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Abstract: This article deals with the dissimilar joining of two different grade Cr-Mo steel (2.25Cr-1Mo:
P22 and modified 9Cr-1Mo: P91) for power plant application. The dissimilar butt-welded joint was
produced for conventional V groove design by using the gas tungsten arc welding (GTAW) process
with the application of an ERNiCrMo-3 Ni-based super alloy filler. A microstructure characterization
was performed to measure the inhomogeneity in the microstructure and element diffusion across
the interface in a welded joint. The experiments were also performed to evaluate the mechanical
properties of the dissimilar welded joint in as-welded (AW) and post-weld heat treatment (PWHT)
conditions. An acceptable level of the mechanical properties was obtained for the AW joint. After
PWHT, a significant level of the element diffusion across the interface of the weld metal and P22
steel was observed, resulting in heterogeneity in microstructure near the interface, which was also
supported by the hardness variation. Inhomogeneity in mechanical properties (impact strength and
hardness) was measured across the weldments for the AW joint and was reduced after the PWHT.
The tensile test results indicate an acceptable level of tensile properties for the welded joint in both
AW and PWHT conditions and failure was noticed in the weak region of the P22 steel instead of the
weld metal.

Keywords: P91 steel; P22 steel; ERNiCrMo-3; GTAW welding; dissimilar welded joint; microstructure;
mechanical properties; stress

1. Introduction

Super-critical power plants operate in the temperature range of 550–620 ◦C and consist
of several dissimilar welded joints in order to minimize overall operating cost [1,2]. Power
plant components such as boiler tubes, which operate in a temperature range of 500–550 ◦C,
are generally made of low Cr steel ferritic/pearlitic steel, i.e., P22 steel [3]. The re-heater
and super-heater tubes or steam-header section, having operating tempering in the range
of 550–620 ◦C, are generally made of high Cr steel ferritic/martensitic like P91, P92 or
P911 steel [4]. P22 steel exhibits a ferritic/pearlitic or ferritic/bainitic microstructure
depending on it’s chemical composition and processing routes and offers poor creep
strength and steam oxidation resistance as compared with P91 steel. P91 steel, having
a ferritic/martensitic microstructure, derives its strength from its tempered martensitic
microstructure and carbide and carbonitrides precipitates [5,6]. P91 steel offers good creep
strength, mechanical properties and microstructure stability which requires higher steam
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operating temperature. P91 steel is also well known for its good thermal conductivity
and lower thermal expansion coefficient, which helps to minimize the structural integrity
problem during welding. P91 steel also offers excellent resistance to corrosion cracking
and oxidation up to temperatures of 610 ◦C [7]. The poor oxidation resistance of P91 steel
beyond 610 ◦C limits its application for power plant components operating at a temperature
more than 610 ◦C [8].

Therefore, this requirement requires dissimilar welding of multi-material with su-
perior integrity. Though dissimilar welding of P91 and P22 steel has been practiced for
high-temperature application in power plants, failures have been reported from the heat-
affected zone (HAZ) of P22 steel or from the interface region of the weld metal and P22
steel HAZ [9,10]. The major reason cited for these failures is a mismatch in the thermal
expansion coefficient (CTE) of these two steels and metallurgical unsuitability such as
diffusion of elements, inhomogeneity in microstructure along weldments, and the uncer-
tain chemistry of the weld metal due to direct intermixing of the two materials during
the joining of the P91 and P22 steel [11,12]. The variation in CTE (P22 steel: 14 × 10−6/K;
P91 steel: 13.2 × 10−6/K) causes the evolution of thermal stresses along the welded joint,
which might be the cause of the reduction in stress rupture strength. Diffusion of the carbon
from P22 steel to weld metal during the PWHT or in-service condition also creates the
heterogeneity in the microstructure along the interface and reduces the creep rupture life of
the welded components [13–15]. Earlier research recommends the use of an inert-metallic
layer or Ni-based superalloy filler to minimize the above metallurgical problem [16–18].

A multi-pass dissimilar joint of P91 and P22 steel is mainly produced by using a
matching P91 filler due to its higher strength over a P22 filler. The use of a P91 filler mainly
results in the formation of an untempered lath martensitic microstructure in the weld
fusion zone, which shows poor impact toughness. Autogenous TIG and activated TIG
joints of P22/P91 steel also produce poor impact toughness of the weld metal due to the
formation of brittle untempered martensite [11,19]. The PWHT of the dissimilar welded
joint of P91 and P22 steel was recommended by many of the researchers to increase the
impact strength by tempering the martensite [11,20–22]. However, PWHT of the welded
joint leads to the diffusion of elements across the interface of low Cr P22 steel and high Cr
weld metal. The diffusion of the elements across the interface is a time and temperature
control phenomenon and results in the formation of a soft zone (SZ) and hard zone (HD)
near the interface [12,14,23]. The SZ and HZ formed near the interface are mainly measured
in microns, and heterogeneity in microstructure in such a small region again provides crack
nucleation sites during the service condition.

The precipitation of carbides in a hard zone of the dissimilar welded joint of P22
and P91 steel as a consequence of PWHT was confirmed by Sudha et al. [15]. A detailed
examination of the mechanism of SZ and HZ formation along with precipitation sequence
and chemistry of the carbides in a hard zone was studied. To calculate the composition of
the carbides, an indirect approach was developed which was based on the type, amount and
chemistry of the carbide precipitates. Sudha et al. [14] further continued their study on the
growth mechanism of SZ and HZ for varying tempering times and reported a considerable
effect of PWHT duration on the width and hardness of the SZ and HZ. An increase in
width and decrease in hardness of the HZ and SZ, corresponding with an increase in
PWHT duration, was observed. The primary factor responsible for the formation of SZ
and HZ was a diffusion of the C from P22 to P91 steel driven by the gradient in C activity.
Albert et al. [21] also performed a study on C migration along the interface of 9Cr-lMo
steel weld metal and 2.25Cr-1Mo steel for varying PWHT times and temperatures. Like
a previous study by Sudha et al. [14], Albert et al. [21] also found a significant effect of
PWHT time on the width of the SZ and HD. However, an effect of the PWHT temperature
on SZ and HZ was also studied by Albert et al. [21], who reported a considerable increase
in size with an increase in PWHT temperature. To mitigate the problem of C diffusion, the
selection of the filler consumable should be based on carbon activity data as suggested by
Albert et al. [21]. The effect of the PWHT temperature on the carbon diffusion distance
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has also been examined by Sultan et al. [12]. The test was conducted for varying PWHT
durations and reported a significant increase in the size of the carbon migration zones as
PWHT duration increased from room temperature to 770 ◦C. However, a growth rate for the
SZ was measured as higher than that of the HZ. Pandey et al. [20] studied the mechanical
properties of the welded joint of P22/P91 steel in as-welded (AW) and PWHT duration and
reported heterogeneity in mechanical properties, i.e., hardness and toughness. The high-
temperature tensile behavior of the dissimilar welded joint of T23 and T91 steel showed
that the grain boundary slides and that the cluster formation of M23C6 precipitates as it
converges around prior austenite grain boundaries (PAGBs), resulting in cavity formation
and ultimately final cleavage mode of fracture [22]. The creep behavior of the dissimilar
Shielded Metal Arc Welded (SMAW) joint of P22/P91 steel was performed at a temperature
of 550 ◦C in a stress range of 100–260 MPa for both AW and PWHT conditions [24]. The
creep strength order was as follows: P91 steel weld metal > P91 steel > P22 steel > dissimilar
weld metal of P91 and P22 steel. The poor creep strength of the dissimilar weld metal as
compared with both the base metals (P22 and P91 steel) was attributed to higher creep
strain concentration in the region of SZ and the inter critical heat affected zone (ICHAZ) of
P22 steel. The size of the carbon migration zones (SZ and HZ) and the hardness difference
of HZ and SZ was observed to increase with creep exposure time.

The literature shows that the SZ and HZ formed during the PWHT showed an adverse
effect on the long-term creep performance of the welded joint and the size and hardness of
these zones were mainly observed as a function of exposure temperature and time. Some
research has been conducted to minimize the width of these zones by using the advanced
welding processes or to avoid the need of PWHT, which is the original cause of carbon
migration zones formation [11,17,18,22,25]. Kulkarni et al. [11] investigated the effect of
the Activated-Tungsten Inert Gas (A-TIG) welding process on the carbon diffusion distance
and their effect on hardness variation along the interface. The average width of the carbon
migration zones obtained for the A-TIG weld joint was lesser than the multi-pass welded
joint of a similar combination of P22/P91 steel. The advanced joining process was also
attempted to obtain an acceptable level of the mechanical properties for the welding joint
of P91 and P22 steel in the AW condition. The width of the SZ and HZ and size of the
HAZs were also measured to be lesser than the fusion welded joint, i.e., Gas Tungsten Arc
Welding (GTAW) [25]. Sunil Kumar et al. [22] conducted a joining of P22 with 9Cr-1Mo
steel using the Friction Stir Welding (FSW) process and the mechanical properties of the
FSW joint were compared with the multi-pass GTAW joint. A study on carbon migration
zones was also conducted for both GTAW and FSW joints. However, to avoid the necessity
of the PWHT for such a type of joint, few studies relating to the use of Ni-based superalloy
filler have been conducted. Kumar et al. [17] performed a joining of the P91/P22 steel using
a Ni-based superalloy filler and reported the acceptable level of mechanical properties,
i.e., impact toughness and tensile strength, for the welded joint in the AW condition.
Tammasophon et al. [18] also conducted a microstructure and mechanical behavior study
on a P22/P91 welds joint produced using the Inconel 625 filler. The optimum mechanical
behavior was produced after PWHT; however, the study related to the diffusion of elements
across the interface of P22 steel and IN625 weld metal was missing.

From the literature survey, few studies have been found relating to the application of
the dissimilar Ni-based superalloy filler. However, detailed characterization of the weld
interface region and mechanical behavior study has not been reported yet for the Ni-based
superalloy filler. The present work investigates the effect of the Ni-based superalloy filler
ERNiCrMo-3 on the mechanical and microstructural behavior of the dissimilar GTAW joint
of P91 and P22 steel. To study the formation of the carbon migration zones in ERNiCrMo-3
weld and P22 steel interface, PWHT was also performed at 760 ◦C for 2 h.

2. Materials and Methods

Two different grade Cr-Mo steel, i.e., ferritic/bainitic P22 (2.25Cr-1Mo) and fer-
ritic/martensitic P91 (modified 9Cr-1Mo) of dimension 120 mm × 70 mm × 10 mm were
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used to prepare the GTAW joint. The Ni-based superalloy ERNiCrMo-3 was used as the
filler material. The chemical composition of the base plates and filler metal are listed in
Table 1.

Table 1. Chemical composition of the P91 and P22 base plates and ERNiCrMo-3 filler metal (wt. %).

Element P91 Base Plate P22 Base Plate ERNiCrMo-3 Filler Metal

C 0.08 0.11 0.012
Si 0.25 0.28 0.09

Mn 0.38 0.45 0.37
Cr 8.18 1.95 20.67
Mo 0.90 0.92 9.23
Ni 0.12 0.05 64.89
Nb 0.05 - 3.96
V 0.22 0.09 -
Ti - - 0.12
Al - - 0.08
Fe Rest Rest 0.36

The typical optical and secondary electron (SE) image of P91 and P22 steel is depicted
in Figure 1a–d. A typical tempered martensitic matrix is seen for the P91 steel, as depicted
in Figure 1a. A uniform distribution of the coarse precipitates along the boundaries and
fine precipitates within the interior region of the matrix are seen from the SE image in
Figure 1c. The coarse precipitates along the boundaries are confirmed as the Cr and Mo
enriched M23C6 carbides, and their size is measured in a range of 100 to 250 nm. The
fine spherical shape precipitates inside the interior region of the matrix are confirmed as
V and Nb enriched MX type carbides and their size was reported in the range of 20 to
50 nm [26]. The tempered martensitic matrix shows the presence of the equiaxed prior
austenite grains of average size 12 ± 4 µm. The grain size was measured using ImageJ
software. The other precipitates in P91 steel were confirmed as M7C3 and M6C from XRD
analysis [27]. A typical optical image of P22 steel exhibits the bainitic-ferritic microstructure
having a random orientation of bainitic sheaths within the bainitic matrix Figure 1b. The
optical image shows the equiaxed grains of average size 10 ± 4 µm. The SE image shows
the distribution of the precipitates within the bainitic-ferritic matrix (Figure 1d). A large
number of the globular shape precipitates can be noticed in the region of the bainite which
are confirmed as Mo and Cr enriched M23C6 carbides of size 350 ± 45 nm and cementite
stringer of average size 580 ± 60 nm. The precipitates are confirmed as M23C6, M6C, M7C3,
and Mo2C from XRD analysis [11]. The tensile strength and impact toughness of the P91
steel are measured 715 ± 15 MPa and 252 ± 5 J [20,28], respectively. For P22 steel, tensile
strength and impact toughness are 610 ± 2 MPa and 320 ± 8 J, respectively [20].

A conventional V-groove (groove angle: 75◦, root height: 1.5 mm, and root gap:
1.5 mm) has been machined at the edges of the plates as in Figure 2. The welding current
and arc voltage used for the root pass and filling passes are listed in Table 2. The preheat-
ing was done at a temperature of 280 ◦C to minimize the problem related to hydrogen
cracking while the inter-pass temperature was maintained by about 250 ◦C ± 10 ◦C using
flame heating.

The welding was carried out in a shielding environment of pure Ar gas (SG-A) of
purity 99.9%, which was supplied at the flow rate of 15 L/min. The PWHT of the welded
joint has also been performed at 760 ◦C for 2 h. The mechanical testing specimen has been
cross-sectioned from the welded plate using a wire cut EDM machine. The joint integrity
has been tested by performing tensile testing, impact testing and hardness testing. The
standard tensile specimen (Figure 3) has been prepared as per ASTM E8/E8M standards
and the test was conducted on a vertical tensile testing machine (Instron 5980 of 100 kN
capacity, Instron, MA, USA). The tensile test was done at room temperature with a constant
strain rate of 6.66 × 10−4/s. The impact specimen of dimension 55 mm × 10 mm × 5 mm
with a central V-notch of depth 2 mm was machined (Figure 3). The impact specimen was
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prepared for both weld metal and HAZ of P91 and P22 steel as per ASTM E23-13 and tested
at room temperature on a Charpy impact tester (FIT-400-ASTM-D, Fine Testing Machines
Pvt. Ltd., Miraj, India). The microhardness variation was measured along the transverse
direction of the weldments, as given in Figure 3. The microhardness test was conducted at
an interval of 0.5 mm for a constant load of 500 g using a microhardness tester (Mitutoyo,
Model: Autovick HM-200, Mitutoyo, Kawasaki, Japan). For each tensile and impact testing
condition, three specimens were machined from the welded plate to minimize errors and
ensure repeatability in results.
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Figure 3. (a) Schematic image showing the extraction of the specimen from a welded plate, (b) view of welded plate,
(c) dimensions of the testing specimens.

The sample for metallographic testing was cut and machined (Figure 3) and then
subjected to a standard metallographic technique, i.e., grinding and polishing. The mirror-
polished sample of the weldments was subjected to etching using Vilella’s solution for
the HAZ region of P91 and P22 steel [29] and electro etching at 9 V in 10% oxalic acid
solution for weld metal and the interface region [30]. The optical microscope (Leica, Model:
DMC4500, Leica Microsystems GmbH, Wetzlar, Germany) and field emission scanning
electron microscope (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDS)
(Carl Zeiss Ultra plus and FEI Quanta 200, Carl Zeiss Microscopy Deutschland GmbH,
Oberkochen, Germany) were utilized for phase study of the weldments in both AW and
PWHT condition. The residual stress measurement was also conducted in the weld metal
region using blind hole drilling (BHD) methods. The other methods utilized for the
residual stress measurement were X-ray diffraction (XRD), and deep hole drilling [31,32].
The measurement was performed along the thickness of the plate (at a depth of 2 mm
from the top and root of the welded joint) to study the effect of the welding passes on
residual stresses. The detailed steps used for residual stress measurement has already been
discussed in a previous work [33].

3. Results and Discussion
3.1. Characterization of the Weldments

Figure 4 shows the microstructure of the weld metal and interface region of base
material and ERNiCrMo-3 weld metal for the AW and PWHT joint. An unmixed zone (UZ)
formation at the interface of weld metal and base material is inferred from Figure 4a–c.
The UZ near the interface shows a peninsula and island-like structure, as depicted in
Figure 4a–c. It is inferred from Figure 4a–c that the peninsula like microstructure is rela-
tively homogeneous, distributing along the interface of the weld metal. However, a great
gradient distribution is noticed for the island-like microstructure in Figure 4a. The colum-
nar grain growth is noticed for the weld metal near the interface, as given in Figure 4b–d.
The steeper thermal gradient present in the fusion boundary over the bulk weld metal
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allows the grain to grow in the direction opposite to heat dissipation. This results in
grain growth near the edges of the weld pool that is observed towards the weld center
as in Figure 4a,b. The grain growth is referred to as the columnar grain growth, and the
results obtained are well in agreement with previously published work [34,35]. Figure 4e–h
shows the effect of the PWHT on the microstructural features of the interface as well as
the weld metal near the interface. The PWHT was found to have a negligible effect on the
microstructural behavior of the interface region of the P91 steel and ERNiCrMo-3 weld
metal as in Figure 4e. The austenitic microstructure in the weld metal near the interface also
shows a poor response to PWHT, as noticed in Figure 4f. However, a significant change in
grain structure occurs at the interface of the P22 steel and ERNiCrMo-3 weld metal. The
weld metal shown in Figure 4h near the interface remains unaffected; however, along the
P22 side, a coarse grain structure is observed, as marked in Figure 4g,h. This region is
inferred to as a soft zone (SZ), which forms mainly due to carbon migration from the P22
steel to ERNiCrMo-3 weld metal. The grain size in SZ was measured. A similar result, i.e.,
C migration at the interface of P22 steel and weld metal with high Cr content, has also
been reported in previous studies [3,12,15,20]. The detailed mechanism of SZ formation
has been discussed by Sudha et al. [14] and Pandey et al. [36]. In the AW condition, there
is no evidence of SZ formation or C migration, as given in Figure 4c. However, after the
PWHT, clear evidence of SZ formation is found in Figure 4g, and from current observations,
it can be inferred that the C diffusion at the interface is a mainly temperature-controlled
mechanism. The average width of the SZ is measured at 310 µm. The C migration at
interface also leads to the formation of the HZ adjacent to SZ, and it occurs mainly due to
the formation of the diffused C with Cr present in ERNiCrMo-3 weld metal.
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previous research [20,37–41], and the presence of a high level of super constitutional 
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et al. [43]. The inter-dendritic areas show the segregation of the alloying elements as 
referred from Figure 5b. After the PWHT, the interface region of ERNiCrMo-3 weld metal 
shows a negligible change, and it occurs mainly due to the negligible response by the 
austenitic microstructure of weld metal to PWHT. However, solidified grain boundaries 
(SGBs) appear both at the interface and interior region of the weld metal as a result of 
PWHT as in Figure 5d,e. The interior weld metal shows the typical austenitic 
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Figure 4. Optical image of the interface region in the AW joint: (a,b) interface of P91 steel and ERNiCrMo-3 weld metal;
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Figure 5 depicts the microstructure of the ERNiCrMo-3 weld metal near the interface
of P22 steel, P91 steel, and at the interior region for both AW and PWHT conditions. It is
inferred from Figure 5a–c that columnar dendrites are predominant at the interface area for
both sides while the weld center exhibits the equiaxed dendrites shown in Figure 5b. The
steep thermal gradient at the interface allows the grain to grow in a direction opposite to
heat dissipation and results in grain growth from the edge of the weld pool to the weld
center as in Figure 5a–c. The grain growth is referred to as the columnar grain growth,
and the growth direction is also marked in Figure 5a–c. The equiaxed dendrites in the
weld center for Ni-based superalloy filler with GTAW process have also been reported
in previous research [20,37–41], and the presence of a high level of super constitutional
cooling during solidification in the GTAW process has been mainly reported as an important
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factor which governs the formation of the equiaxed dendrites in the weld center [42]. The
microstructure results obtained at the interface and in the weld center are well in agreement
with previously published work by Chandrasekar et al. [34] and Ramkumar et al. [43].
The inter-dendritic areas show the segregation of the alloying elements as referred from
Figure 5b. After the PWHT, the interface region of ERNiCrMo-3 weld metal shows a
negligible change, and it occurs mainly due to the negligible response by the austenitic
microstructure of weld metal to PWHT. However, solidified grain boundaries (SGBs)
appear both at the interface and interior region of the weld metal as a result of PWHT as in
Figure 5d,e. The interior weld metal shows the typical austenitic microstructure having
equiaxed dendrites as in Figure 5d. The boundaries (SSGBs and SGBs), dendrite core and
segregation of the alloying elements are marked in Figure 5d.
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An inhomogeneity in microstructure along the P91 and P22 HAZs is inferred clearly
from Figure 6. Figure 6d shows the formation of the wide HAZ region on both sides of
the ERNiCrMo-3 weld metal. The evolution of the gradient microstructure in the HAZ
region of P91 and P22 steel depends on the peak temperature experienced during the
welding cycle [29]. The coarse-grain microstructure consists of untempered martensite
with lath block, is noticed in the HAZ region of P91 near the weld fusion boundary and
named as coarse-grained HAZ (CGHAZ) as in Figure 6a. The grains in HAZ get coarsened
because of the high peak temperature (>>Ac3), which causes the dissolution of the inherent
precipitates present along the grain boundaries in as-received material shown in Figure 1b.
The precipitates located along the grain boundaries mainly restrict the movement and
provide the pinning effect. It is inferred from Figure 6b that grain boundaries are smaller
in size in the region next to CGHAZ and named as fine-grained HAZ (FGHAZ). This
experiences a temperature near to Ac3 but with a retention time lower than the CGHAZ,
which allows a partial dissolution of the precipitates and results in restricted coarsening in
FGHAZ. However, the temperature nearer to Ac3 causes a coarsening of the undissolved
carbide precipitates. The recrystallization in FGHAZ results in the formation of new PAGs
which are pinned by the undissolved precipitates. The region of HAZ adjacent to FGHAZ
on base metal side experiences temperatures between Ac1 and Ac3 which results in a partial
transformation of the austenite which are transformed into fresh martensite after cooling.
However, the rest of the region shows the overtempering of the martensite and its causes
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a complex microstructure of fresh martensite (austenitic transformation products) and
tempered martensite (untransformed ferrite) exists in the region. The region is named as
inter-critical HAZ (ICHAZ) Figure 6c. The variation in grain size along the HAZ region of
P91 steel is also marked in Figure 6a–c.
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A similar trend of microstructure variation is also observed on P22 side HAZ, as
mention in Figure 6e–g. The region of P22 CGHAZ near the fusion boundary shows the
coarse bainitic microstructure (Figure 6e). It is inferred from Figure 6f that P22 FGHAZ
has a bainitic microstructure, however the size of the grains is measured to be lower than
those in the CGHAZ. The region of P22 ICHAZ exhibits a complex microstructure of
tempered bainite (untransformed ferrite) and austenitic transformation products (ATP) as
in Figure 6g. The variation in grain size along the HAZ region of P22 steel is marked in
Figure 6e–g.

The SEM observation is also made for the HAZ region of P91 and P22 steel and pre-
sented in Figure 7. A typical lath block-like structure is revealed in the region of CGHAZ as
shown in Figure 7a. The CGHAZ exhibits an untempered martensitic microstructure with
coarse PAGBs. FGHAZ shows the fine PAGBs and undissolved coarse carbide precipitates
as in Figure 7b. The undissolved precipitates in FGHAZ were mainly confirmed as Cr and
Mo enriched M23C6 carbides [11]. The higher thermal stability of the fine MX precipitates
as compared with M23C6 has been reported in the literature, and MX precipitates in FG-
HAZ remain undissolved [28,44]. The size of the undissolved precipitates is measured
at 150 ± 45 nm. The ICHAZ shows the UF and ATP as in Figure 7c. The density of the
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precipitates in ICHAZ is also measured to be higher than in FGHAZ, mainly due to low
peak temperature in ICHAZ, which causes negligible dissolution of the precipitates. The
size of the precipitates in ICHAZ is also measured to be higher than in the FGHAZ and
the average size measured at 165 ± 56 nm. The SEM observation of the P22 HAZs also
shows the dissimilarity in microstructural behavior. The region of the P22 CGHAZ in
Figure 7d exhibits a large density of undissolved precipitates inside the bainitic ground
which were confirmed as cementite stringer (Fe3C), M23C6 and Mo2C [11] through XRD
analysis. The coarse undissolved precipitates in the matrix of the bainite is also observed
for FGHAZ/ICHAZ of P22 steel in Figure 7e,f. From Figure 7e, it is revealed that FGHAZ
exhibits an untempered bainitic microstructure with fine PAGBs. The P22 ICHAZ does not
show any major phase change and after cooling exhibits untransformed ferrite (tempered
bainite) and ATP. The size of the undissolved precipitates is measured to be 415 ± 45 nm in
the region of FGHAZ/ICHAZ.
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PWHT had a positive effect on the microstructural behavior of the HAZ region, as
presented in Figure 8. However, the grain size gradient still exists on both sides of the
HAZ region as in Figure 8. Minute grain coarsening occurs in each region of the HAZ
after the PWHT and can be disregarded. After the PWHT, a typical tempered martensitic
microstructure is formed in each region of P91 HAZ, as shown in Figure 8a–c. A tempered
bainitic microstructure is noticed in each HAZ region of P22 steel as can be seen from
Figure 8d–f.

An SE image of the HAZ region and interface after PWHT is presented in Figure 9.
The CGHAZ region of P91 steel exhibits a tempered martensitic microstructure having both
coarse carbide and fine carbonitride precipitates (Figure 9a). It is revealed in Figure 9d that
CGHAZ near the interface shows a decoration of carbide precipitates along PAGBs, which
are larger in size than the CGHAZ region away from the interface (Figure 9a). The hardness
gradient also exists near the interface as marked in Figure 9d. The average size of the
precipitates was measured at 176 ± 45 nm, which was less than the FGHAZ/ICHAZ. Both
FGHAZ in Figure 9b and ICHAZ in Figure 9c show a tempered martensitic microstructure
with a distribution of coarse carbide precipitates along the boundaries and fine precipitates
within the matrix. The average size of the precipitates was measured at 180 ± 42 nm and
205± 52 nm for FGHAZ and ICHAZ, respectively. However, ICHAZ still shows a softening
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nature due to the presence of ATP and over-tempered UF as in Figure 9c. The softening of
ICHAZ is also confirmed through the hardness results as presented in a later section.
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The CGHAZ in Figure 9g and FGHAZ in Figure 9h regions of P22 steel exhibit a
tempered bainitic microstructure with a great difference in grain size as shown in optical
image. The bainitic region of P22 CGHAZ shown in Figure 9f shows precipitates of acicular
and globular morphology, which were detected as the carbide of type M23C6 and Fe Cr
and Mo enriched precipitates [11]. The average size of the globular shape precipitates was
250 ± 45 nm, while the length of the acicular shape particle was 510± 35 nm. The region of
FGHAZ also shows globular shape precipitates of size 215 ± 52 nm and the acicular shape
precipitates of size 680 ± 182 nm. In the tempered ICHAZ region, precipitates are observed
both in the bainitic matrix and ferritic matrix as in Figure 9i. The precipitate size in ICHAZ
was measured at 300 ± 58 nm, which were confirmed as the carbide precipitates of types
M23C6 and M6C [11]. In AW conditions, there was no evidence related to the SZ and HZ at
the interface of P22 steel and ERNiCrMo-3 weld metal as shown in Figure 4c. However, SZ
formation is seen clearly near the interface of the P22 steel and ERNiCrMo-3 weld metal
as the cause of PWHT as in Figure 4g. The interface is characterized further using the SE
image presented in Figure 9e,f. In the P22 steel side, a coarse grain structure formation is
noticed in a soft zone as in Figure 9e, and width is measured 376 µm. However, from the
optical image width was measured at 310 µm. The detailed view is referred in Figure 9
and shows the interface of the SZ and HAZ region of P22 steel. A negligible amount of the
precipitates is observed in the SZ, while in the P22 HAZ, coarse precipitates are higher in
the bainitic matrix. The hardness gradient also exists at the interface of the SZ and HAZ as
presented in Figure 9f.

The formation of the SZ and HZ near the interface of P22 steel and high Cr content
weld metal is a common phenomenon that occurs due to the diffusion of the C [15,45]
during PWHT. At the interface of P91 steel and ERNiCrMo-3 weld metal, a diffusionless
transformation occurs due to the negligible variation in carbon activity; however, at the
P22 steel and ERNiCrMo-3 weld metal interface, a variation in carbon activity leads to
the formation of carbon migration zones, i.e., SZ and HZ. In the AW joint, a negligible
carbon migration was reported by Sudha et al. [14], which results in the absence of the
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SZ and HZ in the AW joint. However, the diffusion of the C during PWHT reflects the
formation of a continuous band of coarse grains near the interface of weld metal and P22
steel, which shows negligible precipitates and offers poor hardness compared with the rest
of the weldments (130 HV) shown in Figure 9f. The detailed mechanism of SZ formation
has been discussed by Pandey et al. [36]. The diffused carbon from the P22 steel gets
combined with the Mo and Cr present in the ERNiCrMo-3 weld metal and results in the
evolution of the Cr- and Mo-enriched carbides of type M6C and M23C6, which increase
the hardness in this zone, i.e., hard zone (HZ). The diffusion of C from the P22 steel side
is reflected in terms of the dissolution of ferrite stringer of higher C content which leads
to the formation of coarse grains of pro-eutectoid ferrite (SZ) of low hardness. Compared
with the SZ, the HZ’s growth rate was negligible and the size was also much smaller;
however, SZ and HZ were detected clearly in hardness variation. The formation of the SZ
and HZ had also been demonstrated in a previous published work on dissimilar joining
of P22/P91 steel. The width of the carbon migration zone was reported to be higher in
A-TIG and multi-pass TIG welding process with matching P91 filler [11,15,20]; however, a
narrow width was measured for the laser beam welded joint [25]. The formation of carbon
migration zones during the PWHT mainly affects the creep and fatigue properties of the
welded joint [10,45].
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The weld metal near the interface is characterized at higher magnification for the AW
joint and shows columnar grain growth along with segregated particles in inter-dendritic
areas, which are confirmed as Nb- and Mo-enriched carbides or Laves phase by EDS
spectrum (EDS 1 and EDS 2: Figure 10). From EDS results of the inter-dendritic areas
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(EDS 3: Figure 10), major segregation is observed for the Nb and Mo. The higher carbon
content might be due to the carbide phase. Figure 11 shows the distribution of the Ni,
Cr, Fe, Mo, Nb and Ti across the interface of base metals (P22 and P91) and ERNiCrMo-3
weld metal. From Figure 11a, it is inferred that Ni and Cr diffused to P22 steel from the
ERNiCrMo-3 weld metal while Fe diffused into ERNiCrMo-3 weld metal from P22 steel.
A similar observation is also made for the P91 interface (Figure 11b). The interface of P22
steel and ERNiCrMo-3 weld metal after PWHT is delineated in Figure 11c.
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Like P91 filler, Ni-based filler does not show the solid-state phase transformation to
get the final welds. Hence, grain structure, i.e., size and shape, segregation at the micro
and macro level, defects like hot crack, inclusion and porosity, and mechanical properties
of the welded joint, is mainly controlled by the solidification behavior. The weld metal
solidifies as a Ni-rich austenite phase with equiaxed dendrites, as shown in Figure 12a. For
the ERNiCrMo-3 filler, the mode of solidification is given by Equation (1) [46], where filler
solidifies first as a final microstructure of Ni-enriched austenite with precipitation of the
Nb-enriched NbC and Laves phase in the inter-dendritic areas, as depicted in Figure 12b.

L→ L + γ→ L + γ+ NbC→ L + γ+ NbC + Laves→ γ+ NbC + Laves (1)

The low thermal conductivity of the ERNiCrMo-3 welds, mainly due to the high
alloying level, leads to the high-temperature gradient in the weld metal. The solidification
mode in ERNiCrMo-3 weld is also influenced by the degree of the cooling rate (◦C/s)
which is given by Equation (2) [46];

ε = G× R (2)

where G is the temperature gradient (◦C/m) in the liquid, R denotes the solidification front
(or crystal) growth rate (µm/s).

It can be inferred from Equation (2) that dendrite spacing depends on the cooling
rate and increases with an increase in the cooling time, i.e., with an increase in heat
input welding.

The other parameter which affects the dendrite morphology of solidified microstruc-
ture is constitutional supercooling. David et al. had expressed a mathematical expression
to define the criterion for constitutional supercooling for plane front instability given in
Equations (3) and (4);

The plane front will be stable when:

G
R
≥ ∆T0

DL
(3)

Planer instability will occur when:

G
R

<
∆T0

DL
(4)
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where ∆T0 is the equilibrium solidification temperature range (at composition C0) and DL
is solute diffusion coefficient (m2/s) in liquid.

The G·R ratio controls the solidification mode, while the size of the structure is
controlled by the G·R. A higher G·R ratio occurred at the fusion boundary and decreased as
it moved from the fusion boundary to the bulk weld metal while the degree of constitutional
supercooling increased, resulting in the transformation of the solidification mode from
columnar and cellular as in Figure 12d to equiaxed dendrites as in Figure 12.
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The variation in microstructure is also observed at the micro level due to segregation
of the alloying elements (Fe, Cr, Nb. Mo) at the inter-dendritic boundaries during the solid-
ification process. The high magnification SE image of the center weld metal in Figure 12b
shows the segregation of the alloying elements at the inter-dendritic areas, leading to
secondary phase formations like the NbC and Laves phase. The composition analysis
in Figure 12c shows that the dendrite core consists of Ni, Cr and Fe (EDS 4) while inter-
dendritic areas include Nb, and M (EDS 1, EDS 2 and EDS 3). The EDS spectrum results
of the white precipitates (EDS 1 and EDS 2) also show the major weight percentage of Nb
and Mo, which confirms the precipitation of the Nb-enriched phase NbC and Laves and
Mo-enriched phase Mo2C and Laves [47]. The Laves phase is an intermetallic compound
of type M2X (M: Ni, Cr; X: Mo or Nb).

The weld metal near the interface and in the interior region is depicted in Figure 12d–f
for the PWHT joint. The columnar dendrites at the P91 steel and weld metal interface
in Figure 12d and the equiaxed dendrites in the center of the weld metal in Figure 12e
are noticed, which shows that the scale of the dendritic microstructure is variable as
with the AW joint. The interface region of the weld metal also shows the segregation of
the alloying elements along the inter-dendritic boundaries as in Figure 12d. The region
also shows the migrated grain boundaries (MGBs). The center region shows equiaxed
dendrites as observed in the AW condition as in Figure 12e. The higher magnification
image was selected for the EDS analysis, as presented in Figure 12f. The EDS spectrum
results show a similar observation as obtained for the AW joint. The major segregation
of Ni, Cr and Fe was observed in the dendrite core, while inter-dendritic areas show
the segregation of the Nb and Mo as in Figure 12g. The composition analysis of the

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Materials 2021, 14, 6591 16 of 24

white precipitates ensured the presence of the Nb- and Mo-enriched secondary phases
in the inter-dendritic areas shown in Figure 12g. A small region was selected from the
center region of the weld metal to perform the elemental line mapping, which covers the
inter-dendritic boundaries and dendrite core. The line mapping also ensures the major
segregation of the Nb and Mo at the inter-dendritic boundaries as in Figure 12h. The higher
peak density of Nb and Mo is observed for the white precipitates as shown in Figure 12h.
The formation of the Nb enriched NbC and Laves phase in the inter-dendritic areas of the
weld metal is mainly associated with the extensive segregation of the Nb and C during
solidification. Furthermore, Ramkumar et al. [48] have reported that the poor solubility
of Mo in the austenitic matrix due to the large size radius results in segregation of Mo at
the inter-dendritic areas as observed from Figure 12c,g, which facilitates the formation
of Mo-enriched Mo2C or Laves phase. The formation of the Mo- and Cr-enriched M23C6
phase in the weld metal region has also been reported in previous research [49–51].

3.2. Tensile Properties

The tensile test results are depicted in Table 3. The stress–strain curve is shown in
Figure 13a. The fractured tensile specimen is shown in Figure 13b, and it is inferred that
the fracture occurs in a ductile manner, i.e., cup-cone fracture for both AW and PWHT
tested specimens. The fracture was noticed in the P22 steel base metal region instead of
the weld metal, which ensures that the welded joint is safe for application in super-critical
power plants.
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Table 3. Tensile test results.

Sample Yield Strength
(MPa)

Tensile Strength
(MPa) % Elongation (%e) Fracture

Location
Joint Efficiency

(%) [52]

P91 base metal [28] 475 ± 25 715 ± 15 20 ± 2 - -

P22 base metal 495 ± 5 610 ± 2 35 - -

AW

Sample 1 420

415 ± 5

619

615 ± 4

27

26.67 ± 0.57

P22 base

86Sample 2 415 611 27 P22 base

Sample 3 410 615 26 P22 base

PWHT

Sample 1 384

382 ± 5

505

493 ± 11

27

28.67±1.52

P22 base

69Sample 2 376 490 29 P22 base

Sample 3 385 484 30 P22 base

For the AW joint, yield strength and tensile strength were 415± 5 MPa and 615± 4 MPa,
respectively, which was close to the P22 base metal but lower than the P91 steel. The %
elongation was also measured at 26.67 ± 0.57% which was in between P91 and P22 steel.
Previous studies related to the dissimilar joint of P91 and P22 steel have also showed
a failure in the region of P22 base metal and the strength of the welded joint was also
measured near to the strength of P22 base metal [17,20]. For P22/P91 welded joint with
matching P91 filler, strength was measured at 611 ± 9 MPa [20], while for IN617 filler, it
was 618 ± 30 MPa [17]. For the A-TIG weld joint, strength was measured at 522 MPa by
Kulkarni et al. [11]. The joint efficiency was measured at 86% for the AW joint due to the
fracture from the region of P22 base metal. The PWHT of the welded joint reduced the
tensile and yield strength with a minute increase in the % elongation. The yield strength
and tensile strength were measured at 382 ± 5 MPa and 493 ± 11 MPa, respectively for
the PWHT joint. The reduction in strength and increase in ductility might be due to the
over-tempering of the bainite. The fractures in the PWHT joint were still observed in the
P22 base metal region as shown in Figure 13b, which was far away from the soft zone,
confirming that the carbon migration zones formed at the interface of P22 steel and weld
metal did not affect the tensile properties of the welded joint. A similar observation has
also been made by Kulkarni et al. [11]. However, for IN617 filler [17] and P91 filler [20],
the welded joint strength after the PWHT was measured to be more than the strength of
the P22 base metal, and fracture location was also observed in the region of P22 HAZ.
The reduction in joint efficiency was also observed after the PWHT, and it was measured
at 69%.

The FESEM fractographs of the tensile tested specimen are shown in Figure 13c,d.
Figure 13c,d revealed a major presence of dimples, which implied the ductile mode of the
fracture for both conditions. The cup-cone structure formation observed from Figure 13b
also confirmed the ductile mode of the fracture. However, few small blotches of the cleavage
facets, tear ridges, and elongated dimples of varying size and shape were also observed.

3.3. Microhardness Variation

The hardness test was conducted on GTAW dissimilar weldments, and the results are
shown in Figure 14. The microhardness indention marks are also depicted in Figure 14.
The indention marks and hardness plots clearly show that the hardness of the weld metal
had plummeted compared with the CGHAZ and FGHAZ region of the weldments. The
average hardness of the weld metal was measured at 248 ± 6 HV. A small variation in
the hardness value was observed for the weld metal, and the variation was attributed to
the inhomogeneity in the microstructure of the weld metal, i.e., cellular, columnar, and
dendritic along with segregated alloying elements. The UZ near the interface of P91 steel
and weld metal showed a hardness of 259 HV, which was higher than the average hardness
value of the weld metal but lower than the hardness of CGHAZ/FGHAZ. The peninsula
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formed along the interface shows a hardness of 176 HV, which was the minimum for the
welded joint. The hardness of the P91 CGHAZ near interface is 440 HV which was very
high and generates the necessity of the PWHT after the completion of the welding. The use
of the welded joint with such a hardness value of CGHAZ can have a detrimental effect,
such as hydrogen-induced cracking (HIC). Near the interface of P91 base and weld metal,
i.e., in a small region, a significant level of heterogeneity in hardness value existed and it
varied from 176 HV (peninsula) to 438 ± 2 HV (P91 CGHAZ). The higher hardness of the
P91 CGHAZ was due to untempered lath martensite with a high weight percentage of C
and N in the solution matrix, as shown in Figure 7a. The region of the FGHAZ was wide
and a significant level of hardness variation was observed. The average hardness in P91
FGHAZ was 397 ± 43 HV. The hardness of the P91 ICHAZ and base metal was 232 HV and
234 ± 3 HV, respectively and the lower hardness in ICHAZ/base metal can be attributed
to a tempered martensitic microstructure and coarse carbide precipitates. A variation in
hardness also existed at the interface of the P22 and weld metal. The minimum hardness
of 234 HV was measured at the interface, while in the peninsula and P22 CGHAZ it was
277 HV and 358 ± 3 HV, respectively. The hardness of the P22 CGHAZ was measured
lower than the hardness of P91 CGHAZ and it might be due to its poor hardenability. The
hard and brittle microstructure in P22/P91 CGHAZ with hydrogen can result in HIC. The
untempered bainitic microstructure in P22 CGHAZ is attributed to the higher hardness
value. Like P91 FGHAZ, P22 FGHAZ was also a wide region and showed a significant
level of hardness along with an average hardness value of 301 ± 41 HV. The ICHAZ and
P22 base metal showed hardness of 217 and 214 ± 2 HV. In the AW joint, the presence of
the soft region like UZ (176 HV near P91 interface and 277 HV near the P22 interface), and
ICHAZ (217 HV for P22 ICHAZ and 232 HV for P91 ICHAZ) acts as the cited stress raiser
and might be responsible for the mechanical performance of the dissimilar welded joint of
P22/P91 steel.

To provide the softening to CGHAZ of P91 and P22, tempering was done at 760 ◦C
for 2 h, and the hardness profile obtained along the weldments is depicted in Figure 15.
In the HAZ of P91 and P22 steel, the PWHT resulted in a drastic reduction in hardness;
however, heterogeneity still existed along the weldments. The tempering of the martensite
in CGHAZ of P91 resulted in a reduction in hardness value from 438± 2 HV to 259 HV, and
in similar fashion bainite tempering in P22 CGHAZ reduced the hardness from 358 ± 3 to
176 HV. The interface of both steels with the base metal still showed a hardness variation.
At the interface of the P91 steel and weld metal, hardness was 255 HV. The PWHT resulted
in the formation of an SZ near the interface of P22 steel and weld metal (as discussed in
Figure 9e, which shows the hardness of 130 HV). The UZ near the weld metal and near
the soft zone of P22 steel showed a hardness of 275 HV and 212 HV, respectively. The
high hardness of 275 HV near the weld metal side might be due to the carbon-enriched
HZ. The reduction in hardness of the FGHAZ of P91 and P22 steel was also measured.
The hardness of the P91 FGHAZ was 220 ± 9 HV which was attributed to its tempered
martensite microstructure. In P22 FGHAZ, tempering of the bainite was also attributed
to the reduction in hardness from 301 ± 41 HV to 170 ± 8 HV. The overtempering of
the martensite in ICHAZ caused a reduction in hardness from 232 to 215 HV. A similar
observation was also made for the region of P22 ICHAZ as a result of the over-tempering
of the bainite. The minimum hardness after PWHT was 130 HV in SZ, while the maximum
was measured in the weld metal, which was 283 ± 8 HV. The increase in hardness of
the weld metal was observed after the PWHT. The increase in hardness might be due to
precipitation of the gamma prime (γ′, Ni3NbAlTi) in the austenitic matrix of the weld metal.
The precipitation of Nb- and Mo-enriched Laves phase also increased the hardness of the
weld metal. A similar observation has also been made by previous researchers [18,53].
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3.4. Charpy Impact Toughness

The impact toughness test was conducted to ascertain the performance of the dissimi-
lar weldments to sudden impact loading. The notch was made both in the top and root
portion of the weld metal, as shown in Figure 16. The tests were also conducted for the
HAZ region of P91 and P22 steel and to serve this purpose a notch was cut in the HAZ
region. The test results are given in Table 4. From Table 4 it can be inferred that, as with
hardness variation, impact toughness also varies significantly along the weldments. It is
shown in Figure 16b that samples had undergone complete fracture rather than plastic
deformation for each condition of the weld metal. The impact strength was 65 ± 3 J for the
top weld in the AW joint and was reduced after the PWHT (58 ± 4 J). The fracture surface
shown in Figure 17a,b also supports the impact test results. In the root impact test of the
weld metal, impact strength was measured 74 ± 3 J and 69 ± 5 J for AW and PWHT joint,
respectively. The impact strength of the weld metal in the top and root test was measured
lower than the impact strength value of P91 base metal (105 J) and P22 base metal (188 J).
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The poor impact strength of the weld metal might be due to the segregation of the alloying
elements in the region of inter-dendritic boundaries [54]. The reduction in impact strength
after PWHT is attributed to an increase in the density of the segregated precipitates along
the inter-dendritic areas. In AW conditions, the weld metal was spotted as the weakest
region regarding impact strength, while the P22 base metal was the strongest one. The
highest impact strength of the P22 HAZ was attributed to bainitic microstructure; however,
the impact strength value was measured lower than the respective base metal. Due to
the mixed microstructure of tempered and untempered martensite, P91 HAZ showed an
impact strength lower than the P91 base metal. In previous research, a matching P91 filler
was used for making the joint of P91/P22 steel and due to the formation of untempered
martensite in the weld metal, the welded joint does not meet the specific criteria for impact
toughness, i.e., the minimum recommended value of 47 J (ISO 3580:2008) [55]. For the
AW joint of P91 and P22 steel with activated TIG and multi-pass TIG process, the impact
toughness of the weld metal was reported to be lower than 47 J which was due to the
untempered martensite in the weld metal [11,20]. The welded joint with Ni-based filler
and austenitic microstructure offered a better impact strength than P91 filler in AW con-
ditions [17]. The acceptable impact strength value for the P22/P91 welded joint was also
obtained for the laser welded joint as reported by Sirohi et al. [25]. The weld metal showed
a reduction in impact toughness after PWHT for Ni-based filler metal, which might be
due to the higher segregation of the secondary phase alloying elements. However, for
multi-pass TIG and A-TIG weld joints, a drastic increase in impact strength was reported
as a consequence of the PWHT, and it was due to the tempering of the martensite [11,27,56].
From Table 4, it was inferred that the impact strength of P91 and P22 steel HAZ increased
drastically after PWHT; however, the impact strength value was measured to be lower than
the corresponding base metal. The tempering of the bainitic and martensitic matrix resulted
in an increase in impact strength of the P91 and P22 HAZ, respectively. From impact test
results for the PWHT joint, it was clear that the weld metal was still poor in terms of impact
strength compared with other weldments zones. However, each zone of the weldments
fulfills the criteria of minimum impact toughness (47 J) in AW and PWHT conditions.
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Table 4. Impact toughness of the dissimilar welded joint of P91 and P22 steel in AW and PWHT
condition.

Impact Toughness AW PWHT

Impact toughness (weld metal: top) 65 ± 3 J 58 ± 4 J
Impact toughness (weld metal: root) 74 ± 3 J 69 ± 5 J

Impact toughness (P91 side HAZ) 75 ± 3 J 108 ± 2 J
Impact toughness (P22 side HAZ) 130 ± 4 J 172 ± 5 J
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3.5. Residual Stresses

A residual stress measurement was carried out in weld metal using blind hole drilling
(BHD) techniques [57]. The magnitude of the longitudinal residual stress was measured
at 295 MPa and 135 MPa in the top and root region. A tensile nature of the longitudinal
residual stresses was observed in the welded joint’s top and root region. The transverse
residual stress magnitude was 250 MPa and 75 MPa in the top and root region, respec-
tively. The behavior of the transverse residual stress was also tensile in nature. The peak
magnitude of the longitudinal and transverse residual stresses was measured to be lower
than the yield strength of P91 and P22 steel. The magnitude of the residual stresses in the
weld metal is mainly governed by shrinkage and volume expansion effects. Generally,
volume expansion due to martensitic transformation leads to compressive residual stresses,
while the shrinkage effect produces the tensile residual stresses in the weld metal. In the
multi-pass welded joint of P91 and P22 steel, the weld metal was solidified as an austenitic
microstructure where shrinkage played a major role. That resulted in tensile residual
stresses in the weld metal. The martensitic transformation in weld metal mainly occurs for
the matching P91 filler, where both shrinkage and volumetric transformation show their
significant effect [58]. A similar observation has also been made by Sirohi et al. [59] for the
IN617 filler.

4. Conclusions

• Inhomogeneity in the microstructure was observed along the weldments for the AW
and PWHT joint. The weld metal near the interface solidified as columnar dendrites,
while equiaxed dendrites were observed in the centre region of the weld metal. The
compositional analysis showed segregation of the Nb and Mo at inert-dendritic areas
and along the SGBs while the dendrite core showed the presence of Ni, Cr and Fe
as major alloying elements. A wide region of HAZ was observed on both sides of
the weld metal and a significant level of heterogeneity in microstructure existed. The
interface of between the ERNiCrMo-3 weld metal and base metals was characterized
by an unmixed zone (peninsula and island). PWHT had a minute effect on the
microstructural behaviour of the austenitic weld metal and interface region while
tempering of the martensite and bainite occurred in P91 and P22 HAZ, respectively.
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• In AW condition, peak hardness was measured in P91 CGHAZ and it was 440 HV.
The hardness of the weld metal was 248 ± 6 HV. At the interface of P91 steel, hardness
was measured in a range of 176–259 HV, while at P22 interface, it was 277 HV. After
PWHT, both CGHAZ and FGHAZ of P22 and P91 steel showed a drastic reduction in
hardness while a region of ICHAZ remained unaffected. The hardness of the weld
metal increased from 248 ± 6 HV to 283 ± 8 HV after the PWHT, which might be due
to the increase in density of the segregated particles. No carbon migration zones (SZ
and HZ) were detected in the AW joint at the interface of P22 steel and ERNiCrMo-3
weld metal. After PWHT, a narrow band of the SZ (130 HV) and HZ (275 HV) formed
near the interface P22 steel and ERNiCrMo-3 weld metal and the width of the SZ was
measured 310 µm.

• The tensile test specimen showed a failure from the region of P22 base metal for both
AW and PWHT joint, which indicates that the weld joint was safe for application in
super-critical power plants and that it was also stronger than the base metal. The
tensile strength was measured at 615 ± 4 MPa and 493 ± 11 MPa for the AW and
PWHT joints, respectively. The reduction in tensile strength after PWHT might be due
to over-tempering of the bainite present in P22 steel.

• A variation in impact toughness along the weldments was also measured. However,
an acceptable level of impact toughness was measured for the weld metal in both AW
and PWHT conditions, i.e., more than the minimum recommended value of 47 J. A
difference in impact toughness was also measured for the root and top V-notch impact
test. However, weld metal was found to be the weakest region regarding impact
strength, while the P22 base metal was the strongest. In the AW joint, the impact
strength of the P22 and P91 HAZ was measured at 130 ± 4 J and 75 ± 3 J, respectively,
while after PWHT an increase was measured for both the regions.
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2. Rogalski, G.; Świerczyńska, A.; Landowski, M.; Fydrych, D. Mechanical and microstructural characterization of tig welded

dissimilar joints between 304l austenitic stainless steel and incoloy 800ht nickel alloy. Metals 2020, 10, 559. [CrossRef]
3. Sunilkumar, D.; Mathew, J.; Muthukumaran, S.; Vasudevan, M. Friction Stir Welding of 2.25Cr–1Mo Steel to AISI 316LN Stainless

Steel. Trans. Indian Inst. Met. 2020, 73, 1689–1693. [CrossRef]
4. Akram, J.; Kalvala, P.R.; Chalavadi, P.; Misra, M. Dissimilar metal weld joints of P91/Ni alloy: Microstructural characterization of

HAZ of P91 and stress analysis at the weld interfaces. J. Mater. Eng. Perform. 2018, 27, 4115–4128. [CrossRef]
5. Pandey, C.; Mahapatra, M.M.; Kumar, P.; Saini, N. Some studies on P91 steel and their weldments. J. Alloys Compd. 2018, 743,

332–364. [CrossRef]
6. Bhanu, V.; Fydrych, D.; Gupta, A.; Pandey, C. Study on microstructure and mechanical properties of laser welded dissimilar joint

of P91 steel and INCOLOY 800HT nickel alloy. Materials 2021, 14, 5876. [CrossRef] [PubMed]
7. Akram, J.; Kalvala, P.R.; Misra, M.; Charit, I. Creep behavior of dissimilar metal weld joints between P91 and AISI 304. Mater. Sci.

Eng. A 2017, 688, 396–406. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://doi.org/10.3390/met10050559
http://doi.org/10.1007/s12666-020-01984-y
http://doi.org/10.1007/s11665-018-3502-8
http://doi.org/10.1016/j.jallcom.2018.01.120
http://doi.org/10.3390/ma14195876
http://www.ncbi.nlm.nih.gov/pubmed/34640272
http://doi.org/10.1016/j.msea.2017.02.026
http://mostwiedzy.pl


Materials 2021, 14, 6591 23 of 24

8. Vaillant, J.C.; Vandenberghe, B.; Hahn, B.; Heuser, H.; Jochum, C. T/P23, 24, 911 and 92: New grades for advanced coal-fired
power plants—Properties and experience. Int. J. Press. Vessel. Pip. 2008, 85, 38–46. [CrossRef]

9. Jandová, D.; Kasl, J.; Kanta, V. Creep resistance of similar and dissimilar weld joints of P91 steel. Mater. High Temp. 2006, 23,
165–170. [CrossRef]

10. Laha, K. Integrity Assessment of Similar and Dissimilar Fusion Welded Joints of Cr-Mo-W ferritic Steels under Creep Condition.
Procedia Eng. 2014, 86, 195–202. [CrossRef]

11. Kulkarni, A.; Dwivedi, D.K.; Vasudevan, M. Study of mechanism, microstructure and mechanical properties of activated flux TIG
welded P91 Steel-P22 steel dissimilar metal joint. Mater. Sci. Eng. A. 2018, 731, 309–323. [CrossRef]

12. Sultan, A.R.; Ravibharath, R.; Narayanasamy, R. Study of dissimilar header welding between 2.25Cr–1Mo steel and 9Cr–1Mo
steel with 9018 B9 electrode under various conditions of post weld heat treatment. Trans. Indian Inst. Met. 2017, 70, 2079–2092.
[CrossRef]

13. Mahajan, S.; Chhibber, R. Experimental investigations on P22/P91 dissimilar shielded metal arc welds for power plant applications.
Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2020, 234, 1313–1324. [CrossRef]

14. Sudha, C.; Terrance, A.L.E.; Albert, S.K.; Vijayalakshmi, M. Systematic study of formation of soft and hard zones in the dissimilar
weldments of Cr-Mo steels. J. Nucl. Mater. 2002, 302, 193–205. [CrossRef]

15. Sudha, C.; Paul, V.T.; Terrance, A.L.E.; Saroja, S.; Vijayalakshmi, M. Microstructure and microchemistry of hard zone in dissimilar
weldments of Cr-Mo steels. Weld. J. 2006, 85, 71–80.

16. Vidyarthy, R.S.; Kulkarni, A.; Dwivedi, D.K. Study of microstructure and mechanical property relationships of A-TIG welded
P91–316L dissimilar steel joint. Mater. Sci. Eng. A. 2017, 695, 249–257. [CrossRef]

17. Kumar, S.; Sirohi, S.; Vidyarthy, R.S.; Gupta, A.; Pandey, C. Role of the Ni-based filler composition on microstructure and
mechanical behavior of the dissimilar welded joint of P22 and P91 steel. Int. J. Press. Vessel. Pip. 2021, 193, 104473. [CrossRef]

18. Tammasophon, N.; Homhrajai, W. Effect of postweld heat treatment on microstructures and hardness of TIG weldment between
P22 and P91 steels with inconel 625 filler metal. J. Met. Mater. Miner. 2011, 21, 93–99.

19. Pandey, C.; Mahapatra, M.M.; Kumar, P.; Daniel, F.; Adhithan, B. Softening mechanism of P91 steel weldments using heat
treatments. Arch. Civ. Mech. Eng. 2019, 19, 297–310. [CrossRef]

20. Sirohi, S.; Kumar, S.; Bhanu, V.; Pandey, C.; Gupta, A. Study on the variation in mechanical properties along the dissimilar
weldments of P22 and P91 steel. J. Mater. Eng. Perform. 2021, 1–25. [CrossRef]

21. Albert, S.K.; Gill, T.P.S.; Tyagi, A.K.; Mannan, S.L.; Kulkarni, S.D.; Rodriguez, P. Soft zone formation in dissimilar welds between
two Cr-Mo steels. Weld. J. 1997, 76, 135–142.

22. Sunilkumar, D.; Muthukumaran, S.; Vasudevan, M.; Reddy, G.M. Microstructure and mechanical properties relationship of
friction stir- and A-GTA-welded 9Cr-1Mo to 2.25Cr-1Mo steel. J. Mater. Eng. Perform. 2021, 30, 1221–1233. [CrossRef]

23. Dittrich, F.; Mayr, P.; Martin, D.; Siefert, J.A. Characterization of an ex-service P22 to F91 ferritic dissimilar metal weld. Weld.
World 2018, 62, 793–800. [CrossRef]

24. Laha, K.; Latha, S.; Rao, K.B.S.; Mannan, S.L.; Sastry, D.H. Comparison of creep behaviour of 2.25Cr–1Mo/9Cr–1Mo dissimilar
weld joint with its base and weld metals. Mater. Sci. Technol. 2001, 17, 1265–1272. [CrossRef]

25. Sirohi, S.; Gupta, A.; Pandey, C.; Vidyarthy, R.S.; Guruloth, K.; Natu, H. Investigation of the microstructure and mechanical
properties of the laser welded joint of P22 and P91 steel. Opt. Laser Technol. 2022, 147, 107610. [CrossRef]

26. Panait, C.G.; Bendick, W.; Fuchsmann, A.; Gourgues-Lorenzon, A.F.; Besson, J. Study of the microstructure of the Grade 91 steel
after more than 100,000 h of creep exposure at 600 ◦C. Int. J. Press. Vessel. Pip. 2010, 87, 326–335. [CrossRef]

27. Pandey, C.; Mahapatra, M.M. Effect of groove design and post-weld heat treatment on microstructure and mechanical properties
of P91 steel weld. J. Mater. Eng. Perform. 2016, 25, 2761–2775. [CrossRef]

28. Pandey, C.; Giri, A.; Mahapatra, M.M. Evolution of phases in P91 steel in various heat treatment conditions and their effect on
microstructure stability and mechanical properties. Mater. Sci. Eng. A 2016, 664, 58–74. [CrossRef]

29. Pandey, C.; Mahapatra, M.M.; Kumar, P.; Giri, A. Microstructure characterization and charpy toughness of P91 weldment for
as-welded, post-weld heat treatment and normalizing & tempering heat treatment. Met. Mater. Int. 2017, 23, 900–914. [CrossRef]

30. Dak, G.; Pandey, C. Experimental investigation on microstructure, mechanical properties, and residual stresses of dissimilar
welded joint of martensitic P92 and AISI 304L austenitic stainless steel. Int. J. Press. Vessel. Pip. 2021, 194, 104536. [CrossRef]

31. Safyari, M.; Moshtaghi, M. Role of ultrasonic shot peening in environmental hydrogen embrittlement behavior of 7075-T6 Alloy.
Hydrogen 2021, 2, 377–385. [CrossRef]

32. Taraphdar, P.K.; Kumar, R.; Giri, A.; Pandey, C.; Mahapatra, M.M.; Sridhar, K. Residual stress distribution in thick double-V butt
welds with varying groove configuration, restraints and mechanical tensioning. J. Manuf. Process. 2021, 68, 1405–1417. [CrossRef]

33. Pandey, C.; Mahapatra, M.M.; Kumar, P.; Saini, N. Effect of weld consumable conditioning on the diffusible hydrogen and
subsequent residual stress and flexural strength of multipass welded P91 steels. Metall. Mater. Trans. B 2018, 49, 2881–2895.
[CrossRef]

34. Chandrasekar, G.; Kailasanathan, C.; Vasundara, M. Investigation on un-peened and laser shock peened dissimilar weldments of
Inconel 600 and AISI 316L fabricated using activated-TIG welding technique. J. Manuf. Process. 2018, 35, 466–478. [CrossRef]

35. Kumar, S.; Chaudhari, G.P.; Nath, S.K.; Basu, B. Effect of Preheat Temperature on Weldability of Martensitic Stainless Steel. Mater.
Manuf. Process. 2012, 27, 1382–1386. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://doi.org/10.1016/j.ijpvp.2007.06.011
http://doi.org/10.3184/096034006782739231
http://doi.org/10.1016/j.proeng.2014.11.028
http://doi.org/10.1016/j.msea.2018.06.054
http://doi.org/10.1007/s12666-016-1029-y
http://doi.org/10.1177/1464420720939115
http://doi.org/10.1016/S0022-3115(02)00777-8
http://doi.org/10.1016/j.msea.2017.04.038
http://doi.org/10.1016/j.ijpvp.2021.104473
http://doi.org/10.1016/j.acme.2018.10.005
http://doi.org/10.1007/s11665-021-06306-x
http://doi.org/10.1007/s11665-020-05426-0
http://doi.org/10.1007/s40194-018-0569-7
http://doi.org/10.1179/026708301101509188
http://doi.org/10.1016/j.optlastec.2021.107610
http://doi.org/10.1016/j.ijpvp.2010.03.017
http://doi.org/10.1007/s11665-016-2127-z
http://doi.org/10.1016/j.msea.2016.03.132
http://doi.org/10.1007/s12540-017-6850-2
http://doi.org/10.1016/j.ijpvp.2021.104536
http://doi.org/10.3390/hydrogen2030020
http://doi.org/10.1016/j.jmapro.2021.06.046
http://doi.org/10.1007/s11663-018-1314-8
http://doi.org/10.1016/j.jmapro.2018.09.004
http://doi.org/10.1080/10426914.2012.700150
http://mostwiedzy.pl


Materials 2021, 14, 6591 24 of 24

36. Pandey, C.; Thakare, J.G.; Taraphdar, P.K.; Kumar, P.; Gupta, A.; Sirohi, S. Characterization of the soft zone in dissimilar welds
joint of 2.25Cr-1Mo and lean duplex LDX2101 steel. Fusion Eng. Des. 2021, 163, 112147. [CrossRef]

37. Kumar, S.; Yadav, V.; Sharma, S.; Pandey, C.; Goyal, A.; Kumar, P. Role of dissimilar Ni-based ERNiCrMo-3 filler on the
microstructure, mechanical properties and weld induced residual stresses of the ferritic/martensitic P91 steel welds joint. Int. J.
Press. Vessel. Pip. 2021, 193, 104443. [CrossRef]

38. Jula, M.; Dehmolaei, R.; Zaree, S.R.A. The comparative evaluation of AISI 316/A387-Gr.91 steels dissimilar weld metal produced
by CCGTAW and PCGTAW processes. J. Manuf. Process. 2018, 36, 272–280. [CrossRef]

39. Prabu, S.S.; Ramkumar, K.D.; Arivazhagan, N. Microstructural evolution and precipitation behavior in heat affected zone of
Inconel 625 and AISI 904L dissimilar welds. IOP Conf. Ser. Mater. Sci. Eng. 2017, 263, 062073. [CrossRef]

40. Hosseini, H.S.; Shamanian, M.; Kermanpur, A. Characterization of microstructures and mechanical properties of Inconel 617/310
stainless steel dissimilar welds. Mater. Charact. 2011, 62, 425–431. [CrossRef]

41. Chen, Z.R.; Lu, Y.H.; Ding, X.F.; Shoji, T. Microstructural and hardness investigations on a dissimilar metal weld between low
alloy steel and Alloy 82 weld metal. Mater. Charact. 2016, 121, 166–174. [CrossRef]

42. Reddy, G.M.; Gokhale, A.A.; Prasad, K.S.; Rao, K.P. Chill zone formation in Al-Li alloy welds. Sci. Technol. Weld. Join. 1998, 3,
208–212. [CrossRef]

43. Ramkumar, K.D.; Varma, J.L.N.; Chaitanya, G.; Choudhary, A.; Arivazhagan, N.; Narayanan, S. Effect of autogeneous GTA
welding with and without flux addition on the microstructure and mechanical properties of AISI 904L joints. Mater. Sci. Eng. A
2015, 636, 1–9. [CrossRef]

44. Adhithan, B.; Pandey, C. Study on effect of grain refinement of P92 steel base plate on mechanical and microstructural features of
the welded joint. Int. J. Press. Vessel. Pip. 2021, 192, 104426. [CrossRef]

45. Wang, Q.; Shao, C.; Cui, H.; Gao, Y.; Lu, F. Effect of carbon migration on interface fatigue crack growth behavior in 9Cr/CrMoV
dissimilar welded joint. Acta Metall. Sin. (Engl. Lett.) 2021. [CrossRef]

46. Bunaziv, I.; Olden, V.; Akselsen, O.M. Metallurgical aspects in the welding of clad pipelines—A global outlook. Appl. Sci. 2019,
9, 3118. [CrossRef]

47. DuPont, J.N.; Lippold, J.C.; Kiser, S.D. Welding Metallurgy and Weldability of Nickel-Base Alloys; John Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2009.

48. Ramkumar, K.D.; Kumar, P.S.G.; Krishna, V.R.; Chandrasekhar, A.; Dev, S.; Abraham, W.S.; Prabhakaran, S.; Kalainathan, S.;
Sridhar, R. Influence of laser peening on the tensile strength and impact toughness of dissimilar welds of Inconel 625 and UNS
S32205. Mater. Sci. Eng. A 2016, 676, 88–99. [CrossRef]

49. Sirohi, S.; Pandey, C.; Goyal, A. Role of the Ni-based filler (IN625) and heat-treatment on the mechanical performance of the GTA
welded dissimilar joint of P91 and SS304H steel. J. Manuf. Process. 2021, 65, 174–189. [CrossRef]

50. Ramkumar, K.D.; Oza, S.; Periwal, S.; Arivazhagan, N.; Sridhar, R.; Narayanan, S. Characterization of weld strength and
toughness in the multi-pass welding of Inconel 625 and Super-duplex stainless steel UNS S32750. Ciência Tecnologia dos Materiais
2015, 27, 41–52. [CrossRef]

51. Inconel, W.; Superalloys, N. Temperature-based prediction of joint hardness in TIG welding of inconel 600, 625 and 718 nickel
superalloys. Materials 2021, 14, 442. [CrossRef]

52. Thakare, J.G.; Pandey, C.; Mahapatra, M.M.; Mulik, R.S. An assessment for mechanical and microstructure behavior of dissimilar
material welded joint between nuclear grade martensitic P91 and austenitic SS304 L steel. J. Manuf. Process. 2019, 48, 249–259.
[CrossRef]

53. Sridhar, R.; Ramkumar, K.D.; Arivazhagan, N. Characterization of microstructure, strength, and toughness of dissimilar
weldments of inconel 625 and duplex stainless steel SAF 2205. Acta Metall. Sin. (Engl. Lett.) 2014, 27, 1018–1030. [CrossRef]

54. Sirohi, S.; Kumar, P.; Gupta, A.; Kumar, S.; Pandey, C. Role of Ni-based filler on charpy impact toughness of the P91 welds joint.
Mater. Today Proc. 2021, 44, 1043–1049. [CrossRef]

55. Standard, S. Welding Consumables—Covered Electrodes for Manual Metal arc Welding of Creep-Resisting Steels—Classification (ISO
3580:2004); Polski Komitet Normalizacyjny: Warsaw, Poland, 2008.

56. Silwal, B.; Li, L.; Deceuster, A.; Griffiths, B. Effect of postweld heat treatment on the toughness of heat-affected zone for Grade 91
steel. Weld. J. 2013, 92, 80s–87s.

57. Pandey, C.; Mahapatra, M.M.; Kumar, P. A comparative study of transverse shrinkage stresses and residual stresses in P91 welded
pipe including plasticity error. Arch. Civ. Mech. Eng. 2018, 18, 1000–1011. [CrossRef]

58. Maduraimuthu, V.; Vasudevan, M.; Muthupandi, V.; Bhaduri, A.K. Effect of activated flux on the microstructure, mechanical
properties, and residual stresses of modified 9Cr-1Mo steel weld joints. Metall. Mater. Trans. B 2012, 43, 123–132. [CrossRef]

59. Sirohi, S.; Taraphdar, P.K.; Dak, G.; Pandey, C.; Sharma, S.K.; Goyal, A. Study on evaluation of through-thickness residual stresses
and microstructure-mechanical property relation for dissimilar welded joint of modified 9Cr–1Mo and SS304H steel. Int. J. Press.
Vessel. Pip. 2021, 194, 104557. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://doi.org/10.1016/j.fusengdes.2020.112147
http://doi.org/10.1016/j.ijpvp.2021.104443
http://doi.org/10.1016/j.jmapro.2018.10.032
http://doi.org/10.1088/1757-899X/263/6/062073
http://doi.org/10.1016/j.matchar.2011.02.003
http://doi.org/10.1016/j.matchar.2016.09.033
http://doi.org/10.1179/stw.1998.3.4.208
http://doi.org/10.1016/j.msea.2015.03.072
http://doi.org/10.1016/j.ijpvp.2021.104426
http://doi.org/10.1007/s40195-021-01322-1
http://doi.org/10.3390/app9153118
http://doi.org/10.1016/j.msea.2016.08.104
http://doi.org/10.1016/j.jmapro.2021.03.029
http://doi.org/10.1016/j.ctmat.2015.04.004
http://doi.org/10.3390/ma14020442
http://doi.org/10.1016/j.jmapro.2019.10.002
http://doi.org/10.1007/s40195-014-0116-5
http://doi.org/10.1016/j.matpr.2020.11.177
http://doi.org/10.1016/j.acme.2018.02.007
http://doi.org/10.1007/s11663-011-9568-4
http://doi.org/10.1016/j.ijpvp.2021.104557
http://mostwiedzy.pl

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Characterization of the Weldments 
	Tensile Properties 
	Microhardness Variation 
	Charpy Impact Toughness 
	Residual Stresses 

	Conclusions 
	References

