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The present study explores the creep and high-temperature tensile performance of the P92/304L dissimilar
weld joint. The gas tungsten arc welding (GTAW) technique was used to prepare the dissimilar weld joint
between P92 creep strength enhanced ferritic (CSEF) steel and 304L austenitic stainless steel (SS) by
utilizing ERNiCrMo-3 filler metal. After welding, tensile strength was evaluated at 450, 550, 650, 750, and
850 �C temperature to examine the performance of the dissimilar weld joint at elevated temperatures. The
high-temperature tensile test result indicated that the ultimate tensile strength (UTS) decreased from 439 to
58 MPa, and yield strength (YS) fell from 155 to 41 MPa during the test from 450 to 850 �C. After high-
temperature tensile strength, the creep performance of the P92/304L dissimilar weld joint has also been
investigated at 650 �C in the stress range of 100-200 MPa. All the creep specimens failed from the P92 steel
parent metal region during the creep test at different conditions. The maximum creep life of 706.9 h was
observed for the specimen tested at 650 �C under 100 MPa. The minimum creep life of 11.9 h was observed
for the specimen tested at 650 �C under 200 MPa. The relationship between the rupture time and applied
stress followed the logarithmic equation as log (tr) = log (14.39695) + (2 5.79039) log (r). The softening of
the parent metal matrix due to the consumption of the solid solution strengthening W and Cr elements and
the coarsening of the precipitates were the main reasons behind the creep failure at 650 �C in the stress
range of 100-130 MPa. The plastic deformation caused by the grain boundary sliding was mainly
responsible for creep failure at 650 �C in the stress range of 150-200 MPa.
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1. Introduction

The continuously rising demand for energy across the world
urges scientists to develop highly efficient thermal power
plants. New generation power plants, such as ultra-supercritical
(USC), operate at high temperatures and pressure. These power
plants are highly efficient compared to the previously devel-
oped subcritical and supercritical power plants because of their
high operating parameters (temperature and pressure) and low
coal consumption (Ref 1). The maximum working temperature
and pressure of the thermal power plants are limited by the
material that can operate at these conditions without failure.
The CSEF steel (such as P92, P91, and P22), nickel-based
super-alloys (such as Inconel 617, Inconel 800, and Inconel

625), and austenitic stainless steel (such as 304L and 304H) are
regularly used material for high-temperature application in
modern thermal power plants. The costly austenitic stainless
steel is used in the high-temperature sections in the final stages
of the superheater and reheater, where the main requirements
are high creep strength and excellent oxidation resistance. The
CSEF P92 steel is the most suitable material for constructing
the header, boiler tubes, and steam generator of thermal power
plants. According to the data provided by the International
Energy Agency (IEA), the superheater tubes made from this
steel operate at high steam temperatures and pressure (580-
620 �C, 22-25 MPa) in USC power plants (Ref 2). From the
economic viewpoint, the P92 steel is used at various locations
of thermal power plants to utilize its ability to operate at high-
temperature. The less expensive CSEF steel is employed in the
low-temperature sections, in the primary boiler and heat
exchangers. The bimetallic metal joint between an SS and
CSEF steel is used widely in power plants to meet the design
requirement and reduce the overall cost. However, premature
failure in service has been reported for these bimetallic metal
joints prepared with the iron-based filler metal within 1/3rd of
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the designed service life. Thus, the better tri-metallic metal joint
configuration of CSEF steel/Inconel 625/SS is discussed in this
study (Ref 3). In power plants, connections must be made
between various components made from different grades of
steel, nickel-based super-alloy, or any other metals to meet the
operating condition criteria and minimize the material cost.
Among the various welding processes available, the GTAW
process with suitable filler metal is most frequently used to
make dissimilar tube-to-tube weld joints in power plants. The
welded structure is commonly used in thermal and nuclear
power plants due to its high strength, ease of repair, and design
flexibility (Ref 4, 5). The GTAW is the most commonly used
welding technique owing to its productivity, quality, and
consistency and could be used to join P92 and 304L dissimilar
metals (Ref 6). However, from the detailed literature review, it
was concluded that further investigation is still required to fully
understand the microstructural changes in the base metal near
the fusion line and their impact on the overall creep behavior of
welded components. The creep failure can be observed from
the weld fusion zone if a filler metal with low creep and high-
temperature strength compared to the parent metal is selected.
The Inconel 625, Inconel 617, and Inconel 82 filler metals are
regularly used to prepare such tri-metallic metal joints (Ref 7-
9). However, the formation of the heat-affected zone (HAZ)
due to the welding-induced heat is the most problematic region,
as after long-term service, failure has been reported by many
researchers from the HAZ of the CSEF steel (Ref 10).

The components in the USC power plants are subjected to
very high temperatures (570-650 �C) and pressure (25-
30 MPa). Thus, it is essential to investigate the stability of
these dissimilar weld joints at elevated temperatures (Ref 11).
The mechanical and microstructural properties of the P92 steel
and 304L at elevated temperature decide the reliability of these
dissimilar weld joints for power plant application. The 304L,
304H austenitic steel is comparatively more stable at high
temperature than P92 CSEF steel due to the high amount of the
nickel (Ni) and chromium (Cr) elements in its chemical
composition. To guarantee the long-term safety and reliable
operation of thermal power units in high-temperature environ-
ments, it becomes imperative to thoroughly investigate the
high-temperature tensile properties and creep resistance of these
dissimilar weld joints. The failure of such joints due to the
degradation of the microstructure before the predicted service
life has been reported in the literature (Ref 12). The ferritic steel
primarily influences the creep rupture behaviors of dissimilar
weld joints involving ferritic and austenitic steels, as it exhibits
relatively inferior creep strength compared to the austenitic
steel. In the case of creep condition, the ruptures typically occur
from one of the following locations: the parent metal of the
ferritic steel (Ref 13), the HAZ of the ferritic steel (Ref 14), or
at the weld fusion zone and the ferritic steel interface (Ref 15).
These identified areas are critical points where failures happen
due to the stresses and operating conditions experienced during
creep deformation. The superheater tubes made from the P92
steel are exposed to fireside corrosion, steam side oxidation,
static load, and fluctuating thermal gradients, which cause creep
damage. Thus, it is vital to investigate the creep performance of
these tri-metallic metal joints. The microstructure degradation
of the P92 steel at elevated temperature is the foremost limiting
factor for continuously using this tri-metallic metal joint at
higher temperature (Ref 16, 17). The main reason behind the
failure was the coarsening of the precipitates and the develop-
ment of the laves phase and Z phases. The heterogeneous

microstructure developed across the P92 steel side deteriorates
the creep rupture strength of the P92 steel. The softening of the
P92 steel at high temperatures due to the destabilization of the
tempered martensite results in Type IV (failure from the fine
grain heat-affected zone (FGHAZ) or inter-critical heat-affected
zone (ICHAZ)) failure. Thus, it is essential to determine the
creep life and high-temperature tensile performance of these
dissimilar weld joints (Ref 18, 19). The addition of the cobalt
(Co) element in the P92 steel improves the creep strength by
reducing the prior austenite grain size and tempered martensite
lath size (Ref 20). Sakthivel et al. (Ref 21) observed the creep
failure from the P92 steel parent metal during the high-stress
condition and the P92 HAZ region during the low-stress
condition. The failure from the P92 steel parent metal and HAZ
region is due to the rapid microstructural changes at elevated
temperature service (Ref 22). Miao et al. (Ref 19) observed the
Type IV cracking for the TP347H/T91 dissimilar steel weld
joint prepared using ERNiCr-3 filler metal. Xue et al. (Ref 23)
pointed out that type IV cracking occurs under higher stress and
low-temperature condition. Huang et al. (Ref 24) reported the
rupture of the P92 steel parent metal under creep test at 625 �C
and 250 MPa. The creep fracture mechanism of T92/HR3C
dissimilar weld joint under creep condition of 650 �C and with
lower applied stress of 90 MPa was examined by Wang et al.
(Ref 25). The dissimilar weld joint was created utilizing the
GTAW technique and Inconel 82 Ni-based filler. The result
showed the creep failure from the P92 FGHAZ region. Liu
et al. (Ref 26) reported that the stress concentration created by
the coarse carbide precipitates, triple boundary and matrix
softening is the main reason behind the formation of the creep
cavity. The literature review indicated that the creep rupture
location depends on the applied stress and temperature. This
research article provides a detailed discussion regarding the
microstructure changes in the P92 HAZ region and near the
necking surface after specimen failure. The detailed informa-
tion regarding the microstructure evolution and mechanical
properties after the high-temperature tensile and creep service
of this combination (P92-ERNiCrMo-3-304L) of the dissimilar
weld joints is still unavailable in the public domain. Therefore,
this study discusses a detailed investigation of the mechanical
and microstructural properties after the creep and high-temper-
ature tensile test of the P92-ERNiCrMo-3-304L dissimilar weld
joint. It should be noted that in this research article, the high-
temperature tensile and creep test was performed after the
welding and without any further post-weld heat treatment. In
addition to the microstructural investigation, micro-hardness
measurement was performed along the cross section of the
ruptured specimen.

2. Materials and Experimental Procedure

The P92 CSEF steel and 304L SS were chosen as parent
metals to prepare the dissimilar weld joint by the fusion
welding process. The ERNiCrMo-3 (Inconel 625) was chosen
as filler metal due to its excellent mechanical and microstruc-
tural properties at elevated temperatures. The chemical com-
position of the parent material and ERNiCrMo-3 filler metal
used in the present investigation is available in our previous
work (Ref 27). Also, the detailed welding procedure, welding
parameters, macro- and microstructure examination, micro-
hardness distribution, mechanical property investigation, and
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residual stress analysis of V-groove geometry P92/304L
dissimilar weld joint are provided in our previous work (Ref
27, 28). For the preparation of the high-temperature tensile and
creep specimen, the rectangular strip was taken from the
transverse direction of the dissimilar weld joints, as shown in
Fig. 1. The round shape high-temperature tensile and creep
specimens of required dimension, as shown in Fig. 2(a)-(b),
were then prepared using a lathe machine. The cylindrical
shape specimen for the high-temperature tensile test with a
3 mm diameter, gauge length of 70 mm, and gripping length of
20 mm was prepared from the transverse direction of the weld
according to the ASTM E8 standard. The high-temperature
tensile test was conducted using a hydraulic universal testing
machine (Make: Shimadzu) of 50 kN capacity. The test was
performed at a strain rate of 0.001 s�1 and 0.5 mm/min loading
rate. Specimens for the creep tests were prepared following the
standard specification (ASTM E139), having a diameter of
6 mm and a gauge length of 33 mm. Constant load creep tests
have been conducted at 650 �C within the stress range of 100-
200 MPa. Tests were performed using the Mayes machines
having 30 kN loading capacity. Two thermocouples were used
within the gauge portion of the specimen to measure the testing
temperature and controlled within ± 3 �C. The strain was
measured continuously till the failure of a specimen as a
function of time from the extensometer connected in the gauge
section and linear variable differential transducer (LVDT)
assembly.

For metallographic investigation, the fractured tensile spec-
imen was sliced into two halves from the transverse direction of
the weld. The extracted sample was then hot-mounted with
epoxy resin for further metallographic procedure. The hot-
mounted specimen of dimension 30 mm was then mirror
polished using SiC abrasive paper from #80 grit to #2000 and

1 lm alumina slurry. The dissimilar weld joint consists of three
different metals, so three different chemical etchants were used
to reveal the microstructure features. The P92 metal surface was
chemically etched using Villella solution [1 g picric acid
(C6H3N3O7) + 5 ml hydrochloric acid (HCL) + 100 ml of
ethanol (C2H6O), 35 s], and 304L using aqua regia (HNO3 +
HCL, 1:3, 20 s) solution. The ERNiCrMo-3 weld metal was
electrolytically etched at a voltage of 4 V for the 30 s in a 10
wt.% oxalic acid solution.

3. Results and Discussion

3.1 High-Temperature Tensile Test

The high-temperature tensile test was conducted at different
temperatures to determine the YS and UTS values of the P92-
ERNiCrMo-3-304L dissimilar weld joint at different tempera-
tures. The high-temperature tensile strength test was conducted
at an interval of 100 �C within the temperature range of 450-
850 �C. The tensile strength of the 588 MPa was observed at
room temperature, and decreased to 47 MPa at 850 �C. The
UTS and YS value decreased with the increase in the test
temperature. During the room temperature tensile test, the
specimen failed from the 304L parent metal due to the low UTS
and YS value of the 304L steel than P92 steel and ERNiCrMo-
3 weld metal at room temperature (Ref 27). The dissimilar weld
joint failed from the 304L parent metal up to the temperature of
550 �C. The fracture location shifted from the 304L parent
metal at 450 and 550 �C to the P92 steel parent metal at 650,
750, and 850 �C. Thus, the mechanical and microstructural
properties of the P92 steel degrade quickly after the maximum
operating temperature range. Although the test was carried out

Fig. 1 Schematic diagram of the dissimilar weld joint, creep and high-temperature tensile test specimen preparation
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up to 850 �C, the weld metal did not crack. This indicates the
excellent stability of the ERNiCrMo-3 filler metal at elevated
temperature service. Figure 3(a)-(e) shows the appearance of
the ruptured high-temperature tensile specimen. It becomes
difficult to determine whether a fracture originated from the
HAZ or parent metal if it occurs close to the weld interface.
However, as in present case the fracture location was far away
from the weld interface, the exact fracture location was easy to
identify.

The stress–strain curve obtained at room and elevated
temperature is shown in Fig. 4(a). The variation in the UTS
value, YS value, % elongation, and % reduction in cross-
sectional area with respect to test temperature is shown in
Fig. 4(b)-(c). The stress–strain curve indicated the serrated
flow/jerky flow behavior during the plastic deformation for the
high-temperature test. The strain aging process hardens the
material. Thus, the stress required to deform the material
increases after strain/work hardening. Strain aging can also
occur during plastic deformation; in that case, it is called
dynamic strain aging (DSA). DSA occurs at a particular
temperature and strain rate. DSA is an unwanted phenomenon
as it decreases the ductility and toughness of the material. DSA
occurs due to the pinning of the dislocations by solute atoms.
This phenomenon is also called serrated flow behavior, as the
stress–strain curve exhibits serration during the plastic defor-
mation. DSA results from the interaction between dislocations
and solute atoms during plastic deformation. When dislocations
encounter impediments during plastic deformation, they are
momentarily halted. As the solute atoms diffuse around the
pinned dislocations during this period, the hold of the barrier on
the dislocations is further strengthened. With enough tension,
these dislocations eventually pass the obstacles and proceed to

the next one where they are stopped, allowing the process to
continue. This interaction will result in the inhomogeneous
deformation behavior, called serration in the stress–strain curve,
as seen from the stress–strain curve at 450 and 550 �C. The
serrated flow occurs due to the locking and releasing of the
dislocations by the solute atom, which results in the jerky flow
during the high-temperature tension test (Ref 29). The Portevin
and Le-Chatelier developed this theory of serration, hence also
called the Portevin Le–Chatelier (PLC) effect. There are three
types of serration behavior depending on the profile of the
stress–strain curve: Type A, Type B, and Type C. The serration
type varies with the temperature and strain rate (Ref 30).
According to results in the literature, DSA mostly happens in
304L (Ref 31, 32). Also, the DSA happens at a specific strain
rate and temperature (Ref 30). DSA primarily happens in alloys
with interstitial solute atoms because these atoms can quickly
and forcefully segregate to dislocations and lock them during
straining. At elevated temperatures and low strain rates, the
mobility of solute atoms in this steel increases to the point that
they can follow a dislocation during its motion and segregate to
its core while it has to wait in front of an obstacle. DSA
happens when the repeated interaction of interstitial solute
atoms prevents dislocation motion. Serrations or wavy patterns
resembling saw teeth in the stress–strain plot are seen in this
situation. Most studies have shown that the serrated flow is
suppressed with increase in strain rate and decrease in
temperature (Ref 33). The room temperature and elevated
temperature UTS value, YS value, % elongation, and %
reduction in cross-sectional area of the P92 and 304L dissimilar
weld joints prepared using ERNiCrMo-3 filler are listed in
Table 1. From the high-temperature tensile test results, it was
noticed that as the test temperature increases, the time to failure

Fig. 2 (a) High-temperature tensile test specimen and (b) Creep test specimen
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of the P92/304L dissimilar weld joint decreases. The metallur-
gical changes toward the specimen failed from the 304L and
P92 side were examined by taking the cross section of the
fracture surface.

3.2 Macrostructure of the Fractured High-Temperature
Tensile Test Specimens

Figure 5(a)-(e) shows the macrograph of the cross section of
the fractured high-temperature tensile test specimen. The
macrograph shows the fracture specimen consisting of P92
parent metal, 304L parent metal, ERNiCrMo-3 weld metal, P92
HAZ, and 304L HAZ in gauge length. P92 steel has excellent
strength at low temperature compared to the 304L. Therefore,
the specimen tested at 450 and 550 �C was fractured from the
304L parent metal. As the test temperature increases, the
strength of the P92 steel falls rapidly due to the changes in the
metallographic structure. Thus, the specimen tested at 650, 750,
and 850 �C was fractured from the P92 steel parent metal.
From the above observation, it can be said that up to 550 �C,
P92 steel has a higher UTS value than 304L. However, the UTS
value of the P92 steel degrades quickly after its maximum
designed operating temperature. The macrographs showed no

significant deformation in the weld metal structure after the
high-temperature tensile test. The weld fusion zone was free
from cracking and deformation for all the test temperature. This
indicates the reliability of the nickel-based filler metal for
elevated temperature service.

3.3 Microstructure Changes After High-Temperature Tensile
Test

The major microstructural variation was observed near the
fracture tip surface. The specimen tested at 450 and 550 �C
failed from the 304L parent metal. The microstructure near the
fracture region of these high-temperature tensile specimens is
shown in Fig. 6(a)-(f). The as-received 304L austenitic stainless
steel primarily consists of austenite grains, twins, and ferrite
stringers, as already discussed in our previous work (Ref 27,
28). The 304L is a non-heat treatable alloy. Thus, it does not
undergo any phase transformation or microstructural evolution
at elevated temperature service. It undergoes only strain/work
hardening during plastic deformation at elevated temperature.
The austenite grains and twins were stretched during the
elevated temperature tensile test. Thus, the specimen tested at
450 and 550 �C and fractured from the 304L does not contain

Fig. 3 (a-e) Photograph of the ruptured high-temperature tensile specimen, showing the fracture location at different test temperature
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twins and austenite grains in its microstructure, as shown in
Fig. 6(a)-(f). The elongated ferrite stringers were only observed
after the high-temperature tensile test. Song et al. (Ref 34) also
observed similar microstructure characteristics for the HR3C
advanced austenitic steel after the high-temperature tensile test.
The microstructure of the specimen tested at 650, 750, and
850 �C, and fractured from the P92 steel parent metal is shown

in Fig. 7(a)-(i). The microstructural observation near the
fracture surface showed the absence of the lath martensite
structure and prior austenite grains. The precipitate (possibly
M23C6 and MX type) of different sizes was observed near the
fracture surface. Also, very few grain boundaries were observed
near the fracture tip surface. Many cavity formations near the
necking region indicate that the specimen has undergone a

Fig. 4 (a) Engineering stress–strain curve at room and elevated temperature (450-850 �C), serrated flow behavior can be observed from the
curve at 450 and 550 �C temperature, (b) relationship between test temperature and ultimate tensile strength and yield strength, and (c)
relationship between test temperature and % elongation and % reduction in area

Table 1 Room temperature and high-temperature tensile strength of the P92-ERNiCrMo-3-304L dissimilar weld joint

Temperature,
�C

Ultimate tensile strength,
MPa

Yield strength,
MPa

%
Elongation

% Reduction in cross-
sectional area Fracture location

25, Room
temperature

588 375 31 … 304L parent metal/base metal (BM)

450 423 168 13.7 93 304L parent metal
550 396 152 12.33 88 304L parent metal
650 290 130 4.11 87 P92 parent metal
750 107 90 5.48 94 P92 parent metal
850 47 35 9.59 91 P92 parent metal

Journal of Materials Engineering and Performance



significant plastic deformation before fracture. The plastic
deformation causes the softening of the matrix. Thus, this
region becomes weaker during the tensile test and decreases the
tensile strength. Small cracks and voids were formed near the
necking surface. Crack formation and crack propagation are the
two main steps of fracture. The slow crack propagation leads to
ductile fracture, while the rapid crack propagation leads to
brittle fracture. The tension load will create the necking at the
low-strength region. As time passes, small micro-void forma-
tion occurs at the necking region. In the later stage, the
coalescence of the micro-voids takes place. In this stage, the
micro-voids become sufficiently large to form a crack. The
number of cavities near the fracture tip surface increased with
the increase in the test temperature, as shown in Fig. 7(a), (d),
and (g). No crack or cavity was observed at the surface away
from the necking region, as seen from the weld interface image
(Fig. 7c). It should be noted that fewer voids were observed in
the coarse grain heat-affected zone (CGHAZ) and FGHAZ
regions, indicating the less effect of the applied load and

temperature on the microstructural properties of the P92 HAZ
region. Also, the specimen tested at 650, 750, and 850 �C
showed good necking before fracture. The specimen was tested
at 650, 750, and 850 �C, which is an approximate tempering
temperature for P92 steel. Thus, the microstructure of this
region was slightly tempered after the high-temperature tensile
test, and the tempered martensite structure of CGHAZ and
FGHAZ region is shown in Fig. 7(f).

The mechanical properties are linked with the microstruc-
ture of the material. The FESEM microstructure of the
specimen prepared from the cross section of the fractured
high-temperature tensile specimen near the fracture tip surface
is shown in Fig. 8(a)-(i). The maximum working temperature of
the P92 steel is 620-625 �C (Ref 35). The test at 650-850 �C
showed the failure from the P92 parent metal. Under elevated
temperature tensile test, elongated grain boundaries were
observed near the fracture tip surface. The grain boundaries
are elongated due to the high tensile load applied at elevated
temperature. The numerous voids that occurred around the prior

Fig. 5 (a-b) showing macrostructure of the tensile tested sample at 450 and 550 �C, which was taken from the localized portion of the 304L
parent metal sample and (c-e) showing macrostructure of the tensile tested sample at 650, 750, and 850 �C, which was taken from the localized
portion of the P92 parent metal sample
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austenite grain boundaries after the high-temperature tensile test
are shown in Fig. 8(a)-(i). The cavity formation occurs mainly
along the triple point of the prior austenite grain boundaries
(Ref 36), as shown in Fig. 8(b), (e), and (h). The large numbers
of voids that occur near the fracture surface coalesce together
and form cracks. From the elevated temperature tensile test
results, it is clear that the P92 steel softens more rapidly than
the 304L steel with increase in temperature. During the high-
temperature tensile test, the growth of the M23C6 precipitates in
the P92 steel increases, resulting in the loss of the precipitation-
strengthening effect due to the segregation of the important Cr
and Ni elements from the base metal matrix. The energy-
dispersive-spectroscopy (EDS) point analysis was conducted
near the fracture tip surface containing coarse and fine
secondary phase particles around the cavity. The EDS spectrum
result was C: 7.82%, Cr: 8.98%, Fe: 75.86%, Nb: 3.72%, W:
2.28%, Mo: 1.08%, Ni: 0.33%. The result indicated that the
M23C6 precipitates near the cavity. The W element presents in
the M23C6 precipitates retard the coarsening rate of these
particles. At high temperature, carbide-forming elements such
as Cr and C from the matrix diffuse into the M23C6 precipitates,
hence increasing the coarsening of these particles (Ref 37). The
grain boundaries decorated with the M23C6 precipitates mainly
obstruct the dislocation movement under applied tension load.
At high temperature, because of the coarsening of the M23C6

precipitates, the pinning effect provided by these precipitates
gets suppressed. Thus, at high-temperature, failure takes place
from the P92 steel. The coarsening and cluster of the M23C6

precipitates during the high temperature are the main reasons
behind the reduction of the P92 steel strength at high
temperature. The laves phase was not observed after the
high-temperature tensile test.

3.4 Micro-hardness Distribution After High-Temperature
Tensile Test

The Vickers micro-hardness test was conducted over the
same specimen used for microstructural characterization con-
sisting of the necking region, P92 HAZ, P92 parent metal, IN
625 weld metal, 304L parent metal, and 304L HAZ. The
indentations were taken at a regular interval of 0.25 mm by
applying a load of 500 gf for 10 s. The Vickers micro-hardness
distribution across the cross section of the fracture high-
temperature tensile test specimen is presented in Fig. 9(a)-(e).
The micro-hardness across the P92/304L dissimilar weld joint
after welding is presented in our previous work (Ref 27). The
micro-hardness value obtained after welding was also taken
into consideration to approximate the fracture location. For all
the specimens, the fracture point was selected as the starting
point for the hardness measurement (X = 0). The cross section
of the fractured tensile test specimen was divided into three
parts: fracture point and corresponding parent metal, weld
metal, and un-affected parent metal. Based on the micro-
hardness distribution, the fracture location can be estimated.
The micro-hardness variation at each point also shows the
extensive microstructural evolution as well as microstructural
inhomogeneity after tensile testing at different temperatures.
The specimen tested at 450 and 550 �C failed from the 304L
parent metal. From the micro-hardness data across the 304L
region after the high-temperature tensile test, it was pointed out
that the hardness of the 304L was higher than that of the as-
received 304L. The maximum micro-hardness of the 304L
increased to 310 HV near the fracture point after the high-
temperature tensile test. The increase in the micro-hardness
value of the 304L after the high-temperature tensile test is due

Fig. 6 (a) Optical microstructure of the fracture tensile specimen at 450 �C: fracture region, (b) microstructure near the fracture tip surface, (c)
optical microstructure of the fracture tensile specimen at 550 �C: fracture surface, and (d) microstructure at the weld interface
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to the work hardening or strain hardening effect (Ref 38). The
DSA phenomenon discussed in the previous section is mainly
responsible for the increase in the hardness value of the 304L
after the high-temperature tensile test. The DSA is a conse-
quence of plastic deformation. The 304L austenitic stainless
steel is a non-heat treatable and ductile metal. Thus, during the
plastic deformation, because of the increase in the number
density of the dislocation, the hardness of the 304L steel
increases. It can be pointed out from the micro-hardness
distribution that the micro-hardness near the fracture tip surface
was changed dramatically for all the test temperature due to the
microstructure changes. From the micro-hardness across the
necking surface, it can be confirmed that failure took place from
the P92 parent metal for the specimen tested at 650-850 �C.
The low micro-hardness value was observed in the rupture
location of the P92 steel (as low as 90 HV for the specimen
tested at 850 �C). The extremely low micro-hardness value at
the fracture tip surface was due to the extensive plastic
deformation that occurred in the P92 steel and thus large
numbers of voids formation. It was observed that as the tensile
test temperature increases, the hardness value of the P92 steel
decreases at the fracture location. It should be noted that the

hardness of the P92 steel near the fracture region (for the
specimen tested at 650-850 �C, and failed from the P92 base
metal) decreased noticeably after the high-temperature tensile
test. The reason why P92 steel shows a low micro-hardness
value after a high-temperature tensile test is because of the
softening of the lath martensite structure and the coarsening of
the precipitates at elevated temperatures. Also, the degradation
of the martensite lath structure and the decrease in the
dislocation density are mainly responsible for a drop in the
micro-hardness value of the P92 steel after the high-tempera-
ture tensile test. The hardness value across the P92 HAZ
decreases considerably with an increase in the test temperature
due to the tempering effect once the high-temperature tensile
test is completed. The hardness value of the CGHAZ and
ICHAZ region vary significantly for each test specimen after a
high-temperature tensile test at different temperature due to the
heating at various temperatures (450-850 �C) and then cooling
after a fracture. The hardness gradient for the nickel-based weld
metal was smaller for the different high-temperature tensile test
temperature. It shows the good stability of the nickel-based
filler metal at elevated temperature.

Fig. 7 Optical microstructure of the tensile tested specimen till fracture; consisting of fracture region, micro- and macro-voids can be observed
(a) optical microstructure of the fracture tensile specimen tested at 650 �C, (b) microstructure of the fracture region, (c) microstructure at the
weld and P92 HAZ interface, (d) optical microstructure of the fracture tensile specimen tested at 750 �C, (e) microstructure near the zone of
failure, (f) microstructure of the P92 CGHAZ region, (g) optical microstructure of the fracture tensile specimen at 850 �C, (h) microstructures of
the fracture region and (i) microstructure near the fracture region
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3.5 Fracture Surface Analysis of High-Temperature Tensile
Specimens

The SEM microstructure of the fracture surface of the
specimen at low (50X) and high magnification (1500X and
2500X) is shown in Fig. 10(a)-(e). The low-magnification
image, as shown in Fig. 10(a)-(e), was used to measure the
reduced diameter of the fractured high-temperature tensile
specimen with the help of the SEM measurement tool. The low-
magnification image also shows the overall appearance of the
fracture surface. The magnified image of the specified region at
high magnification is also shown in subsequent Figures. It
should be noted that the P92/304L dissimilar weld joint was
fractured from the 304L parent metal during the tensile test at
450 and 550 �C. The fracture surface of the 304L parent metal
is shown in Fig. 10(a)-(b). From the low-magnification image
of the specimen tested at 450 and 550 �C, it can be observed
that the fracture surface contains few voids and dimples. The
very small size micro-voids were observed from the high-
magnification microstructure image. The flat fracture surface
appearance was also observed near the voids and dimples.
Thus, the ductile–brittle mode of the fracture occurred for the
specimen that failed from the 304L parent metal. Also, due to
the DSA phenomenon occurring in the 304L steel, the
brittleness of the 304L material increases. This phenomenon
is responsible for the brittle mode of the fracture from the 304L.
The specimen was fractured from the P92 parent metal when

tested at 650, 750, and 850 �C. The specimen ruptured from the
P92 steel had a large necking, suggesting that the fracture was
in plastic manner. The fracture surface of the P92 steel is shown
in Fig. 10(c)-(e). The fracture surface of the elevated temper-
ature tensile tested specimen mainly consists of dimples and
voids of different sizes and shapes. Large voids were also
observed at the surface of the fractured specimen with higher
test temperature, i.e., 650-850 �C. From the microstructure of
the fractured surface, it was observed that the microstructure at
the center of the fractured surface and the edge was different.
The comparatively larger voids were observed at the center
region compared to the edge of the fractured surface. The large
number of voids at the fracture surface indicates the high plastic
deformation due to the applied stress. The small and large voids
at the fracture surface indicate the ductile fracture. Chen et al.
(Ref 17) also reported similar fracture modes. The authors
reported small, shallow, and equiaxial dimples at low test
temperature and large, deep, and completely parabolic dimples
at elevated temperature. The type and size of dimples change
with the change of the test temperature. From the fractography
of the failed surface at different temperatures, it was observed
that the number of dimples and voids increases as the test
temperature increases. The fracture surface of the specimen
tested at 850 �C, as shown in Fig. 10(e), it can be understood
that the surface was completely oxidized at such a high
temperature.

Fig. 8 (a) FESEM microstructure of the fracture tensile specimen tested at 650 �C: fracture surface, (b-c) microstructure near the fracture
region at low and high magnification, (d) FESEM microstructure of the fracture tensile specimen tested at 750 �C: fracture surface, (e-f)
microstructure near the fracture region at low and high magnification, (g) FESEM microstructure of the fracture tensile specimen tested at
850 �C: fracture surface and (h-i) microstructure near the fracture region at low and high magnification
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4. Creep Test

The creep is an essential property for any material used at
high temperature and stress condition. The creep properties of
the P92/304L dissimilar weld joint were investigated at
constant temperature and varying the applied stresses. The
creep rupture tests were conducted at 650 �C with applied
stress in the 100-200 MPa range. The rapid microstructural
changes occur in the P92 steel after 650 �C. Thus, the operating
temperature was selected as 650 �C to shorten the creep rupture
time. The maximum creep rupture time was obtained for the

specimen tested at 650 �C under 100 MPa. At the same time,
the minimum rupture time was obtained for the specimen tested
at 650 �C under 200 MPa. Kim et al. (Ref 39) also observed the
similar results for the T92/304H dissimilar weld joint prepared
using ERNiCr-3 filler metal. The creep deformation was
observed from the P92 parent metal and FGHAZ region,
respectively. However, the creep test was performed after the
post-weld heat treatment. Figure 11(a)-(e) shows the creep
ruptured specimens of P92/304L dissimilar weld joint at
650 �C and applied stress of 100, 130, 150, 180, and
200 MPa. The fracture occurred from the P92 steel parent

Fig. 9 (a-e) Micro-hardness profile across the tensile fractured specimens tested at various temperatures in the 450-850 �C range
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metal. The IN625 filler weld fusion zone and 304L parent metal
were safe after the creep test. The creep test results showed that
the 304L and nickel-based filer have better creep strength and
thermal stability than P92 steel.

4.1 Experimental Procedure and Results

Creep is a time-dependent phenomenon that occurs contin-
uously during plastic deformation at constant stress. The creep

test is conducted by placing a constant load on the test
specimen, and change in strain is measured with respect to time
at a constant temperature. Creep tests were performed as per the
ASTM E139 standard (Ref 40). The creep curve of the various
specimens tested under constant load at 650 �C is shown in
Fig. 12(a), (b). The creep rupture lives of the P92/304L
dissimilar weld joint depend on the test temperature and applied
stress. The creep rupture time decreases with the increase in the

Fig. 10 (a-e) FESEM images were taken from the fracture surface of the high-temperature tensile tested specimen
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Fig. 11 P92/304L dissimilar weldments specimens tested at different creep tests condition: (a) 650 �C/100 MPa, (b) 650 �C/130 MPa, (c)
650 �C/150 MPa, (d) 650 �C/180 MPa, and (e) 650 �C/200 MPa
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test temperature. The different stage of the creep curve,
including the primary (transient), secondary (steady-state),
and tertiary stage, was obtained for each test condition, as
shown in Fig. 12(c), (d). Before the primary stage begins, there
is instantaneous deformation due to the applied load on the
specimen, which is insignificant. In the primary stage, the
creep/strain rate decreases with time due to the work-hardening
effect. Work hardening occurs due to the obstacles provided by
the precipitates, sub-grains, free dislocations, and solid solution
hardening. In this stage, the material gets hardened due to the
restriction in the dislocation movement. In the second stage, the
creep rate remains constant over time, mainly due to the
balance between the work hardening and softening behavior of
the material. Work hardening and recovery are two opposite
mechanisms. In the third stage, a process occurs quickly due to
the necking or crack formation with effective cross-sectional
area decreasing till specimen failure. All the creep test results
are listed in Table 2.

The creep test is a time-consuming process. Hence, it is not
feasible to carry out the creep test for the entire creep life of the
material. A mathematical relationship must be developed

between the applied stresses and ruptured life. In the present
investigation, the relationship between the applied stress (r)
and rupture time (tr) was determined by using the linear
regression analysis. On the X-axis, the independent variable
(stress in the present case) and the dependent variable (rupture
time) were chosen on the Y-axis. From the creep experimental
data, it was pointed out that the rupture time varies quickly with
the change in the applied stress (Table 2). Thus, log–log plot
that has been plotted to obtain the best fit line of the data using
linear fit analysis is shown in Fig. 13. The obtained R-squared
value (coefficient of the determination) was close to 0.979,
which indicates that the excellent fitting of the experimental
data within the trend line. Wu et al. (Ref 41) also used a similar
approach to develop the linear regression model between the
applied stresses and rupture times. The obtained equation to
predict the creep life at applied stress could be given by Eq 1:

log trð Þ ¼ log 14:39695ð Þ þ �5:79039ð Þ log ðrÞ ðEq 1Þ

The other approach most frequently used to predict the creep
life of the material is the Larson–Miller parameter equation.
The creep life of the material depends upon the applied stress

Fig. 12 Plot of creep strain as a function of time for P92/304L weld joints has been conducted at 650 �C under the stress range of 150-
200 MPa and 100-140 MPa, as shown in (a) and (b), respectively. The corresponding creep rate vs. time plot is drawn in (c) and (d) to
distinguish minimum creep rate (MCR) with respect to the applied stress
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and temperature. The LMP equation considers applied stress
and temperature to predict the component’s creep life. The
LMP equation can be given by Eq 2 as follows (Ref 42):

LMP ¼ T C þ log trð Þ ðEq 2Þ

where LMP is the Larson–Miller parameter, C is the Larson–
Miller constant, tr (h) is the rupture time, and T (K) is the test
temperature. The value of C depends on the material; generally,
it is in the range of 20-30 (Ref 43, 44). In the present case, the
value of C is chosen 20 (Ref 45). Based on the reported data in
Table 3, the plot of applied stress v/s LMP has been applied to

the second-order polynomial fit, as shown in Fig. 14. From the
trend line, the value of LMP can be obtained at a given applied
stress. Therefore, the corresponding time to rupture can be
calculated at 650 �C. Various researchers have also used this
approach to predict the creep service life (Ref 46).

4.2 Macrostructure of the Fractured Creep Specimens

The creep behavior of the P92/304L dissimilar weld joint
was investigated at 650 �C under the stress range of 100-
200 MPa. The creep test specimen failed from the P92 steel
parent metal side for all the test conditions. The creep fracture
location depends upon the test condition, the parent metal used,
and the welding process (Ref 24). The different creep service
life was obtained for the specimen tested at different stress. The
macrograph of the cross section of the fractured creep specimen
is shown in Fig. 15(a)-(e). The macrograph consists of a
fracture surface, parent metal, and weld metal. The flat fracture
surface indicates the brittle fracture of the dissimilar weld joint.
As shown in the macrograph of the fracture tip surface, the
notch tip radius of the specimen tested is very less, indicating
the plastic/brittle fracture of the creep specimen. The edges of
the fractured surface inclined at 45� indicate the shear mode of
the fracture. Thus, the creep specimen failed in the combined
normal faulting and shear mode of the fracture. The macro-
graphs of the cross section of the fractured creep specimen also
confirm the excellent creep strength of the nickel-based filler
metal and 304L austenitic stainless steel.

Table 2 Creep test results of P92/304L weld joints (IN625 filler metal) at 650 �C under the various stress levels

Temperature, �C Stress, MPa Creep strain, % Rupture time, h Elongation, % Reduction area, %

650 100 5.35 706.9 5.35 43.11
650 130 16.94 288.3 7.45 42.31
650 140 18.02 103.5 18.02 72.17
650 150 12.97 35.3 12.97 68.06
650 180 7.46 21.9 7.46 47.12
650 200 9.35 11.2 9.35 48.11

Fig. 13 Plot of rupture time against the applied stress at 650 �C
has been linearly fitted to find the stress exponent (n). The value of
�n� is found to be 5.8, and the creep mechanism falls under the
dislocation climb-controlled process in the stress range of 80-
200 MPa

Table 3 Rupture time and LMP values of P92/304L weld
joints (IN625 filler metal) at 650 �C under various stress
levels

Temperature, �C/K Stress, MPa Rupture time, h LMP

650/923 100 706.9 21090
650/923 130 288.3 20730
650/923 140 103.5 20320
650/923 150 35.3 19889
650/923 180 21.9 19698
650/923 200 11.2 19428

Fig. 14 Plot of applied stress against LMP at 650 �C has been
fitted by applying the second-order polynomial fit in the stress range
of 80-200 MPa. The constant value of LMP was taken as 20
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4.3 Microstructure Changes After the Creep Test

The microstructure evolution near the fracture tip surface
after the creep test is shown in Fig. 16(a)-(f) and 17(a)-(i). The
large number of voids formed near the fracture tip surface
indicates the extensive plastic deformation at the necking
region. Comparatively higher numbers of the micro- and
macro-voids were observed in the necking region compared to
the CGHAZ and FGHAZ regions, as seen from the optical
microscope image. The creep test at 650 �C with the applied
stress range of 100-200 MPa showed no significant microstruc-

ture changes on the 304L side. The IN625 weld fusion zone
also showed good stability during the creep test at 650 �C with
an applied stress range of 100-200 MPa. The creep fracture was
observed from the P92 steel parent metal side. The microstruc-
tural instability of the P92 steel at elevated temperature is the
main limiting factor for its long-term service. The strength of
the P92 steel is due to its tempered martensite lath structure
with large numbers of dislocations. The dislocations are
introduced into the metal during its manufacturing process
(rolling process). The dislocations present in the metal help in
plastic deformation. The movement of the dislocations causes
the plastic deformation of the metal. However, if dislocations
cannot move, plastic deformation does not occur. Solid solution
strengthening and precipitation strengthening are the two basic
mechanisms by which the motion of the dislocations is
hindered. The movement of the dislocations is restricted by
the precipitates present in the metal. Also, the movement of the
dislocations is hindered at the grain boundaries due to the
presence of the precipitates. M23C6 and MX precipitates are
important for the creep strength of the P92 steel. The M23C6

precipitates are decorated along the grain boundaries. These
precipitates maintain the creep strength of P92 steel by
hindering the motion of the dislocations and grain boundaries.
However, the combined strengthening effect by the above
discussed mechanism may change at elevated temperature
service. The coarsening of the M23C6 precipitates during the
high-temperature service influences the creep strength of the
steel. The finer precipitates effectively pin the boundaries and
dislocations compared to the coarse precipitates (Ref 21). The
formation of the creep cavity starts along the prior austenite
grain boundaries. It is because grain boundaries become weak
at high temperature due to the precipitate coarsening and loss of
the solid solution strengthening elements. Also, the formation
of the laves phase [Fe2 (Mo, W)] after long-term exposure
provides precipitation strengthening. However, this effect
lowers after the coarsening of the laves phase (Ref 47). The
laves phase provides the possible nucleation sites for the creep
cavities. The high-stress concentration at this place converts the
cavities into micro-cracks. These micro-cracks later trans-
formed into macro-cracks and caused the fracture from the P92
steel (Ref 47). The formation of the laves phase also results in
the loss of the solid solution strengthening W and Mo elements
from the P92 steel matrix. At low-stress condition, when the
rupture time is high, the fracture from the P92 steel is due to the
formation of the laves phase.

The FESEM microstructural investigation at the fracture tip
surface, weld interface, and weld fusion zone was also carried
out for the creep ruptured specimen. The FESEM image of the
microstructure evolution toward the P92 steel side after the
creep test at 650 �C under 100 MPa is shown in Fig. 18(a)-(f).
The creep cavities formed near the fracture surface are shown in
Fig. 18(b)-(c). The FESEM microstructure of the ERNiCrMo-3
weld fusion zone and parent metal interface is shown in
Fig. 18(d)-(f). The grain boundary sliding and diffusion are the
two main plastic deformation mechanisms during creep tests.
During the creep service, a cavity is formed around the prior
austenite grain boundaries due to the grain boundary sliding.
The FESEM image of the microstructure evolution toward the
P92 steel side after the creep test at 650 �C under 130 MPa is
shown in Fig. 19(a)-(d). The microstructure of the P92 CGHAZ
region with voids formed along the PAGBs after the creep test
is shown in Fig. 19(d). From the FESEM microstructure, it can
be seen that the precipitation of the M23C6 carbides increased

Fig. 15 Cross-sectional image of the creep ruptured specimen
tested at 650 �C under the applied stresses of (a) 100 MPa, (b)
130 MPa, (c) 150 MPa, (d) 180 MPa, and (e) 200 MPa
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significantly after the creep test. The undissolved precipitates
tend to coarsen during the creep service. The creep strain causes
the additional precipitation of the M23C6 carbides and the
coarsening of the existing M23C6 precipitates. The coarsening
of the M23C6 precipitates results in a decrease in the number
density of the precipitates. This ultimately degrades the
precipitation-strengthening mechanism. The formation of the
laves phase and M23C6 phase takes place during the elevated
temperature creep exposure. A significant amount of the W and
Mo is consumed during the formation of this phase, which
ultimately reduces the solid solution strengthening. During
elevated temperature service, the M23C6 precipitates and laves
phases grow rapidly along the PAGBs. The FESEM-EDS point
and area map analysis were conducted near the fracture tip
surface containing coarse and fine secondary phase particles
around the cavity to identify the composition of the secondary
phase. The EDS results showed a strong peak of the W
elements. The dominating particles near the creep cavities are
rich in Cr and W elements. Such particle was identified as the
laves phase and carbide precipitates. The possible laves phase
can be (Fe, Cr)2(W, Mo) type laves phase and (Fe, Cr)23C6

secondary precipitates (Ref 22). The FESEM-EDS area map-
ping analysis revealed the spot of the W element. Thus, the
possible laves phase can be (Fe, Cr)2(W) type. Also, P92 steel
(W:2 wt.% max., Mo:0.6 wt.% max.) has a higher amount of
the W and less amount of the Mo element in its chemical
composition compared to the P91 steel (W: nil., Mo:1.05 wt.%
max.) (Ref 48). Thus, the majority of the laves phase formation
is of (Fe, Cr)2(W) type instead of (Fe, Cr)2(Mo) type in the P92
steel. The (Fe, Cr)2(Mo) type laves phase mostly forms in P91
steel (Ref 49). The EDS elemental map of the creep cavity
present near the fracture tip surface is shown in Fig. 20. The
spot of the Cr and W elements was observed from the area map
analysis. The chemical composition of the various particles

determined by EDS is listed in Table 4. The EDS line scan was
performed at the parent metal and weld metal interface to
identify the element distribution in gradient microstructure, as
shown in Fig. 21(a)-(d). The steep variation of the Cr, Ni, and
Fe elements was observed at the weld fusion line, which was in
accordance with the chemical composition of the base and weld
metal. The EDS line scan result showed no significant diffusion
of the elements from the base to weld metal and vice versa after
the creep test at a longer duration. The solidification of the weld
pool after welding leads to the segregation of the various
elements. This segregation causes the formation of the laves
phase in the weld fusion zone. The EDS map of the secondary
phase particle developed in the weld fusion zone due to the
rapid cooling after welding is shown in Fig. 21(e). The
segregation of the Nb, Mo, and Ti can be observed from the
map. The segregation of Mo and Nb takes place in the inter-
dendritic region due to their distribution coefficient value of
less than 1. The depletion of the Fe and Cr elements can be
observed from the area map. The composition of these particles
determined by EDS point analysis is listed in Table 4. Based on
the published results, the possible secondary phase formation
can be (Nb, Ti)C (Ref 50). As the specimen was fractured from
the P92 steel side for all the creep test condition, the major aim
of this study was to perform a detailed microstructural
investigation of the P92 side. The FESEM microstructure
evolution toward the P92 steel side after the creep test at
650 �C under the stress range of 150-200 MPa is shown in
Fig. 22(a)-(i). The formation of the laves phase was not
observed for this test condition. The coarse carbide precipitates
were only observed around the cavity.

There are different factors/mechanisms that influence the
creep deformation of the material. The performance of the P92
steel at elevated temperature service depends upon its ability to
resist the dislocation movement. The glide (motion of disloca-

Fig. 16 (a) Optical microstructure of the creep rupture specimen tested at 650 �C/100 MPa: fracture surface, voids, and cavities can be
observed, (b) microstructure of the fracture tip surface, (c) microstructure near the fracture surface, (d) microstructure of the creep rupture
specimen tested at 650 �C/130 MPa: fracture surface, (e) microstructure of the fracture tip surface, and (f) microstructure near the fracture
surface
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tion in its slip plane) and climb (motion of dislocation in
adjacent parallel slip plane) of the dislocation in the lattice
cause creep. The M23C6 carbides and MX carbonitrides
precipitates retard the movement of the dislocations. Also, the
number density of the M23C6 carbide precipitates in the parent
metal matrix is higher compared to the MX precipitates due to
the increased weight percentage of the Cr element in the alloy
composition. Thus, the stability of the M23C6 carbides is more
critical to maintain the creep strength of the P92 steel at
elevated temperature service. The absence of a pinning effect
by these precipitates is mainly responsible for the void
formations along the grain boundaries due to the lack of
boundary strengthening. The MX carbonitride precipitates have
a small size and low coarsening rate at elevated temperature
service. These precipitates provide stable precipitation harden-
ing to the P92 steel. However, M23C6 carbide precipitates have
a big size and high coarsening rate at elevated temperature
service. Due to this, the pinning effect of these particles on lath
boundaries disappears once these precipitates coarsen. Also, the
dissolution of the M23C6 carbides during the welding leads to
the high concentration of the C and Cr elements in the matrix.
During creep, the C and Cr elements re-precipitate on the

remaining particles, resulting in coarse precipitates. This
phenomenon mainly causes the tri-axial stress concentration
between the coarse precipitates and the base metal matrix. This
ultimately leads to the softening of this region and void
generation near the coarse precipitates (Ref 18). After the creep
test, the microstructure near the weld interface, CGHAZ, and
FGHAZ region was similar to the microstructure after post-
weld heat treatment. Very few voids can be observed near the
weld interface, CGHAZ, and FGHAZ region. After the creep
test, the lath structure was observed in the CGHAZ and
FGHAZ regions. The CGHAZ and FGHAZ regions showed the
prior austenite grain structure with grain boundaries.

The schematic diagram of the failure mechanism from the
martensitic steel after elevated temperature and stress condition
is shown in Fig. 23. The microstructure of the P92 steel is
composed of tempered martensite lath structure, M23C6 car-
bide, and MX carbonitride precipitates, as discussed in the
introduction section. The formation of the new M23C6 precip-
itates and the coarsening of the existing M23C6 precipitates
increases with the increase in the creep strain. The grain
boundaries mainly provide strengthening against creep failure.
The M23C6 carbide precipitates mainly consist of Cr (M stands

Fig. 17 (a) Optical microstructure of the creep rupture specimen tested at 650 �C/150 MPa: fracture surface (b) microstructure near the fracture
tip surface (c) microstructure at the weld and P92 HAZ interface, (d) microstructure of the creep rupture specimen tested at 650 �C/180 MPa:
fracture surface, voids, and cavities can be observed (e) microstructure of the fracture tip surface, (f) microstructure at the P92 FGHAZ region,
(g) microstructure of the creep rupture specimen tested at 650 �C/200 MPa: fracture surface, voids, and cavities can be observed, (h)
microstructure near the fracture tip surface, and (i) microstructure at the P92 CGHAZ region
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Fig. 18 (a) FESEM microstructure of the creep rupture specimen at 650 �C/100 MPa: fracture tip surface, (b-c) creep cavity near the fracture
tip surface at high magnification, (d) microstructure of the ERNiCrMo-3 weld fusion zone, (e) P92 HAZ and weld interface, and (f) 304L HAZ
and weld interface

Fig. 19 (a) FESEM microstructure of the creep rupture specimen at 650 �C/130 MPa: fracture tip surface, (b) microstructure near the fracture
tip surface, voids can be seen, (c) creep cavity near the fracture tip surface at high magnification, and (d) microstructure of the CGHAZ region,
voids can be seen along the PAGBs
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for Cr) and C in their composition. The dissolved Cr and C re-
precipitate during the high-temperature working environment.
This results in the coarsening of the M23C6 carbide precipitates.
The formation of the laves phase starts after 100 h of service at
the elevated temperature of 650 �C. The mechanism of the
laves phase formation is as follows. The laves phase develops
near the chromium-depleted region adjacent to the M23C6

carbide. Thus, before the formation of the laves phase, the
formation of the M23C6 carbide is required. The region adjacent
to the M23C6 carbide has a high concentration of the W and Mo
elements, which act as a possible site for the laves phase
formation (Ref 22). The laves phase forms at the prior austenite
grain boundaries at the cost of consumption of the important
solid solution strengthening W and Mo elements from the base
metal matrix. Thus, the solid solution strengthening provided
by the W and Mo elements weakened. The formation of the
laves phase results in the softening of the parent metal matrix,
providing a possible nucleation of the creep cavities. Thus, a
micro-void is created around these coarse secondary phase

particles during the applied tension load. These micro-voids
later converge together and form the crack. Thus, failure of the
DWJs takes place before the actual service life. When the
applied stress is high, the laves phase does not form due to the
low service time. In this condition, failure occurs due to the
plastic deformation caused by the grain boundary sliding in the
base metal. This large plastic deformation forms dimples of
various shapes and sizes along the prior austenite grain
boundaries (PAGBs), resulting in the transgranular fracture
(Ref 51).

4.4 Micro-hardness Distribution After Creep Test

The micro-hardness across the different zones of the
fractured specimen was measured, i.e., fracture region, HAZ,
parent metal, and weld metal. The Vickers micro-hardness
distribution over the cross section of the creep tested specimen
is shown in Fig. 24(a)-(e). The micro-hardness investigation
can be helpful in determining the approximate location of the

Fig. 20 EDS elemental map of creep cavity present near the fracture tip surface for the specimen tested at 650 �C, 130 MPa, Fig. 19(c) (few
W element spots are marked by a circle)

Table 4 EDS results of the different particles near the fracture surface

Location C Fe Cr Mo Nb Ni W Ti

Fig. 18(b) 1 22.97 62.61 6.55 0.0 1.91 0.29 5.63 …
2 19.17 69.87 6.23 0.0 1.63 0.24 2.36 …
3 17.92 65.28 6.05 0.02 1.82 0.10 5.37 …
4 15.19 72.53 7.14 0.0 1.51 0.20 2.22 …

Fig. 19(c) 1 9.12 60.39 8.50 1.28 4.48 1.07 15.88 …
2 17.61 57.51 5.74 … 2.54 0.59 4.27 …
3 15.22 41.57 20.88 0.27 3.75 0.45 8.58 …
4 22.06 40.50 15.06 … 4.04 0.79 2.66 …

Fig. 18(d) 1 6.5 27.6 18.2 4.7 2.4 40.5 … 0.2
2 11.9 17.7 14.3 11.7 13.2 30.9 … 0.2
3 23.8 15.6 11.4 8.7 16.5 22.7 … 1.2
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fracture of the material during the elevated stress and temper-
ature service. With the fracture tip surface set as a reference
point (X = 0), the hardness measurement was performed across
the P92-ERNiCrMo-3-304L dissimilar weld joint. Each loca-
tion has a different micro-hardness value depending upon its
microstructural characteristics. The fracture location was
observed in the P92 steel parent metal for all the test condition.
The failure occurred from the P92 steel due to the softening of
the parent metal matrix. The hardness was measured at the
fracture region and found to be decreased with the lowest value
(� 173 HV) compared to the hardness of the as-received P92
steel (� 235HV). Thus, the hardness of the P92 steel was
decreased after the creep test. The minimum hardness value
was observed near the fracture tip surface due to the softening
mechanism occurring at the breaking point because of the
extensive plastic deformation. The coarsening of the M23C6

precipitates is mainly responsible for the drop in the hardness
near the fracture tip surface, as well as in the loss of the carbon
and alloying elements, which are responsible for the precipi-
tation strengthening of the P92 steel. The micro-hardness value

is affected by the microstructural evolution during the creep
exposure. The drop in the hardness value was due to the loss of
the solid solution strengthening and precipitation strengthening
due to the coarsening of the precipitates and formation of the
laves phases. Also, the hardness value significantly drops at the
location of the large numbers of voids present across the
fracture surface. As the distance from the fracture point
increases, the hardness gradually increases. After welding, the
maximum hardness was observed in the CGHAZ and FGHAZ
regions. After the creep test, the hardness of the CGHAZ and
FGHAZ regions was decreased due to the tempering effect. The
hardness value decreases with the increase in the creep service
time. The ICHAZ region has minimum micro-hardness value
among the P92 HAZ region after the creep test at different
conditions. After welding, 304L parent metal has a hardness
value of � 185HV. After the creep test, the hardness of the
304L parent metal barely changed as the obtained hardness
value was similar to the value obtained after the welding. After
welding, ERNiCrMo-3 weld metal has a hardness value
of � 195HV. After the creep test, the hardness of the

Fig. 21 For the specimen creep tested at 650 �C, 100 MPa (a-b) EDS line scan results across P92 HAZ and ERNiCrMo-3 weld interface, (c-d)
EDS line scan results across 304L HAZ and ERNiCrMo-3 weld interface and (e) EDS elemental map of ERNiCrMo-3 weld metal
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Fig. 22 (a) FESEM microstructure of the creep rupture specimen at 650 �C/150 MPa: fracture surface, (b) microstructure of the fracture
surface, voids can be seen, (c) microstructure of the CGHAZ region; voids can be seen along the PAGBs, (d) FESEM microstructure image of
the creep rupture specimen tested 650 �C/180 MPa: fracture surface, (e) microstructure of the fracture surface, voids can be seen, (f)
microstructure of the FGHAZ region, (g) FESEM microstructure of the creep rupture specimen tested at 650 �C/200 MPa: fracture surface, (h)
microstructure of the fracture surface, voids can be seen, and (i) microstructure of the CGHAZ region, void can be seen

Fig. 23 Failure mechanism of the P92 steel [41]. Reprinted from Engineering Failure Analysis, Vol 125, Guanzhi Wu, Kai Ding, Tao Wei,
Shangfei Qiao, XiaLiu, Yulai Gao, Rupture behavior and fracture mode for Inconel625-9% Cr steel dissimilar welded joints at high temperature,
Article No. 105412, Copyright 2021, with permission from Elsevier
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ERNiCrMo-3 weld metal increased due to the precipitation
hardening effect.

4.5 Fracture Surface Analysis of Creep Specimen

The SEM microstructure of the fractured creep specimen at
low magnification is shown in Fig. 25(a)-(e). A low-magnifi-
cation image shows the overall appearance of the fracture
surface containing voids, cracks, and sheared edges. The SEM
microstructure at higher magnification is also shown in

subsequent images (figures adjacent to the low-magnification
image). The fractured surface showed that the plastic deforma-
tion occurred in normal mode at the center region of the surface
and in shear mode at the edge of the surface. This shows the
combined mode of the fracture at elevated temperature. The
typical cup and cone fracture mode was completely absent for
the creep specimen. The fracture surface microstructure of the
specimen tested at 100 and 130 MPa exhibited the secondary
phase particles inside the voids. The EDS result of the
secondary phase particle was as follows: C: 26.65%, Cr:

Fig. 24 Micro-hardness profile across the cross section of the fractured creep specimens
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7.11%, Fe: 63.99%, W: 2.06%, Ti: 0.04%, Mo: 0.15%. The
particles were rich in Fe and Cr, indicating the M23C6-type
carbide particles at the fracture surface. The fracture surface of
the specimen tested at 150 MPa exhibits large numbers of
micro-voids, big cavities, and coarse dimples, indicating the
ductile mode of the failure with slight shearing at the edges of
the fracture surface. The flat fracture surface appearance was

observed from the low-magnification image for the specimen
tested at 180 and 200 MPa. The fracture surface is composed of
large numbers of the cleavage planes separated by the tearing
ridges. Very few voids and incomplete parabolic dimples were
observed on the fracture surface. Also, no significant necking
was observed for the fractured creep specimen, indicating a
ductile–brittle fracture mode at 180 and 200 MPa.

Fig. 25 SEM microstructure of the fracture surface of the creep ruptured specimens shown at low and high magnification, which was tested at
650 �C under various applied stresses of (a) 100 MPa, (b) 130 MPa, (c) 150 MPa, (d) 180 MPa, and (e) 200 MPa
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5. Conclusions

In this study, the creep and high-temperature tensile
performance of the P92/304L dissimilar weld joint under
different stress and temperature condition was investigated.
Based on the results, the main findings from this study are as
follows:

(1) It was found that the dissimilar weld joint failed from
the 304L steel parent metal region during the elevated
temperature tensile tests at 450 and 550 �C. The failure
from the 304L steel parent metal region during the test
at 450 and 550 �C was easily identifiable, as HAZ for-
mation was insignificant toward the 304L side. Also, the
jerky flow behavior of the stress–strain curve was ob-
served at 450 and 550 �C test temperature due to the
DSA phenomenon occurring in the 304L steel.

(2) As the tensile test temperature increased from 550 to
650 �C, failure occurred from the P92 steel parent metal
region. The analyzed tensile test data at 650, 750, and
850 �C indicated the quick degradation of the
microstructural and mechanical properties of the P92
steel with an increase in temperature. The absence of
the lath martensite structure and void formation along
the PAGBs due to the precipitates coarsening at 650-
850 �C temperature range induce the failure from the
P92 steel. This microstructural evolution leads to the
depreciation of the mechanical properties. The UTS and
YS value falls rapidly with the rise of the test tempera-
ture. The UTS value decreased from 439 to 58 MPa,
and YS fell from 155 to 41 MPa during the test from
450 to 850 �C.

(3) SEM fractography analysis of the ruptured surface of
the high-temperature tensile specimen showed the duc-
tile–brittle mode of the failure for the specimen failed
from the 304L steel. The brittle mode of the failure oc-
curred due to the low ductility and high hardness of the
304L steel at 450-550 �C test temperature. However,
completely ductile mode of the fracture was observed
for the specimen that failed from the P92 steel. The
large number of small dimples on the fracture surface of
the P92 steel indicated the good plasticity of the P92
steel in the temperature range of 650-850 �C.

(4) Micro-hardness examination after the high-temperature
tensile test showed the increase in the hardness value of
the 304L steel at fracture tip surface (�320HV) com-
pared to the 304L parent metal (�190HV). The increase
in the hardness is due to the strain hardening phe-
nomenon.

(5) From the creep test conducted at 650 �C in the stress
range of 100-200 MPa, it was found that the fracture
was always from the P92 steel parent metal side, irre-
spective of the test condition. Under low-stress condi-
tion, laves phase formation due to the consumption of
the W and Cr elements leads to the fracture from the
P92 steel. Under high-stress condition, the extensive
plastic deformation caused by the grain boundary sliding
leads to the failure.

(6) The minimum micro-hardness value was observed at the
necking region for specimens that failed from the P92
steel during the creep. The hardness drop near the frac-
ture tip surface and region of extensive cavity formation

indicates the strength reduction due to the loss of the
precipitation and solid solution strengthening effect. It
was observed that the P92 HAZ region, IN625 weld fu-
sion zone, and 304L were free from the fracture during
the creep and were less affected by high-temperature
exposure, which can also be correlated with the micro-
hardness value in these regions.

(7) SEM fractography was also performed to ascertain the
fracture mode and microstructure of the fracture surface
at various creep test condition. The obtained fractograph
at 650 �C in the stress range of 100-130 MPa showed
the precipitates inside the dimples. The EDS analysis re-
sult indicated the carbide particles inside the dimple.
The obtained fractograph showed the ductile mode of
failure with slight shearing at the edges of the ruptured
specimens.
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