a width of 12 mm was
extracted transverse to thewelding direction, and the notches were
placed in various regions of the DMWJ using a broach cutter.
Because the thickness of the specimen was about 25 mm, it was
sliced to a required thickness using wire cut electrical discharge
machining . Both notch tensile and impact specimens were pre-
pared as per the American Society for Testing andMaterials (ASTM)
E8-13 and ASTM E23-13 standards, respectively [16,17]. Notch
tensile tests of various regions of the DMWJ were carried out at a
constant strain rate of 2.8� 10�4/s. A Charpy V-notch impact test at
RT on various regions of the DMWJ was performed using an
accelerated impact tester. The velocity of the pendulumwas kept at
5.12 m/s. This velocity was the same as the normal Charpy test
pendulum velocity as per the ASTM E23-13 standard. Before
testing, both the tensile and impact specimens were finely polished
to ensure smoothness. The scheme of extraction and the di-
mensions of the tensile and impact specimens are shown in Fig. 3
and Fig. 4Ae4C, respectively.

A microhardness survey across the DMWJ was carried out using
a Vickers microhardness tester. The load and the dwell time was
kept at a constant value of 100 g and 15 seconds, respectively. The
distance between two indentations was kept at 0.5 mm for the base
metal to the HAZ, and the distance of 0.1 mmwas kept for the HAZ
to the fusion interface. Because the joint thickness was about
25 mm, the microhardness survey was carried out along three lines
(top, middle, and bottom) and across the cross-section of the
DMWJ. Microstructural features of the DMWJ were carried out
using a light optical microscope. The DMWJ had three different
materials, so three different chemical etchants were used to reveal

Table 1
Chemical compositions (in wt%).

Base metals Filler metals

Elements
(in wt%)

Ferritic steel Austenitic
stainless steel

Inconel 82 Inconel 182

C 0.10 0.02 0.10 max. 0.04
Ni 0.25 12.55 (Ni þ Co) 67.01 70.08
Cr 9.06 17.27 18.0e22.0 16.90
Mo 0.79 2.35 d d

Si 0.18 0.29 0.50 max. 0.69
Mn 0.38 1.69 2.5e3.5 6.20
Cu 0.04 0.04 0.50 max. 0.01
Nb 0.07 0.02 (Nb þ Ta) 2.0e3.0 2.09
V 0.20 0.04 d Ti (0.08)
S 0.01 0.02 0.015 max. 0.01
P 0.01 0.02 0.030 max. 0.007
Fe Bal. Bal. 3.0 max. 3.31
Grade P91 316LN ENiCr-3 ENiCrFe-3

Table 2
Mechanical properties of base and filler metals.

0.2% offset yield
strength (MPa)

Ultimate tensile
strength (MPa)

Elongation in
50 mm gauge length (%)

Ferritic steel 590 720 19
Austenitic

stainless steel
312 590 44

Inconel 82 325 552 30
Inconel 182 325 552 30

Fig. 2. Details of K-joint configuration used in this investigation.

Table 3
Welding parameters used to fabricate the DMWJ.

Parameters Buttering on ferritic steel side Root pass using GTAW Remaining passes by SMAW

Current (A) 80 120 70e85
Voltage (V) 22 18 20e23
Speed (mm/min) 150 100 140e160
Heat input (kJ/mm) 0.56 0.76 0.48e0.59
Electrode diameter (mm) 3.15 2 3.15
Preheat temperature (�C) 250 d d

Interpass temperature (�C) 250 d d

Postheating (�C) 760/2 h d d

Shielding gas flow rate (LPM) d Argon & 20 d

DMWJ, dissimilar metal weld joint; GTAW, gas tungsten arc welding; LPM, liters per minute; SMAW, shielded metal arc welding process.
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the microstructure. For P91, Villela's reagent was used; for Inconel
82/182, a solution containing 5 g FeCl3, a few drops of HCl, and
100 mL H2O was used as an etchant; for SS316LN, 10 ml HNO3,
20 ml HCl, and 30 ml of H2O was used. Fracture surfaces of the
tensile and impact specimens were analyzed using scanning elec-
tron microscopy. Before scanning electron microscopy analysis, the
fractured surfaces were degreased with acetone.

3. Results and discussion

3.1. Tensile properties

The loadedisplacement curves and the corresponding engi-
neering stressestrain curves for various regions of the DMWJ are
shown in Fig. 5A and 5B. The tensile properties of the base metals
are also included for comparison. The important data, namely, yield
strength, ultimate tensile strength, and percentage elongation, are
presented in Table 4. The average values of three specimens are

Fig. 3. Scheme of extraction of tensile and impact specimens.
HAZ, heat-affected zone; WM, weld metal.

Fig. 4. Dimensions of tensile and impact specimens. (A) Dimensions of un-notched
(smooth) tensile specimen (B) Dimensions of notched specimen (C) Dimensions of
impact toughness specimen.

Fig. 5. Curves for various regions of DMWJ. (A) Load-Displacement graph for various
regions of DMWJ (B) Stress-Strain graph for various regions of DMWJ.
DMWJ, dissimilar metal weld joint.
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Table 4
Tensile and impact toughness properties of base metals and DMWJ.

Specimen type 0.2 % yield
strength (MPa)

Ultimate tensile
strength (MPa)

Elongation in 25 mm
gauge length (%)

Notch tensile
strength (MPa)

Location of failure Charpy impact
toughness at the RT (J)

P91-BM 590 (15.09) 720 (6.11) 19 (1) 1,090 (26.31) d 210 (10.5)
SS316LN-BM 312 (18.33) 590 (18.33) 44 (1.52) 707 (11.67) d 240 (12)
DMWJ-transverse 394 (8.62) 519 (8.02) 9 (0.57) d P91-BM d

Notch in WM d d d 580 (4.58) d 116 (5.8)
Notch in buttering d d d 590 (6.02) d 81 (4.05)
Notch in HAZ P91 d d d 638 (21.96) d 90 (4.5)
Notch in HAZ 316LN d d d 577 (5.85) d 147 (7.35)

The values given in the brackets are standard deviations.
BM, base metal; DMWJ, dissimilar metal weld joint; HAZ, heat-affected zone; RT, room temperature; WM, weld metal.

Fig. 6. Fractographs of base metals and various regions of DMWJ tested under tensile loading. (A) Fractograph of P91-Base metal (B) Fractograph of 315LN-Base metal (C) Frac-
tograph of buttering (D) Fractograph of weld metal (E) Fractograph of HAZ of P91 (F) Fractograph of HAZ of 316LN.
DMWJ, dissimilar metal weld joint.
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presented with the standard deviation. All three transverse tensile
specimens failed in the P91 base metal side. In all three specimens,
the location of fracture was about 3e4.5 mm from the fusion
interface of P91 to the Inconel 182 buttering. The transverse tensile
strength of the DMWJ was lower than the base metals, which was
39% lower than P91 and 14% lower than SS316LN. Few authors
[18,19] reported that a soft zone formed at the outer edge of the
HAZ and this soft zone consisted of a coarsened martensitic

substructure with reduced dislocation density because of inter-
critical heating (AC1eAC3) during the weld thermal cycle. For the
notched tensile tests, the HAZ of the P91 side yielded the highest
strength of all the regions. This may be due to the formation of a
carbon-enriched hard zone caused by carbon migration [3].
Reduced ductility was observed for the Inconel 182 weld metal
region, which may be due to the orientation of the grains. In the
weld metal region, the grains were oriented along the loading

Fig. 7. Fractographs of base metals and various regions of DMWJ tested under impact loading. (A) Fractograph of P91-Base metal (B) Fractograph of 316LN-BM (C) Fractograph of
buttering (D) Fractograph of weld metal (E) Fractograph of HAZ of P91 (F) Fractograph of HAZ of 316LN.
DMWJ, dissimilar metal weld joint.
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direction, whereas they were oriented across in the buttering re-
gion. Thus, the ductility was lower for the weld metal region with
no compromise in the strength values [20].

3.2. Impact toughness

Charpy V-notch impact toughness at RT for various regions of
the DMWJ are presented in Table 4. At each region, three specimens
were tested, and the average results with standard deviations are
presented in Table 4. Among the various regions, the HAZ of 316LN
yielded the highest toughness (146 J) followed by Inconel 82/182
weld metal, Inconel 182 buttering, and HAZ of P91. The presence of
a carbon-enriched hard zone in the HAZ of the P91 side lowered the
impact toughness (96 J) more than in other regions of the DMWJ.
This may be due to carbon migration from the low chromium
ferritic steel side to the high chromium Inconel 182 buttering [17].
The use of Inconel fillers will not eliminate the carbon migration,
but it will significantly retard it compared with chromium-rich
stainless steel fillers. The energy absorbed in each region was
slightly greater than the minimum prescribed value of 80 J [21],
which is the value for U-notched specimens. In this investigation,
Charpy V-notch was used to determine the impact toughness,
which would have a higher constraint effect than standard U-
notched specimens.

3.3. Fracture surface analysis

The fracture surfaces of the tensile specimens for both base
metals and the various regions of the DMWJ are shown in
Fig. 6Ae6F. The fracture surface of the P91 base metal (Fig. 6A)
consists of fine shallow dimples with less volume fraction of the
tear ridges. The fracture surface of SS 316LN (Fig. 6B) consists of
deep dimples with a moderate volume fraction of the tear ridges. In
addition, some of the secondary phase particles are visible inside
the dimples, which act as crack initiators. Fracture surfaces of the
weld metal and buttering regions are shown in Fig. 6C and 6D. In
comparison with the weld metal, the fracture surface of the but-
tering region has a smaller volume fraction of dimples, and some
stepped fractures are also visible in Fig. 6D. These fracture surfaces
suggest that the ductility is reduced in buttering region compared
with the weld metal. The fracture surfaces of the HAZ of both P91
and 316LN are depicted in Fig. 6E and 6F. A dimpled fracture is
observed in both the HAZs. The HAZ of P91 consists of fine popu-
lated dimples, and some of the secondary phase particles and a
similar feature are observed in SS 316LN.

The fracture surfaces of impact toughness specimens for both
base metals and different regions of the DMWJ are shown in
Fig. 7Ae7F. In all the cases, the cracks were propagated opposite to
the loading direction. In the base metals, the fracture surfaces
(Fig. 7A and 7B) seem to be flat and the cracks propagate in the
opposite direction to the root of the notch. The fracture surfaces of
both the weld metal and buttering consist of deep dimples. The
fracture surface morphology of both buttering and welds differ
from the base metals because they were deposited with nickel-
based fillers. Among the different fracture surfaces, the buttering
region exhibits the lowest toughness because of its crystal orien-
tation. In the buttering region, the crystals are oriented normal to
the root of the notch, so the cracks propagate easily and result in the
lowest toughness. All the impact toughness values are slightly
above that of the prescribed value.

3.4. Microhardness survey

Fig. 8 shows the microhardness variation across the DMWJ. The
hardness range for the P91 base metal is about 225e240 HV and

200e240 HV for SS 316LN. Because of the large thickness of the
joint, the hardness wasmeasured at the top, middle, and bottom (in
the thickness direction) of the DMWJ, and is presented in Fig. 7 for
better understanding. The highest hardness of about 250 HV is
recorded at the interface between P91 and Inconel 182 buttering,
which may be due to the presence of a carbon-enriched hard zone
formed during carbon migration [3]. The hardness remains the
same for both buttering and welding. The lowest hardness of about
170e180 HV is recorded at the outer edge of the HAZ, which is
exactly 4e5 mm from the interface between P91 and Inconel 182
buttering. These results are also consistent with the transverse
tensile test (failure occurred at 4e5 mm from the interface). The
HAZ of 316LN had higher hardness compared with its base metal
because of repeated tempering caused by multipass welding. The
hardness survey revealed a nonuniform hardness profile, which
was observed across the DMWJ, and a soft or weakest zone is
identified at the outer edge of the HAZ.

3.5. Microstructural characterization

A macrograph of the DMWJ is shown in Fig. 9. The macrograph
reveals complete fusion between P91 and 316LN, and it is free from
cracks. A clear transition between buttering and the weld metal is
visible. For microstructural analysis, six different regions were
chosen, and they are labeled in the macrograph of the DMWJ. The
optical micrograph of the interface between P91 and Inconel 182

Fig. 8. Microhardness variations across DMWJ.
DMWJ, dissimilar metal weld joint.

Fig. 9. Macrograph of DMWJ.
DMWJ, dissimilar metal weld joint.
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buttering is shown in Fig. 10A, which shows a clear fusion boundary
and a tempered martensite structure; in addition, Type-I (perpen-
dicular to the fusion boundary) and Type-II (parallel to the fusion
boundary) boundaries are also visible. These Type-I and Type-II
boundaries formed from the allotropic transformation (say from
d to g) of the base metal that occurs on cooling from the liquid

metal and produces mobile grain boundaries. It is generally
believed that Type-II boundaries can form only when there is a
ferrite/austenite phase boundary at elevated temperature in the
base metal. In the present work, the Inconel 182 weld metal so-
lidified in the austenitic mode despite the dilution from the base
metal, whereas the P91 base metal solidified as ferrite and then

Fig. 10. Optical micrographs of various regions of DMWJ. (A) Optical micrograph of P91-buttering interface (B) Optical micrograph of P91-buttering interface 1 (C) Optical
micrograph of weld metal (D) Optical micrograph of weld metal-316LN interface (E) Optical micrograph of HAZ of P91 (F) Optical micrograph of HAZ of 316LN.
DMWJ, dissimilar metal weld joint; MGB, migrated grain boundary; SGB, solidification grain boundary.
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underwent transformations, first to austenite and then to
martensite [22]. Fig. 10B shows the interface between P91 and
Inconel 182 buttering. The epitaxial solidification of austenite
crystals is visible, and it is oriented transverse to the welding di-
rection. Because the filler metal consisted of 70% nickel as an
alloying element, the microstructure of Inconel 182 buttering was
predominantly austenite with some secondary phase particles,
which was mainly of Niobium Carbide (NbC) as identified in earlier
studies [15]. The postheating of Inconel 182 buttering had no effect
on the microstructure.

Fig. 10C shows the optical micrograph of the Inconel 82/182
weldmetal, which consists of solidification grain boundaries (SGBs)
and migrated grain boundaries (MGBs). The SGBs were the direct
result of the competitive growth that occurred along the trailing
edge of the weld pool. The SGB that formed at the end of the so-
lidification had both compositional and crystallographic compo-
nents. In certain conditions, it is possible for the crystallographic
component of the SGB to migrate away from the compositional
component. This new boundary, which carries with it the high-
angle misorientation of the “parent” SGB, is called a migrated
grain boundary [23]. Fig. 10D shows the interface between the
Inconel 82/182 weldmetal and the 316LN HAZ, which consists of an
unmixed zone and coarse austenitic grains. The formation of the
unmixed zone is a result of the total melting of the SS 316LN base
metal, which resolidified without filler metal dilution [24], and this
zone had the same composition as the SS 316LN base metal. The
optical micrograph of the HAZ of P91 is shown in Fig. 10E. Micro-
structures that develop in the HAZ of the P91 steel weld joint are
generally classified as a coarse grain HAZ, a fine grain HAZ, and an
intercritical HAZ. The formation of such HAZs mainly depends on
the peak temperature attained in the different regions. In this
investigation, there were no such regions because of the repeated
tempering caused by multipass welding. Fig. 10F shows the HAZ of
316LN, which consists of coarse austenite grains with a small
amount of d-ferrite, which is located in the grain boundaries.

4. Conclusions

The DMWJ between P91 and SS316LN was successfully fabri-
cated without any macro level defects. From this investigation, the
important conclusions were derived as follows:

1. Transverse tensile properties of a DMWJ were lower than the
respective base metals, and the failure occurred at the outer
edge of the HAZ of the P91 side. A notch placed in the HAZ of the
P91 side specimens exhibited the highest notch tensile strength
of all the regions. The presence of a carbon-enriched hard zone
formed during carbon migration was the reason for increased
notch tensile strength.

2. The Charpy impact toughness for the Inconel 182 buttering re-
gion was the lowest among the other regions, but all the
toughness values were slightly higher than the minimum
required value.

3. The fracture surfaces of both tensile and impact specimens were
dominated by ductile dimples with tear ridges, which showed a
significant amount of plastic deformation before final failure.

4. A nonuniform microhardness profile was recorded for the
DMWJ. A soft zone was formed around 4e5 mm from the
interface between P91 and Inconel 182 buttering. This result is
consistent with transverse tensile properties of DMWJ.

5. A complex microstructure developed at the interface between
P91 and Inconel 182 buttering. An unmixed zone also developed
at the interface between the Inconel 82/182 weld metal and

SS316LN. These complex microstructures were due to the
compositional mismatch between the base and filler metals.
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