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Abstract
The present work investigated the microstructural feature, mechanical properties, and residual stress variation for the dis-
similar welded joints (DWJs) of P92 and AISI 304L steel. The multi-pass DWJs were attempted for narrow gap geometry 
using the tungsten inert gas (TIG) welding process employing the ERNiCrMo-3 filler metal. The martensitic microstructure 
produced in the P92 HAZ region after welding is brittle due to quenched martensite and the dissolution of precipitates. Thus, 
the post-weld heat treatment (PWHT) known as tempering was carried out at 760 °C for a period of 2 h to get tempered 
martensitic microstructure and re-precipitation of dissolved precipitates. The radiographic examination and macrostructure 
analysis showed defect-free P92/304L SS DWJs. The weld metal showed the complete austenitic microstructure with a Ni 
weight percentage of 36%. However, segregation of the alloying elements along with the inter-dendritic areas and variation 
in grain growth during solidification was observed. There is columnar grain morphology at interface, cellular, and equi-
axed in the center. The major segregation along the inter-dendritic areas was observed for Nb, Mo, Ti, and Cr that led to 
the formation of the carbides of type  Mo6C, TiC, and NbC, which was confirmed from the energy dispersive spectroscopy 
(EDS) analysis. From the tensile test result, 304L SS base metal (BM) was inferred as the weakest region in P92/304L SS 
DWJs. The ultimate tensile strength (UTS) of the as-weld joint was about 626 MPa, along with fracture location in 304L 
SS base metal. The Charpy impact test results showed that the region with relatively poor impact toughness was austenitic 
ERNiCrMo-3 filler weld (57 J) which might be due to the segregation of the Nb and Mo along the inter-dendritic areas. 
However, the impact toughness of the ERNiCrMo-3 filler weld met the minimum requirement of 47J (EN ISO 3580:2017). 
The micro-hardness result showed that in the as-welded condition, the coarse grain heat affected zone (CGHAZ) has the 
highest micro-hardness value (340 HV) due to the high weight percentage of Cr and N resulting from the dissolution of 
 M23C6 precipitates followed by the fine grain heat affected zone (FGHAZ, 270 HV), and the inter-critical heat affected zone 
(ICHAZ, 205 HV). After PWHT, the hardness value was decreased below the maximum allowable value of 265 HV due to 
the tempering of the martensite. The residual stresses developed in the case of the narrow groove design were less due to 
the less quantity of weld metal available for volumetric contraction in the case of the narrow groove geometry. The tensile 
stress was dominant in the weld fusion zone due to the volumetric contraction of the weld metal, while compressive stress 
was dominant in P92 HAZ because of the martensitic phase transformation.
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1 Introduction

Worldwide, coal plays a vital role in electricity generation, 
and about 40% of the world’s electricity is produced from 
coal-fired power plants (CFPPs) [1]. The relatively low cost 
and wide availability of coal compared to oil and natural 
gas has been a leading source of power generation for many 
decades [2]. However, the emission of many pollutants from 
coal-fired power plants makes coal the largest single source 
of  CO2 emission, which affects the overall quality of the air. 
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Control of  CO2 emission is a key task for the government 
looking for a way to have a low or zero-emission energy 
system. The increase in efficiency of the existing plants and 
development of the new plants with higher efficiency any-
where in the world is a path of no regret as efficient plants 
help to minimize  CO2 emissions by reducing fuel con-
sumption. In their study, Campbell et al. [2] reported that 
an increase in the efficiency of the existing power plants 
could result in a drastic reduction in  CO2 emission. The 
major component in greenhouse gas emissions from CFPPs 
is  CO2; hence, reducing  CO2 by improving the efficiency 
of existing plants is directly related to reducing greenhouse 
gas emissions. The sub-critical power plants are designed to 
operate at a temperature of about 540 °C and could achieve 
maximum efficiency of 40%, while for super-critical plants 
having an operating temperature of about 600–615 °C, effi-
ciency could achieve about 42%. The increase in efficiency 
by 2% reduces  CO2 emissions by 4% [3]. The advanced 
ultra-supercritical CFPPs are designed to operate at a tem-
perature of more than 700 °C with an efficiency of 46–48%, 
and it reduces the  CO2 emission by 18–22% per MWh of 
electricity produced as compared to equivalent size sub-
critical CFPPs. However, due to the involvement of novel 
materials, i.e., high cost, the major up-gradation of exist-
ing CFPPs has involved the conversion of subcritical and 
supercritical CFPPs to ultra super-critical (USC) CFPPs. 
The increase in efficiency of CFPPs is achieved by increas-
ing the temperature of the working steam at the turbine 
inlet [4]. Alvin et al. [5] reported that an increase in steam 
temperature by 10 °C increases the net efficiency by 0.5%. 
The USC plants are now considered state of the art and can 
operate up to the temperature of 650 °C with efficiency in 
the range of 42–46%.

The increase in operating temperature of steam results 
in a tremendous need for heat-resistant novel material in 
USC plants, and it paved the way for the development of 
many alloys, and new generation creep strength enhanced 
ferritic/martensitic (CSEF) steels like P91, P92, SS304L, 
and SS304H steel [6]. Nippon Steel Corporation developed 
martensitic grade P92 steel in the late 1990s for heavy sec-
tion tubular components by altering the composition of P91 
steel. The austenitic stainless steel (ASS) is a less expan-
sive material and owns good corrosion resistance, excel-
lent mechanical property, and is less prone to sensitization. 
It has good weldability because of its low carbon content. 
The steam header made of P92 is connected with the boiler 
reheater and superheater tube made of 304L SS. Thus, the 
joining of P92 steel and 304L SS becomes essential. How-
ever, this is not an easy task due to the difference in chemical 
composition and physical and mechanical properties of these 
two materials [7]. The problems most commonly associ-
ated with the joining of martensitic and austenitic stainless 
steel are carbon migration from ferritic to austenitic steel 

(from the low chromium side to the high chromium side), 
solidification cracking, heterogeneous microstructure devel-
opment, and high residual stress at the weld interface due to 
the mismatch in co-efficient of thermal expansion between 
dissimilar metals. The carbon migration leads to the forma-
tion of the carbon-depleted zone (CDZ) and carbon-enriched 
zone (CEZ) near the weld interface. The formation of CDZ 
and CEZ are undesirable as they reduce the creep strength of 
the DWJs due to the formation of detrimental laves phases in 
these regions after long-term service at elevated temperature 
[8]. Austenitic filler metals are not suitable for joining mar-
tensitic and austenitic steel due to their poor performance 
at elevated temperatures. Also, austenitic filler metals are 
prone to solidification cracking and premature creep failure. 
The nickel-based filler metal can solve many of the above-
listed issues. The nickel-based filler is frequently used to 
join different grades of steel, such as joining low alloy steel 
or carbon steel with stainless steel. The martensitic steel 
and austenitic stainless steel have been joined by various 
researchers employing nickel-based filler. The nickel-
based filler is preferred over other materials because of its 
intermediate coefficient of thermal expansion (CTE), high 
temperature creep strength and high corrosion resistance 
property. The carbon has low diffusion activity in nickel. 
Thus, the nickel-based filler restricts the carbon migration 
from ferritic steel to austenitic stainless steel. In addition, 
a nickel-based filler is less prone to solidification cracking. 
The nickel-based filler also provides a longer service life for 
the components than the austenitic filler. It has been reported 
that nickel-based filler increases the service life of the DWJs 
to 5 times compared to the austenitic filler [9]. Cao et al. [10] 
performed the GTAW of T92/Super304H dissimilar steel 
using ERNiCr-3 and ERNiCrMo-3 filler wires, and they 
reported that weld made using ERNICrMo-3 welding wire 
has better mechanical and microstructural properties than 
ERNiCr-3 filler. The authors reported that the low toughness 
of the weld metal was due to the coarse dendritic austen-
itic microstructure. Nickel-based fillers such as ERNiCr-3, 
ERNiCrMo-3, ERNiCrMoCo-1, and ERNiFeCr-2 are com-
monly used due to their superior performance at elevated 
temperatures. Also, nickel-based filler provides good cor-
rosion resistance to weld [11]. In the present work, ERNi-
CrMo-3 filler was used to join P92 steel and 304L ASS. 
The intermediate coefficient of thermal expansion value of 
the ERNiCrMo-3 filler, its high-temperature creep rupture 
strength, and high corrosion resistance make it suitable for 
joining dissimilar materials [12].

Fusion welding is one of the most popular joining pro-
cesses used to fabricate parts in the automobile industry, 
power plants, nuclear and aerospace sector, petrochemical 
industry, and shipbuilding. The gas tungsten arc welding 
(GTAW) process is a universally used fusion welding pro-
cess due to its high quality, productivity, and consistency. 
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The narrow groove geometry for the TIG welding method is 
one of the most economical methods to join dissimilar met-
als due to fewer passes required to fill the gap and less filler 
metal deposition required than the conventional V-groove 
joint [13]. The narrow groove design requires low heat 
input, and also use of this design results in less distortion 
and thermal stresses in weld joints than the conventional 
groove design [14]. However, the reduced gap between the 
plates to be joined in a narrow groove design makes it dif-
ficult for the welder to get proper access to the weld fusion 
zone. Thus, an expert welder is required for the welding 
with the narrow groove design. The defects such as lack of 
fusion may frequently occur during narrow groove welding 
if proper attention is not given [15]. The implementation 
of narrow groove design results in a significant reduction 
in costly nickel-based filler material consumption. The 
choice of the appropriate filler metal is important to get the 
defect-free weld joint. Jula et al. [16] performed TIG weld-
ing between P91 martensitic steel and AISI 316 ASS using 
ERNiCrMo-3 filler. The authors reported the formation of 
secondary phases in the weld fusion zone due to the seg-
regation of the alloying elements. The formation of filler-
deficient regions auch as beach, peninsula, and island was 
also found due to the difference in melting point of base 
metal and weld metal [17]. Shuo et al. [18] also performed 
the TIG welding of T92 and SS 304H using ERNiCrMo-3 
filler. They reported that the formation of delta ferrite near 
the T92 fusion line has a detrimental effect, and PWHT 
improves the mechanical property. Li et al. [19] reported 
that the solid-state phase transformation (SSPT) influences 
the residual welding stresses. Hosseini et al. [20] found the 
microstructure and mechanical properties of TIG-welded 
Inconel 617 and AISI 310 SS using Inconel 617, Inconel 
82, and 310 austenitic stainless steel filler materials. The 
authors concluded that the Inconel filler is superior to the 
austenitic filler as it provides better compatibility with the 
base metal and restricts carbon diffusion across the fusion 
boundary [21].

Apart from the mechanical property and microstruc-
tural characteristics evaluation, investigation of the residual 
stresses is required to ensure the safe working of the dissimi-
lar material joint. The high tensile residual stress in HAZ 
of the P92 steel result in Type IV cracking and premature 
creep rupture of the P92 welded joint put into the service 
[19]. It should be noted that residual stresses do not always 
have a detrimental effect. It was reported that compressive 
residual stresses decrease the crack growth rate, while tensile 
residual stresses increase the stress concentration and inter-
granular stress corrosion cracking (IGSCC) during service 
life [22]. Among the various techniques available to reduce 
welding-induced residual stresses, the application of the nar-
row groove design is becoming popular nowadays. Taraph-
dar et al. [23] reported that a narrow groove configuration 

reduces the peak longitudinal residual stress by 14% com-
pared to the different conventional groove configurations. 
The mechanical and microstructural properties of the P92 
steel change during the welding because of the high tem-
perature experienced during the weld thermal cycle. Thus, 
PWHT is performed after welding to obtain the desired 
mechanical and microstructural properties. The PWHT also 
minimizes welding-induced residual stresses. From the sev-
eral literatures reviewed, it was found that the formation of 
the sigma phases, lave phases, coarsening of the precipitates, 
high stresses at the weld interface, carbon migration, and 
low oxidation resistance of ferritic steel at high temperatures 
are the key problems which may lead to the sudden failure 
of these DWJs [9]. Thus, the present work will also be help-
ful for the researcher and reader to understand the effect 
of nickel-based filler on the mechanical, microstructural, 
and residual stresses properties of P92/304L SS DWJs. The 
effect of narrow shape groove profile is discussed in detail 
concerning microstructural changes, mechanical properties, 
and residual stresses. The through-thickness residual meas-
urement in the weld fusion zone and heat-affected zone for 
the P92/304L SS DWJs using the deep hole drilling tech-
nique is completely a novel approach. The narrow groove 
geometry can be beneficial over conventional V-groove 
geometry due to the low included angle, thus the narrow 
groove design requires less welding time and less weld 
metal deposition. Also, a narrow groove design minimizes 
the weld distortion and residual stresses due to less volume 
of weld metal and low heat input.

2  Material and experimental details

2.1  Material

The normalized (1040 °C for 40 min and air-cooled) and 
tempered (760 °C for 2 h and air-cooled) P92 steel plate of 
thickness 10 mm was used in the experiments. The solution 
annealed (1100 °C for 20 min and air-cooled) AISI 304L SS 
plate was used for DWJs. The DWJs was performed using 
an ERNiCrMo-3 filler rod of a diameter of 2.4 mm. The 
optical emission spectroscopy (OES) result of this mate-
rial is given in Table 1. The optical microscope (OM) and 
scanning electron microscope (SEM) microstructure of the 
P92 steel is shown in Fig. 1a, b. The microstructure mainly 
consists of tempered martensite and precipitates along the 
prior austenite grain boundaries (PAGBs). The Image J soft-
ware was used for the grain size measurement. The average 
grain size of the P92 BM is 20 ± 1 µm. The normalizing 
and then air cooling produces a 100% martensitic micro-
structure. This martensitic microstructure is then tempered 
and air-cooled to soften the brittle and hard martensite pro-
duced after normalizing process. Figure 1c shows the OM 
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and SEM image of the as-received 304L SS. The 304L SS 
consists of austenite grains and annealing twins. The aver-
age grain size of the austenitic grain is 32 ± 1 µm. The P92 
steel consists of coarse precipitates  M23C6 (M = Fe, Cr) car-
bides along PAGB and fine precipitates MX (M = Nb, V; 

X = N, C) carbonitrides along intra-lath regions. Based on 
the TEM images of the  M23C6 and MX particles, the mean 
size of  M23C6 type precipitates was reported in the range of 
80–100 nm, while the mean size of MX-type precipitates 
was reported in the range of 20–40 nm [24]. The energy 

Table 1  Composition of 
ERNiCrMo-3 filler metal, and 
P92 and SS 304L BM (wt-%)

Creq value represents the chromium equivalent value,  Nieq value represents the nickel equvalent value and   
 Creq/Nieq value represents the ratio of chromium equivalent for P92 steel, 340L SS steel and ERNiCrMo-3 
filler, and weld metal. The less one value of  Creq/Nieq indicates the austenitic microstructure

Element (%wt.) P92 steel AISI 304L SS ERNiCrMo-3 filler ERNiCrMo-3 weld

C 0.093 0.018 0.012 0.022
Mn 0.41 1.12 0.37 0.047
P 0.019 0.024 0.008 0.004
S 0.004 0.011 0.001 0.004
Si 0.21 0.42 0.091 0.038
Cr 8.60 18.05 20.67 21.80
W 1.98 – – 0.084
Mo 0.45 – 9.23 8.80
V 0.18 – – 0.032
Fe Rem Rem 0.36 5.82
Nb 0.052 – 3.96 3.22
N2 0.060 – – –
Ni 0.31 8.06 64.89 58.38
Ti 0.001 – 0.12 0.29
Al 0.001 – 0.08 0.07
B 0.002 – – –
Zr 0.002 – – –
Cu – – 0.01 0.016
Creq 9.391 18.68 32.2565 32.847
Nieq 3.305 9.16 65.435 59.0635
Creq/Nieq 2.841 2.039 0.493 0.556

Fig. 1  a OM image of P92 BM, b SEM image of P92 BM, c OM image of 304L SS BM, d EDS spectrum of coarse white precipitates  (M23C6) 
at PAGBs e EDS spectrum of base metal matrix and f EDS spectrum of austenite grain
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dispersive spectroscopy (EDS) peak of the Fe, Cr, V, and 
Nb elements is shown in Fig. 1d, e shows the  M23C6 and 
MX precipitates along PAGB and intra-lath regions. The 
precipitation of the vanadium nitrides during the temper-
ing improves the creep strength of the P92 steel by restrict-
ing the movement of the dislocations [25]. The chromium 
equivalents (Creq) and nickel equivalents (Nieq) are used 
to identify austenitic, martensite, or ferritic phase stabil-
ity. The Schaeffler diagram is shown in Fig. 2. The ratio of 
 Creq and  Nieq is used to identify the mode of the solidifica-
tion (austenitic or ferritic or both). For  Creq/Nieq < 1.25, the 
fully austenitic mode of solidification takes place [26]. For 
ERNiCrMo-3 weld metal, the ratio of  Creq and  Nieq was 
found to be 0.559. The Schaeffler formula presented the  Creq 
and  Nieq equivalents as given in Eqs. (1) and (2) [27]. The 
modified Schaeffler formula [28] is given in Eqs. (3) and 
(4). According to the Schaeffler equation, the Creq and Nieq 
calculated for P92 steel, 304L SS, ERNiCrMo-3 filler, and 
ERNiCrMo-3 weld are listed in Table 1. According to the 
Schaeffler formula, P92 steel come in the martensitic range 
as shown in Fig. 2. However, as P92 is ferritic–martensitic 
creep-strength steel, the modified Schaeffler formula was 
also used. According to the modified Schaeffler formula, 
P92 steel comes in the ferritic-martensitic range as shown in 
Fig. 2. For 304L SS and ERNiCrMo-3 filler metal, Schaeffler 
formula was only used. The formula used for various materi-
als is marked in Fig. 2. 

2.2  Experimental procedure

T h e  r e c t a n g u l a r  p l a t e s  w i t h  d i m e n s i o n s 
150 mm × 55 mm × 10 mm were machined from each base 
metal for the welding experiments. The test plate thick-
ness, length, and width were decided by considering the 
dimensions of various test specimens like Charpy, tensile 
and residual stress measurement required (Fig. 3). Also, 
the dimensions were decided so that there is less material 
wastage. A Lincoln (Model: Precision TIG 225) gas tung-
sten arc welding equipment was used to produce a narrow 
groove multipass TIG welded joint. The tungsten elec-
trode (EWTh-2, 2% Thoriated) of diameter 3.2 mm was 
used for the welding. The pure argon (purity: 99.995%) 
gas was used as a shielding gas. The shielding gas was 

(1)Creq = Cr + Mo + 1.5(%Si) + 0.5(%Nb)

(2)Nieq = Ni + 30 (%C) + 0.5(%Mn)

(3)

Creq = Cr + 1.5(%Mo) + 2(%Si) + 5(%V) + 5.5(%Al)
+ 1.75(%Cb) + 1.5(%Ti) + 0.75(%W)

(4)
Nieq = Ni + Co + 30 (%C) + 0.5(%Mn) + 0.3(Cu) + 25(%N).

Fig. 2  Schaeffler diagram [29]
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supplied at a flow rate of 15 L/min. The schematic diagram 
of the narrow groove geometry formed on the P92 and 
304L SS plate is shown in Fig. 3a, b. Before the joining, 
the plates were cleaned using acetone to remove the dust, 
oil, moistures, and other impurities present on the surface 
of the base metal to ensure a defect-free weld. The sche-
matic drawing of the welded plate is shown in Fig. 3c. 
After welding, specimens for the Charpy test, metallog-
raphy examination, and tensile test were taken from the 
transverse direction of the weld by following the standard 
sample preparation procedure as shown in Fig. 3d–f. The 
welding parameters and heat input for each welding pass 

is given in Table 2. Prior to the actual welding, both the 
base plates were tack welded at three different locations 
using the current of 120 A, as shown in Fig. 4a. The tack 
weld prevents the misalignment and ensures the appropri-
ate gap between the two plates to be welded. After tack-
ing, the P92 plate was preheated up to the temperature 
of 200 °C with the help of flame heating to avoid cold 
cracking and to control the hydrogen diffusion into the 
molten pool, as shown in Fig. 4b. The preheating tem-
perature of 200 °C and inter-pass temperature of 250 °C 
are recommended for P92 steel [30]. The temperature was 
monitored with the help of an infrared (IR) temperature 

Fig. 3  a Schematic drawing of 
the narrow groove configura-
tion, b Narrow groove joint 
preparation on P92 and 304L 
SS plate, c Schematic diagram 
of the welded plate, d Specimen 
dimension for Charpy test, e 
Specimen dimension for metal-
lography examination, f Speci-
men dimension for tensile test

Table 2  Welding process parameters

Pass number Welding Parameters Average heat input per 
unit length per pass (kJ/
mm)

Total heat input per unit length of the weld (kJ/mm)

Current (A) Voltage (V) Average welding 
Speed (mm/min)

Root pass 155  ~ 16.7  ~ 98 0.95 3.62
Filler pass 145  ~ 16.2  ~ 95 0.89
Capping pass 145  ~ 16.2  ~ 95 0.89
Backing pass 145  ~ 16.2  ~ 95 0.89
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gun. After preheating, a welding pass is performed by a 
qualified welder, as shown in Fig. 4c. The top and rear 
view of the welded plate is shown in Fig. 4d. The weld-
ing was performed without clamping the plates to mini-
mize the residual stress build-up. However, it resulted in 
a minor distortion of the welded plate. The welding was 
performed without ceramic backing. However, the cop-
per strip was placed on the backside of the joint. Also, 
back chipping was performed after welding to achieve the 
required penetration.

For metallographic studies, coupons were prepared by 
grinding using 80, 120, 180, 220, 320, 400, 600, 800, 1000, 
1200, and 1500 grits of SiC paper, followed by the final pol-
ishing with 1 μm alumina powder slurry. The ERNiCrMo-3 
weld fusion zone was electrolytically etched with 10% oxalic 
acid solution (10gm oxalic acid + 100 ml water, time-30 s) at 
current density and voltage of 1 A/cm2 and 4 V, respectively. 
Then, villella’s solution (1 g picric acid + 5 ml hydrochloric 
acid + 100 ml of ethanol) was used for the P92 side, and 
glyceregia (10 ml  HNO3 + 20 ml glycerol + 30 ml HCL) 
for the SS 304L side. The Leica DMC4500 OM and EVO 
18 Carl Zeiss SEM were used for microstructure studies. 

The micro-hardness value was recorded at an interval of 
1 mm (the interval was reduced to 0.25 mm for the P92 
HAZ region to get the precise micro-hardness value of 
the CGHAZ, FGHAZ, and ICHAZ region) by applying a 
load of 500 g and dwell time of 10 s using semi-automatic 
microhardness tester. The tensile test coupons were prepared 
according to the ASTM-E8 standard. The tensile test was 
performed on the 100KN capacity INSTRON 5980 universal 
testing machine at room temperature with a 1 mm/min strain 
rate. The Charpy V-notch impact toughness test was car-
ried out at room temperature using an impact tester with the 
55 mm × 10 mm × 7.5 mm standard specimens for welded 
specimens. The heat input for each welding pass was calcu-
lated by using Eq. (5), considering arc efficiency as 60% for 
the GTAW welding.

where “ � ” is the heat transfer efficiency, “V” is arc voltage 
in volts (V), “I” is welding current in amperes (A), “s” is 
welding speed in mm/s.

(5)Q =
�VI

s
,

Fig. 4  a Tack weld at three different locations, b preheating of the P92 plate, c Actual TIG welding using ERNiCrMo-3 filler, d Top view of the 
DWJ, e Rear view of the DWJ
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2.3  Residual stress measurements procedure

The deep hole drilling (DHD) method is the most com-
monly used experimental technique for measuring welding-
induced residual stresses. The DHD method is classified as a 
destructive method for the measurement of welding-induced 
residual stresses. In this method, a small reference hole of 
diameter 3 mm is created with the help of the EDM tool. 
The DHD method involves the measurement of reference 
hole diameter before and after trepanning. Then in the next 
step, the diameter of this reference hole is measured with 
the help of an air probe system at various locations. In the 
third step, another hole with an internal diameter of 8 mm 
and outer diameter of 12 mm is coaxially trepanned using an 
EDM drilling machine. In the fourth step, the diameter of the 
reference hole is re-measured after trepanning. The change 
in reference hole diameter gives the value of the strain. The 
change in reference hole diameter is due to the stress relaxa-
tion that occurred due to the removal of material. This strain 
is then converted into stress by using various analytical equa-
tions [23]. The strain gauge was used to determine the strain 
value at a different point. The data logger was used to record 
the strain value at different locations. The DHD method was 
employed to determine the residual stress distribution across 
the weld zone and the HAZ as shown in Fig. 5a. The four 
essential steps of the DHD technique are shown in Fig. 5b. 
The detailed analytical equations and theory of the DHD 
technique used for the residual stress analysis are available 
in the following reference [31]. Equations 6 and 7 were used 
to calculate the longitudinal and transverse residual stress 

magnitudes, respectively [32]. The �x and �y represents the 
strain in the longitudinal and transverse directions. The Δdx 
represents the change in the diameter of the reference hole 
before and after trepanning. The modulus of elasticity (E) 
was taken as 250 GPa for the P92 steel [33]. The calculated 
strain value in longitudinal and transverse directions for the 
ERNiCrMo-3 weld, P92 HAZ, and 304L SS HAZ is given 
in Table 3. The corresponding longitudinal and transverse 
stress value are listed in Tables 4, 5).

3  Results and discussion

3.1  Radiographic examination

The non-destructive technique, known as X-ray radio-
graphic inspection, was conducted to identify the defects 
such as porosity, crack, and surface defects that may be pre-
sent inside the weld fusion zone and which are not visible 
through necked eyes. The radiographic examination was 
conducted according to the standard procedure mentioned 
in ASME Sec-V Article 2 & 22, 2017. The acceptance 

(6)�x =
Δdx

dx
= −

1

E

[

3�x − �y

]

(7)�y =
Δdy

dy
= −

1

E

[

3�y − �x

]

.

Fig. 5  a P92/304L SS DWJs 
prepared for residual stress 
analysis using DHD technique. 
b Schematic diagram of the 
DHD method



Archives of Civil and Mechanical Engineering (2023) 23:14 

1 3

Page 9 of 33 14

condition was as per the ASME Sec-IX (QW-191.1.2). The 
radiographic examination was conducted using an Ir-192 
(Iridium) source. The total exposure time for this test was 
2 min, and the processing time of the radiographic film was 
3–5 min. The radiograph of the weld bead obtained using 
the X-ray radiography technique is shown in Fig. 6. The 
radiograph revealed no significant defects in the weld bead, 
so the welding procedure and parameters were qualified 
and the sample was accepted for further investigation of the 
mechanical and microstructure properties.

3.2  Macrostructure study

The macrostructure of the P92 and 304L steel plate welded 
using ERNiCrMo-3 filler metal is shown in Fig. 7. The 
macrostructure indicates the good fusion of the base and 
filler metal. The macrostructure image confirms no sig-
nificant defect in the dissimilar joint and thus confirms the 
x-ray radiographic result. The weld fusion zone, HAZ, and 
base metal are clearly indicated in the macrograph. The 
various measurements performed towards the HAZ and 

Fig. 5  (continued)
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along the weld fusion zone are shown in Fig. 7. The Image 
J software was used to measure the macrostructure cross-
sectional area, HAZ area, and HAZ width. The measured 
area of the weld fusion zone with reinforcement was 67 ± 1 
 mm2. The measured area of the HAZ toward the P92 side 
was 35 ± 1  mm2. Due to the higher thermal conductivity 
of the P92 steel compared to the 304L SS; HAZ of width 
4.52 mm was recorded at the P92 side. Because of the low 
thermal conductivity of the 304L SS, negligible HAZ was 
formed towards the 304L side.

3.3  Microstructural characterization

3.3.1  Characterization of heat‑affected zone in as‑weld 
state and after PWHT

In P92-304L SS DWJs, HAZ is the region that needs spe-
cial attention due to its changing metallurgical and mechani-
cal properties compared to the base metal and weld fusion 
zone. HAZ is a region that is not melted during the weld-
ing process but experiences such a high temperature during 
the welding that mechanical and metallurgical properties 
changes take place in this region. Also, sometimes high 
residual stresses are generated in this region, which weak-
ens this region compared to the BM and weld fusion zone. 
As shown in Fig. 8, according to grain morphology, P92 
HAZ can be separated into three different regions, that is, 
CGHAZ, FGHAZ, and ICHAZ. The CGHAZ undergoes the 
approximate maximum temperature of 1300 °C (much above 
the upper critical temperature  Ac3 ~ 1040–1080 °C) during 
the welding. Due to such a high temperature, precipitates 
dissolve in the austenitic matrix, and thus pinning effect 
of these precipitates does not occur. Thus, precipitates are 
unable to restrict the movement of grain boundaries. Dur-
ing the welding, the tempered martensite transform into the 

Table 3  Strain value for the ERNiCrMo-3 weld, P92 HAZ, and 304L SS HAZ in the AW state

ERNiCrMo-3 weld P92 HAZ 304L SS HAZ

Strain In X-X 
(Longi.)

Strain In Y-Y (Trans.) Strain In X-X 
(Longi.)

Strain In Y-Y (Trans.) Strain In X-X 
(Longi.)

Strain In Y-Y (Trans.)

– 0.00139 0.00023 0.00212 0.00084 – 0.00153 0.00033
– 0.00136 – 0.00036 0.00228 0.00254 – 0.00206 – 0.00069
– 0.00082 – 0.00083 0.00293 – 0.00118 – 0.00209 – 0.00119
– 0.00036 – 0.00152 0.00355 0.00102 – 0.00109 – 0.00126
0.00032 – 0.00132 0.00356 0.00138 0.00158 – 0.00116
0.00105 – 0.00016 0.00281 0.00196 0.00221 – 0.00039
0.00139 0.00026 0.00122 0.00225 0.00348 0.00039
0.00166 0.00049 0.00133 0.00248 0.00481 0.00033
0.00156 0.00069 0.00036 0.00154 0.00296 – 0.00149
0.00133 0.00073 0.00172 0.00095 0.00302 – 0.00076

Table 4  Residual stress data for ERNiCrMo-3 weld fusion zone

As-welded After PWHT

Thickness 
(mm)

Longitudinal 
(MPa)

Transverse 
(MPa)

Longitudinal 
(MPa)

Trans-
verse 
(MPa)

1 241 90 41 – 77
2 266 101 49 – 83
3 269 83 29 – 72
4 249 72 15 – 92
5 225 77 9 – 89
6 197 – 14 – 21 – 77
7 174 – 55 – 75 – 68
8 154 – 79 – 68 – 51
9 39 – 92 – 69 – 41
10 – 31 – 88 – 97 – 39

Table 5  Residual stress data for P92 HAZ

As-welded After PWHT

Thickness 
(mm)

Longitudi-
nal (MPa)

Transverse (MPa) Longitudi-
nal (MPa)

Trans-
verse 
(MPa)

1 – 165 – 98 – 181 42
2 – 137 – 111 – 211 52
3 – 92 – 81 – 191 61
4 – 71 – 69 – 225 49
5 – 59 – 71 – 218 36
6 – 49 – 82 – 198 38
7 – 31 – 69 – 149 56
8 – 42 – 58 – 131 36
9 – 58 – 61 – 66 40
10 – 24 – 41 – 61 31



Archives of Civil and Mechanical Engineering (2023) 23:14 

1 3

Page 11 of 33 14

austenite phase as it experiences a temperature higher than 
the  Ac3. At this temperature,  M23C6 and MX precipitates dis-
solve to promote grain growth. Thus, coarse austenite grain 
growth takes place, and soon after the welding (during cool-
ing) this coarse austenite phase is converted into martensite, 
thus CGHAZ is formed. The CGHAZ mainly consists of 
coarse prior austenite grains and untempered lath martensite. 
The optical and SEM image confirms the absence of pre-
cipitates along the PAGBs, packet boundaries (PBs), and 
block boundaries (BBs). On cooling after welding, some 
austenite grain was transformed into the delta ferrite since 
its cooling rate is very high. The δ-ferrite phase was formed 
near the P92 and WM interface. Some previous works [34] 
also observed the detrimental δ-ferrite phase near the weld 
fusion zone. Figure 8 shows the micrograph of the P92 and 
WM interface and P92 HAZ in the as-weld situation. The 
region adjacent to the CGHAZ is FGHAZ. The FGHAZ 

experiences a temperature slightly above the  Ac3. Thus, 
unlike the CGHAZ, not all the precipitates completely dis-
solve inside the matrix, but some fine precipitates dissolve, 
and few coarse precipitates survive. These undissolved 
precipitates restrict the movements of the grain boundary 
and thus prevent the coarse austenite grain growth. This 
results in the formation of the fine prior austenite grains. 
Some undissolved precipitates are visible in the SEM image 
shown in Fig. 9. The region close to the FGHAZ is ICHAZ. 
The ICHAZ experiences the temperature between the lower 
critical temperature  (Ac1) and  Ac3. Thus, only partial trans-
formation of the austenite phase occurs. During cooling, this 
austenite phase formed transforms into martensite [35]. The 
average prior austenite grain size for CGHAZ in as-welded 
conditions was 11 ± 1 µm. The SEM image of the P92 HAZ 
and weld interface is shown in Fig. 9. The SEM image shows 
the soft ferrite zone near the fusion line. The microstructure 

Fig. 6  Radiograph of the weld 
bead

Fig. 7  Macrostructure of the 
P92 and 304L SS welded joint
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observed using SEM across the CGHAZ, FGHAZ, and 
ICHAZ is shown in Fig. 9b–d. The SEM micrograph of the 
CGHAZ shows the coarse prior austenite grains, untempered 
martensite lath structure, and dissolution of carbide  (M23C6) 
and carbonitride (MX) precipitates. It is reported that above 
900 °C most of the  M23C6 precipitates completely dissolve 
[36]. The FGHAZ shows the fine prior austenite grains and 
few undissolved precipitates.

The varying microstructure formed towards the P92 
side during the welding can be homogenized by using the 
PWHT process. The PWHT homogenizes the mechanical 
property and microstructure of this critical region. The 
 M23C6 and MX particles generally precipitate in P92 steel 
after post-weld heat treatment known as tempering. These 
are the shining tiny white particles. However, during the 
weld thermal cycle due to the high temperature these par-
ticles are dissolved into the matrix. The PWHT is neces-
sary for the evolution of the precipitates dissolved during 
the welding. These precipitates improve the creep strength 
by stopping the movement of the dislocations during creep. 
The PWHT is generally carried out below  Ac1 to avoid the 
formation of fresh martensite. Obiko et al. [37] reported the 

 Ac1 and  Ac3 of the P92 steel in the range of 800 − 830 °C 
and 900 − 945 °C, respectively, using ThermoCalc analy-
sis. They also reported that  M23C6 precipitates dissolve at 
a temperature of 870–888 °C, while MX precipitates dis-
solve at 1201–1250 °C. Maddie et al. [38] found that PWHT 
(tempering) at 760 °C gives good microstructure stabil-
ity and high creep rupture time for the P92 steel operat-
ing at a temperature of 600 °C. According to the ASME 
code, PWHT temperature should not be less than 730 °C. 
In this study, PWHT, known as tempering, was performed 
at 760 °C, 2 h followed by air cooling. From Fig. 10a, it is 
clear that PWHT has no effect on the delta ferrite present 
at the interface. After PWHT, the coarse precipitates (black 
color in OM image and white color in SEM image) decorate 
along the prior austenite grain boundary and fine precipitates 
inside the PBs and BBs. Figure 10b–d shows the CGHAZ, 
FGHAZ and ICHAZ after PWHT. The SEM image of the 
P92 HAZ after PWHT is shown in Fig. 11. The decoration 
of the coarse carbide precipitates on PAGBs and subgrain 
boundaries confirms the reprecipitation of the precipitates 
after PWHT. The coarse  M23C6 precipitates were decorated 

Fig. 8  In as-weld condition a OM image of the P92 HAZ and weld interface, b CGHAZ, c FGHAZ, d ICHAZ
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along the PAGBs, and sub-grain boundaries, as shown in 
Fig. 11b. The fine MX precipitates were observed in intra-
lath regions after PWHT. This formation of the precipitates 
after PWHT provides the precipitation strengthening to the 
P92 steel. The welding results in the complete dissolution 
of these precipitates, and thus, PWHT becomes necessary 
after welding. The temperature is the critical PWHT param-
eter. The PWHT at a very low temperature will result in low 
toughness due to insufficient tempering, while the PWHT at 
a very high temperature will result in a reduction in the creep 
strength due to over-tempering [39]. Thus, the optimized 
PWHT parameter of 760 °C, 2 h is most commonly used. 
However, the problem associated with this PWHT parameter 
is the formation of the soft zone having a low micro-hard-
ness value known as ICHAZ. ICHAZ is most prone to type 
IV cracking due to its complex microstructure. The average 
prior austenite grain size for CGHAZ in PWHT condition 
was 9 ± 1 µm.

The HAZ microstructure of the 304L SS in the as-
welded condition is shown in Fig. 12. The 304L SS mate-
rial has excellent corrosion resistance due to the high level 
of chromium. The chromium forms a protective oxide film 
on the surface and hence resists corrosion. This oxide film 

regenerates when it is damaged, thus makes the 304L steel 
stainless. But during the welding or heat treatment, chro-
mium precipitates as  M23C6 or  M7C3 carbides (M is metal 
and mainly chromium); thus, chromium depleted zone is 
formed at grain boundaries due to the carbide precipitation; 
this may result in the sensitization of the steel. The HAZ 
for the 304L SS did not show any distinguish microstruc-
tural features like P92. The microstructure study revealed 
the ferrite stringer near the fusion line. The ferrite stringer 
is formed due to the segregation of chromium. The EDS 
analysis of the ferrite stringers showed the enrichment of 
the Cr and Ni elements. The ferrite stringer is formed due to 
the rejection of the Cr from the austenitic matrix. Thus, the 
corrosion resistance of the 304L SS is affected due to the 
formation of the ferrite stringer. The ferrite stringer does 
not have any detrimental effect on mechanical properties in 
most of the applications. The heat treatment condition for 
the as-received austenitic 304L SS is annealing, followed by 
the water quenching after the hot rolling process; thus, no 
secondary precipitates are present in the microstructure of 
the base metal. Thus, welding and PWHT do not alter the 
microstructure of the 304L SS.

Fig. 9  In as-weld condition a SEM image of P92 HAZ and weld interface, b CGHAZ, c FGHAZ, d ICHAZ
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Fig. 10  After PWHT a OM image of the P92 HAZ and weld interface, b CGHAZ, c FGHAZ, d ICHAZ

Fig. 11  After PWHT a SEM image of P92 HAZ and weld interface, b CGHAZ, c FGHAZ, d ICHAZ
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3.3.2  Microstructure characterization of weld interface 
and weld center

The ERNiCrMo-3 weld fusion zone microstructure is pre-
sented in Fig. 13. The austenitic microstructure mainly 
consists of columnar, cellular, and equiaxed dendrites. 
The existence of the unmixed zone at the interface of the 
weld fusion boundary and base metal is clearly visible in 
Fig. 13a, b. The unmixed zone is formed due to the varia-
tion in the chemical composition and melting point of the 
filler metal and base metal to be joined. The formation of 
beach, peninsula and island as shown in Fig. 13c depends 
on two important paramaeters:liquidus temperature of the 
base metal (TLB) and weld metal (TLW). If the TLW < TLB, 
complete mixing may occur but if the filler metal makes 
TLW > TLB, complete mixing is impossible [40]. The vari-
ation in the elements like nickel (Ni), chromium (Cr), and 
iron (Fe) between the two materials to be joined play a major 
role in the formation of the unmixed zone. The unmixed 
zone in the form of peninsula, and island are formed due 
to the faster cooling rate (low heat input during welding at 
that particular region), weld pool stimulation due to mul-
tipass welding, and a superior melting range of the filler 
metal compared to the base metal. The weld fusion micro-
structure shows columnar dendritic structure near the fusion 

boundary, whereas the weld center shows an equiaxed den-
dritic structure. Figure 13a–h show the optical microstruc-
ture of the various zones of the weld fusion zone, like weld 
center, weld interfacial region, and near the fusion boundary. 
The different cooling rates at the weld center and at the weld 
interface result in the formation of columnar and cellular 
dendrites. The formation of fine equiaxed grains in weld 
fusion has many advantages, such as less susceptibility to 
solidification cracking, superior mechanical properties, high 
ductility, and fracture toughness.

The microstructure of the weld fusion zone was also ana-
lyzed using SEM, as shown in Fig. 14. In the dissimilar 
welding between two different metals, there exists a region 
between the fusion boundary and the base metal, which has 
a different composition and sometimes also different prop-
erties and microstructure than that of the bulk weld metal 
known as the unmixed zone, partially melted zone, and filler 
deficient region. The unmixed zone is that portion of the 
base metal that is melted during the welding process but 
solidifies without experiencing appropriate dilution with the 
filler metal. The unmixed zone was formed on both sides of 
the base metal, as shown in Fig. 14a, b. The composition 
of this unmixed zone differs from that of the base metal 
and bulk weld metal. The EDS results of the unmixed zone, 
as shown in Fig. 15 indicated that the unmixed zone has a 

Fig. 12  In as-weld condition a OM image of 304L SS HAZ and weld interface, b SEM image of a micrograph of 304L SS HAZ and weld inter-
face, c SEM image of 304L SS HAZ, d EDS spectrum of ferrite stringer
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different amount of the Cr, Ni, and Fe elements compared 
to the bulk weld metal and adjacent base metal. The dis-
similar joining of the two different grades of steel using 
nickel-based filler always results in the formation of the 
unmixed zone at the weld interface due to the difference in 
chemical composition and melting temperature of the two 
materials. In addition, the diffusion of the elements occurs 
from the base metal to the weld metal and vice-versa. Thus, 
line mapping and electron probe microanalysis (EPMA) was 
performed across the weld interface to identify the elements 
movement across the weld interface. The line mapping and 
EPMA analysis, as shown in Figs. 16 and 17 confirm the 
significant variation of the various elements like chromium 
(Cr), nickel (Ni), and iron (Fe) at the unmixed zone. The 
EDS point analysis at the unmixed zone formed at the 304L 
SS and ERNiCrMo-3 weld fusion zone is shown in Fig. 18. 
The line mapping and EPMA analysis across the unmixed 
zone formed at the 304L SS and ERNiCrMo-3 weld fusion 
zone is shown in Figs. 19 and 20, respectively. Based on 
the EPMA analysis, the diffusion of the Cr, Ni, and Fe was 
observed, as displayed in Fig. 20.

The EPMA elemental mapping of the inter-dendritic 
region of the ERNiCr-3 WFZ is illustrated in Fig. 21. The 
Nb, Mo, Ti, and Cr spot is visible from the EPMA result. 
The Nb strongly tends to re-distribution in inter-dendritic 
regions during solidification due to its minimum equilib-
rium distribution co-efficient value (k < 1). The formation 
of the secondary precipitates (tiny shining white particles) 
was observed from SEM images. The area mapping analysis 
in the SEM, as shown in Fig. 22 also revealed the segrega-
tion of the molybdenum (Mo), niobium (Nb), and titanium 
(Ti) particles in the inter-dendritic region of the weld fusion 
zone. The segregation of the Mo and Nb will form Mo and 
Nb depleted dendrite core in the weld fusion zone. Thus, the 
mechanical property and corrosion resistance provided by 
these elements will be affected in this region. Banovic et al. 
[11] also reported that elements such as Mo and Nb show a 
higher tendency of segregation due to their low equilibrium 
distribution co-efficient value (k). It (k) can be defined as the 
ratio of the solidus to liquidus concentrations for particular 
elements at a particular temperature. They also found the 
k value at different conditions. The value of k more than 
unity indicates that no dendritic micro-segregation will 
occur, but the value of k less than unity shows the opposite 

behavior [41]. The k value for the Mo and Nb in Inconel 625 
is between 0.75–0.86 (< 1) and 0.3–0.45 (< 1), respectively. 
Thus, it shows a higher tendency to segregate. The elements 
like Fe, Ni, and Cr show less tendencies to segregate due to 
its k value being higher than unity (> 1). Also, they reported 
that Fe addition in nickel-based alloy decreases the segrega-
tion potential (k) value for the Mo and Nb. Thus, the high 
Mo and Nb contents fillers are preferred for the welding of 
the dissimilar alloy to compensate for the Mo and Nb seg-
regation. The formation of the Nb-rich eutectic secondary 
phases deteriorates the corrosion resistance and mechanical 
properties of the nickel-based weld. The weight percentage 
of the Mo and Nb in the chemical composition of the IN 625 
filler is 9.23% and 3.96%, respectively. The Mo and Nb seg-
regate during the solidification of the weld metal. The EDS 
point analysis was performed at these regions to obtain the 
approximate weight percentage of the Mo and Nb segrega-
tion. The EDS analysis showed ~ 17% of Nb and ~ 10% Mo 
in the weld metal. The results of the EDS analysis are shown 
in Fig. 23. However, the formation of the Nb-rich phase is 
undesirable as it has detrimental effects on the properties 
like toughness, creep, and ductility due to the consumption 
of a significant amount of useful alloying elements. The 
possible secondary phases (shiny precipitates) can be either 
Niobium carbide (NbC) or Molybdenum carbide  (Mo6C), 
or Titanium Carbide (TiC). Also, Nb and Ti together can 
form (Nb,Ti)C [42]. The precise details can be obtained 
with the help of selective area electron diffraction (SAED) 
in transmission electron microscopy (TEM). This analysis 
falls outside the scope of present research work and is left 
for future scope.

3.4  Micro‑hardness test

The micro-hardness variation across the base metal, weld 
fusion zone, and heat-affected zone in as-welded conditions 
and PWHT conditions are shown in Fig. 24a, b. The weld 
center was taken as the reference, x = 0. The hardness value 
was measured along the longitudinal as well as the trans-
verse direction of the weld center. The non-uniform profile 
of the micro-hardness distribution confirms the heteroge-
neity of the microstructure. The hardness of the 304L SS 
base metal was found to be lower than the P92 base metal 
and ERNiCrMo-3 weld metal. Thus, 304L SS base metal 
can be identified as a weaker region in P92/304L SS dis-
similar weldments. The as-received P92 BM and 304L SS 
BM's micro-hardness values were 230 ± 10 HV and 170 ± 10 
HV, respectively. According to the ASTM standard designa-
tion, A335/A335M-15a hardness of the P92 metal should 
not exceed 265 HV. The hardness beyond 265 HV indicates 

Fig. 13  OM image of ERNiCrMo-3 weld fusion zone microstructure 
a unmixed zone toward P92 side, b formation of the secondary arm 
dendrites, c unmixed zone in the form of the island, d unmixed zone 
toward 304L SS side, e formation of the dendritic and inter-dendritic 
region toward P92 side, f formation of the dendritic and inter-den-
dritic region toward 304L SS side, g microstructure corresponding to 
the weld centre, h formation of the secondary phases at weld centre

◂
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the brittle martensitic structure of the P92 steel, and it 
may result in the brittle failure of the components under 
the service. In the as-weld state, a sharp increase in hard-
ness magnitude from the weld fusion zone to the P92 HAZ 
region with a sharp decrease in the ICHAZ region has been 
observed. In as-weld condition, P92 CGHAZ has the highest 
hardness value of the magnitude ~ 340 HV. The high hard-
ness value is due to the coarse prior austenite grains, untem-
pered lath martensite structures and high weight percentage 
of C and N due to the dissolution of precipitates. The hard-
ness value decreases as the distance from the fusion line 
increases. The hardness value of the FGHAZ was recorded 
as ~ 270 HV. The low hardness value of the FGHAZ com-
pared to the CGHAZ was due to the partial dissolution of 

the precipitates. Next to the FGHAZ, the soft region with 
the very low hardness value was observed, which is called 
ICHAZ. The ICHAZ region has the lowest hardness value 
of the magnitude ~ 205 HV. The low magnitude is due to the 
formation of the combinations of ferrite and newly formed 
martensite structures. Thus, hardness distribution along 
the P92 HAZ confirms the presence of three distinguished 
zone. The hardness value of the CGHAZ and FGHAZ was 
decreased after PWHT because of the tempering of the fresh 
martensite formed during the welding and the precipitation 
of the  M23C6 and MX precipitates. The hardness value of the 
CGHAZ and FGHAZ was reported as ~ 235 HV and ~ 210 
HV, respectively, after PWHT. After PWHT, ICHAZ was 
still the region with the lowest microhardness value. After 

Fig. 14  SEM image of ERNiCrMo-3 weld fusion zone microstructure 
a unmixed zone toward P92 side, b unmixed zone toward 304L SS 
side, c, d microstructure near the P92 and 304L interface, e, f forma-

tion of the dendritic and inter-dendritic region, and secondary phases 
at the weld centre
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PWHT, due to re-precipitation of the dissolved precipitates 
and coarsening of the existing precipitates, the hardness of 
the ICHAZ region was recorded as ~ 200 HV. The partial 
austenitization, coarsening, and dissolution of precipitates 
led to the low dislocation density from the complex micro-
structure of the ICHAZ region. This complex microstruc-
ture, as shown in the previous section, is most susceptible 
to type IV cracking. This soft zone (ICHAZ) is a very criti-
cal region and may be responsible for premature Type IV 
cracking in power plant components during service condi-
tions [39]. The region next to the ICHAZ is over-tempered 
base metal. This region does not undergo any partial austen-
ite ↔ martensite transformation like ICHAZ. This over-tem-
pered region has a hardness lower than the base metal due to 

the additional tempering that occurred during welding. Thus 
it can be assumed that this region has very limited micro-
structural change. In addition, this over-tempered region has 
a very limited span, as shown in the microhardness profile. 
This region gets disappears as the distance from the fusion 
line increases. The hardness of the fusion zone in as-weld 
condition was 200 ± 15 HV, while the hardness of the fusion 
zone after PWHT was 210 ± 25 HV. This variation in the 
hardness value of the ERNiCrMo-3 weld fusion zone may 
be due to the diverse microstructure (like columnar, cellular, 
and equiaxed dendritic and formation of secondary phase) 
of the weld fusion zone formed due to the variation in the 
cooling rate from the weld center to the fusion boundary. 
The PWHT at 760 °C, 2 h was conducted to modify the 

Fig. 15  a EDS analysis location across P92 and WM, b Line map across the P92 and WM, c EDS result of point 1, d EDS result of point 2, e 
EDS result of point 3 f EDS result of point 4



 Archives of Civil and Mechanical Engineering (2023) 23:14

1 3

14 Page 20 of 33

microstructure of the P92 HAZ. However, a slight increase 
in hardness and toughness properties was also noticed for 
the ERNiCrMo-3 weld fusion zone after PWHT. Thus, it 
can be expected that PWHT at 760 °C, 2 h somewhat alters 
the size and characteristics of the precipitates present in the 
weld fusion zone. The approximate hardness value toward 
the 304L SS side was 170 ± 10 HV in as-welded and PWHT 
conditions. The PWHT for 2 h at the temperature of 760 °C 
is the optimum parameter suggested by various researchers 
based on the outcome of the mechanical and microstructural 
properties [43]. The welding heat resulted in the dissolution 
of the precipitates and the formation of quenched martensite 
microstructure. This microstructure is brittle in nature and 
thus, PWHT known as tempering was performed for the re-
precipitation of the precipitates and to get a tempered mar-
tensite microstructure. The PWHT for 2 h at the temperature 
of 760 °C results in the formation of the Cr-rich precipitate 
in the microstructure of austenitic steel which contributes 
to the growth of hardness. However, this hardness change 
is insignificant as can be verified from the micro-hardness 

graph in the AW state and after PWHT. Thus, it can be con-
cluded that welding and heat treatment do not alter the hard-
ness of 304L SS metal. The micro-hardness variation along 
the root to the top of the weld fusion zone in as-weld state 
and after PWHT is shown in Fig. 24c, d, respectively. The 
multiple thermal cycles due to the multipass welding, and 
simultaneous cooling and tempering effects cause this non-
uniform micro-hardness distribution.

4  Tensile test

The tensile test was performed on DWJs prepared using 
ERNiCrMo-3 filler in as-welded and PWHT conditions. 
The specimens were prepared according to the ASTM E-08 
standard. The tensile strength of the P92 and 304L SS base 
metal was observed as 758 MPa and 632 MPa, respectively. 
The UTS of the P92/304L SS DWJs in an as-weld state and 
after PWHT was 626 MPa and 562 MPa, respectively. It is 
evident from the test that the specimen fractured from the 

Fig. 16  Line mapping across the ERNiCrMo-3 weld metal and P92 base metal
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304L SS BM in both the condition, as shown in Fig. 25a. 
Thus, 304L SS was the weakest link in P92-ERNiCrMo-3-
304L SS DWJs. Thus, it also confirms the micro-hardness 
results. The percentage elongation of the P92/304L SS weld-
ments in as-welded and PWHT conditions was 41% and 56%, 
respectively. In PWHT conditions, the percentage elongation 
was more compared to the as-welded conditions due to the 
tempering of the quenched martensite formed during the 
welding. Thus, after PWHT, dissimilar weldments will take 
more time to fracture compared to the as-welded conditions. 
The P92 HAZ and ERNiCrMo-3 weld metal were safe in all 
conditions. The weld fusion zone undergoes small plastic 
deformation during the tension test, but it does not rupture. 
The stress–strain curve is shown in Fig. 25b. The fractured 
tensile specimens show the necking at the rupture location. 
The ultimate tensile strength, yield strength, and percent-
age elongation of the specimens tested in each condition are 
listed in Table 6. According to the ASME BPVC Section IX 
for the acceptance of tensile test results: “If the specimen 

breaks in the base metal outside of the weld or weld inter-
face, the test shall be accepted as meeting the requirements, 
provided the strength is not more than 5% below the mini-
mum specified tensile strength of the base metal. Thus, 
according to this criterion, specimens were qualified for the 
tensile test. The minimum specified mechanical properties 
of the P92 steel and 304L SS are available in ASTM A335/
A335M-15a and A240/A240M-04a standards. The fracture 
surface analysis of the tensile and Charpy test specimens 
was carried out using SEM to determine the fracture mode 
of the specimen. The fractograph obtained for the as-weld 
and after PWHT tensile test fracture specimen is shown in 
Fig. 26a–d. As shown in Fig. 26a, b, the fractograph of the 
as-weld tensile specimen consists of micro-voids, dimples 
and secondary phase particles on the fracture surface. The 
PWHT tensile specimen consists of tear ridges, less number 
and dimples on the fracture surface as shown in Fig. 26c, d. 
Thus, the fractograph confirms the ductile fracture of the 
tensile specimen.

Fig. 17  EMPA analysis across the P92 HAZ and ERNiCrMo-3 weld fusion zone interface
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4.1  Impact toughness test

The Charpy V-notch test was performed to ensure the abil-
ity of the welded joint to withstand sudden thermal impact 
shock. As shown in Fig. 27a–c, the V-notch was cut at the 
weld center, P92 HAZ, and 304L SS HAZ side. The surface 
of the specimens after the test is shown in Fig. 27d–f. The 
obtained impact toughness result is shown in Fig. 28, along 
with the impact toughness of 304L SS and P92 base metal. 
The average impact energy of the P92 BM and 304L SS BM 
is 185 ± 5 J and 285 ± 5 J, respectively. The high toughness 
of the 304L SS BM is due to the wrought and annealed 
austenitic grains. The impact energy of the ERNiCrMo-3 
weld metal was the lowest compared to all other regions. 

The impact strength of the weld metal was 57 J and 72 J, 
respectively, in as-weld state and after PWHT. The results 
revealed that the region with relatively poor impact tough-
ness was austenitic ERNiCrMo-3 filler weld (57 J) because 
of the segregation of the Nb and Mo along the inter-den-
dritic areas. However, the impact toughness of ERNiCrMo-3 
filler weld met the minimum requirement of 47 J (EN ISO 
3580:2017). Thus, the toughness of the weld joint is quali-
fied for USC application. The low toughness of the weld 
metal is due to the higher segregation of the Mo and Nb-rich 
secondary phases as already discussed in the previous sec-
tion and shown in Fig. 14f. It has been reported that coarse 
dendrites in the weld metal (fewer grain boundaries) result 
in a low impact toughness of the joint. The grain growth 

Fig. 18  a EDS analysis location across 304L SS and WM, b Line map across the 304L SS and WM, c EDS result of point 1, d EDS result of 
point 2, e EDS result of point 3 f EDS result of point 4
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and change in orientation factor during the welding results 
in the reduction in impact strength of that particular loca-
tion [10]. For weld metal during welding, the orientation is 
formed in a transverse direction. In this situation, a crack is 
easily formed and propagates, thus lowering the weld joint's 
impact strength. The ERNiCrMo-3 weld metal exhibits a 
brittle mode of fracture. Ramkumar et al. [44] also observed 
the low impact toughness of the ERNiCrMo-4 (61 J) and 
ERNiCrMo-10 (67 J) weld fusion zone during the Inconel 
625 and Inconel 718 dissimilar welding. They reported that 
the formation of secondary phases due to the segregation of 
the Mo, Nb, and Ti deteriorates the impact strength of the 
fusion zone. The impact strength of the P92 HAZ was 149 J 
and 163 J in the as-welded state and PWHT, respectively. 
The toughness of the P92 HAZ in as-weld and PWHT condi-
tions was lower than the P92 BM. The low impact toughness 
is due to the coarse grains compared to the P92 BM. The 
impact strength of the 304L SS HAZ was 280 J and 253 J, 
respectively, in as-weld and PWHT conditions. The impact 

strength of the 304L SS HAZ was lower than 304L SS BM 
after PWHT due to the coarsening of the austenite grains. 
For the V-notch at P92 and 304L SS HAZ, all specimens 
demonstrated ductile fracture mode in as-weld and PWHT 
condition. The fractograph obtained for the ERNiCrMo-3 
weld metal of as-weld and after the PWHT Charpy test frac-
ture specimen is shown in Fig. 29a–d. As shown in Fig. 29a, 
b, the fractograph of the as-weld Charpy impact test speci-
men consists of dimples on the top surface. It also consists 
of secondary phase particles on the fracture surface. The 
as-weld specimen shows the mixed mode of fracture. The 
PWHT Charpy test specimen also shows a mixed mode of 
fracture as shown in Fig. 29c, d.

4.2  Residual stress analysis

The DHD technique is the most accurate experimental 
method available for measuring the welding-induced 
residual stresses. The through-thickness residual stress 

Fig. 19  Line mapping across the ERNiCrMo-3 weld metal and 304L SS base metal
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distribution in as-weld and PWHT (760 °C, 2 h) condition 
for the ERNiCrMo-3 weld fusion zone, P92 steel HAZ, 
and AISI 304L SS HAZ is shown in Fig. 30a–c. The peak 
longitudinal residual stress of magnitude 269 MPa was 
observed at a depth of 3 mm for the weld fusion zone. The 
longitudinal residual stress of tensile nature was observed 
throughout the weld. The transverse residual stress of 
tensile nature was observed up to 5 mm depth, and later 
it converted into a compressive nature. The high tensile 
residual stress in the weld fusion zone is due to the shrink-
age during the weld solidification. The tensile residual 
stresses are more detrimental as they are responsible for 
the weld's stress corrosion cracking, fracture, and fatigue 
damage [45]. For the ERNiCrMo-3 weld zone in the as-
welded condition, the maximum transverse tensile residual 
stress observed was 101 MPa. After PWHT, the longitu-
dinal residual stress of tensile nature was observed up to 
5 mm thickness, and later it converted into a compressive 
nature. After PWHT, peak longitudinal stress magnitude 
reduced from 269 to 49 MPa. Thus, PWHT lessens the 
residual stresses to a great extent. In addition, due to the 
multipass welding, the tempering effect takes place after 

each pass. This tempering effect also relaxes the residual 
stresses. The longitudinal and transverse residual stress 
magnitude was less due to the less weld metal available 
for the solidification of the narrow groove geometry. Tara-
phdar et al. [23] also concluded that narrow groove geom-
etry is beneficial in reducing the peak longitudinal residual 
stresses in the weld zone.

For P92 HAZ, the stress observed was compressive due 
to the volume change during the phase transformation. Li 
et al. [46] also reported a similar kind of observation. They 
reported that the yield strength of the P92 steel decreased 
during the phase transformation from the tempered mar-
tensite to the austenite during welding. After welding is 
completed (during cooling), the yield strength increases 
during the phase transformation from the austenite to the 
untempered martensite, this yield strength variation caused 
due to the phase transformation induces the plasticity in 
the P92 steel. After welding, the P92 steel undergoes the 
solid-state phase transformation (SSPT) during rapid cool-
ing (austenite to martensite transformation). The P92 steel 
contract during the austenitization process  (Ac1 to  Ac3), and 
then it expands from the martensite start temperature  (Ms, 

Fig. 20  EMPA analysis across the 304L SS and ERNiCrMo-3 weld fusion zone interface
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375 °C) to the martensite finish temperature  (Mf, 280 °C). 
During the austenitization process, steel changes its crystal 
structure from body-centred cubic (BCC) to FCC. Then, it 
changes from face-centred cubic structure (FCC, Austen-
ite) to body-centred tetragonal structure (BCT, Martensite) 
during  Ms to  Mf [47]. This phase change results in the volu-
metric change into the P92 steel and induces the plasticity 
known as transformation-induced plasticity (TRIP) [48]. 
This phenomenon changes the yield strength and the nature 
of the residual stresses from longitudinal to compressive and 
vice versa. The tensile residual stress was developed in the 
weld fusion zone due to the shrinkage during the weld metal 
solidification, while compressive stress was developed in 
P92 HAZ due to the volume expansion during martensite 
transformation [49]. The high residual stresses present in the 
HAZ of the P92 steel may lead to the premature failure of 
the DWJs from the HAZ of the P92 steel. Thus, the accurate 
measurement of the residual stresses linked with the P92 
HAZ is essential considering the effect of the SSPT and 
yield strength variation associated with the P92 steel. From 

the residual stress magnitude listed in Table 7 for 304L SS 
HAZ, it can be concluded that the stresses in HAZ of 304L 
steel exceed the yield stress of this material. However, the 
residual stress exceeds the yield stress of the material within 
the interior of the metal. Within the interior the residual 
stresses can be tri-axial so they can greatly exceed the uni-
axial yield stress measured in a tensile test. Thus, it is a lit-
tle unfair to compare both value. As in the present case the 
stress was measured for through thickness (within the inte-
rior of the metal) using a deep hole drilling technique. For 
the 304L SS HAZ, the maximum transverse tensile residual 
stress observed was 169 MPa. Also, after PWHT, the maxi-
mum transverse tensile residual stress observed for narrow 
groove design was 71 MPa. The mismatch in the coefficient 
of the thermal expansion between the P92 steel and 304L 
SS results in the non-uniform residual stress distribution. 
When residual stresses are very high the material becomes 
poor in tensile strength. The failure of the tensile test sam-
ples from the 304L SS material indicates the influence of 

Fig. 21  EMPA analysis across the ERNiCrMo-3 weld fusion zone
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Fig. 22  Segregation of the Mo, Nb and Ti elements

Fig. 23  a SEM image of the secondary phase, b–d EDS point analysis results of the location 1, 2, 3 and 4, showing the segregation of the Nb, 
Mo and Ti elements



Archives of Civil and Mechanical Engineering (2023) 23:14 

1 3

Page 27 of 33 14

the high residual stresses on the mechanical properties of 
304L SS metal.

5  Discussion

The CSEF P92 steel was welded with 304L ASS. The dis-
similar joining of these two different grades of material was 
performed using the TIG welding process. The nickel-based 
ERNiCrMo-3 (Inconel 625) welding consumable was used. 
The mechanical properties, microstructural characteristics, 
and residual stresses of DWJs were examined. The influence 
of PWHT (760 °C, 2 h), called as tempering, was also inves-
tigated. The radiographic examination and macrostructure 
analysis showed defect-free P92/304L SS DWJs. The mac-
rostructure showed the full depth and width of penetration. 
The DWJ was free from macroscopic defects, as confirmed 
by the macrograph. The clear HAZ formation toward the P92 
side was observed from the macrograph. The insignificant 

HAZ was observed near the 304L SS side as a result of low 
thermal conductivity. The specimens were prepared for the 
mechanical and microstructural examination after ensuring 
the defect-free weld joint using x-ray radiographic examina-
tion and macrostructure analysis. The various zone formed 
on either side of the fusion boundaries and ERNiCrMo-3 
weld metal were investigated for microstructure evolution 
using an optical and scanning electron microscope. Due 
to the partial melting of the P92 HAZ during the weld-
ing, various metallurgical changes occur in the P92 HAZ 
region. The different peak temperatures experienced by the 
P92 HAZ during the weld thermal cycle result in the forma-
tion of CGHAZ, FGHAZ, and ICHAZ. At a temperature 
above 1500 °C, the metal is entirely in a liquid state. Below 
1500 °C, when it starts to solidify, the coarse prior austen-
ite grains (grain growth zone) and fine delta ferrite grain 
form. The CGHAZ is formed at a temperature much above 
the upper critical temperature  (Ac3). This temperature is 

Fig. 24  a, b Micro-hardness distribution across P92 and 304L SS DWJ in as-weld state and after PWHT, c, d Micro-hardness distribution across 
ERNiCrMo-3 weld zone from root to the top in as-weld state and after PWHT
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sufficient to cause the dissolution of the precipitates. Thus, 
precipitates are unable to restrict the movement of grain 
boundaries. This allows the austenitic grain to grow bigger 
in size and thus forming CGHAZ. The delta ferrite (δ-Fe) is 
formed during the solidification of the P92 steel. This delta 
ferrite phase will then transform into the austenite phase 
(γ-Fe) during cooling. However, it is possible that due to 
rapid cooling a small amount of a δ-Fe does not transform 
into austenite. The part of this austenite phase may again 
transform into the alpha ferrite phase (α-Fe) at a low tem-
perature. This alpha ferrite is very soft in nature, and thus it 
caused low micro-hardness of the ICHAZ region. The vari-
ous phase transformation taking place in the P92 steel during 
cooling and heating can be better understood from the phase 
diagram of the P92 steel [50]. The microstructure formed in 

the P92 HAZ after welding is highly brittle because of the 
development of the quenched martensite and the dissolution 
of precipitates. Thus, DWJs must undergo PWHT (temper-
ing heat treatment) to obtain desired microstructural and 
mechanical properties. The secondary electron and optical 
image confirmed that ERNiCrMo-3 weld metal is accompa-
nied by an equiaxed austenitic microstructure with a high Ni 
weight percentage. The SEM area mapping analysis results 
of the weld fusion zone revealed the Nb, Cr, and Ti segre-
gation in the inter-dendritic region. During the room tem-
perature tensile test, the AW and PWHT specimens failed 
from the low UTS material, i.e., from the 304L SS base 
metal. The result of the tensile test also supports the result 
of the micro-hardness examination. From the residual stress 
measurement for the ERNiCrMo-3 weld fusion zone, it was 
observed that longitudinal residual stresses were higher than 
the transverse residual stresses. It was observed that residual 
stress was high at the top layer of the weld, and it was gradu-
ally reduced from mid-section to the root of the weld. The 
residual stresses are generated due to the volumetric expan-
sion and contraction of the weld metal. The high volume of 
the weld metal leads to high shrinkage, which is opposed by 
the base metal region. Thus, high tensile residual stresses are 
accumulated. The high volume of the weld metal at the top 
of the narrow shape groove weld design results in the high 
welding-induced residual stresses at the top surface of the 
weld. The less volume of the weld metal at the mid-section 
and root of the V-groove weld design results in less welding-
induced residual stresses at the root and mid-section. For the 
P92 HAZ, compressive longitudinal and transverse residual 
stresses were observed in as-weld and PWHT situations. 
For P92 HAZ, the stress observed was compressive due to 
the volume change during the phase transformation. In AW 
and after the PWHT condition, a considerable difference in 
the residual stress magnitude was noticed. From comparing 
mechanical and microstructural properties obtained for nar-
row shape groove geometry DWJs, it was found that narrow 
groove design reduces the overall heat-affected zone span, 
and it also requires less welding time and less heat input due 
to the less weld deposition because of the low included angle 
in narrow groove geometry.

Fig. 25  a Tensile specimen after fracture and b stress–strain curve

Table 6  Mechanical property of 
the weld joint

DWJ condition Tensile strength 
(MPa)

0.2% yield 
strength

% elongation Fracture location Joint 
efficiency 
(%)

P92 BM 758 710.42 32.87 – –
304L SS BM 632 209.12 83.96 – –
As-welded 626 311.37 41.02 304L BM 99.104
PWHT 562 190.37 55.87 304L BM 88.98
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Fig. 26  Fractograph of the P92/304L SS DWJs (a, b) as-weld tensile test specimen and c, d PWHT tensile specimen

Fig. 27  a–c Charpy V-notch specimens in as-weld and PWHT conditions before test, d, e fracture surface of various specimens after test
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6  Conclusions

From the analysis of the microstructure characteristics, 
mechanical properties, and residual stresses of the P92 and 
304L SS dissimilar welds in as-welded and PWHT condi-
tions, it can be concluded that:

(1) The welding parameters and the welding technique 
employed for narrow groove design accurately made 
defect-free weld joint.

(2) Radiographic test and macrostructure show decent 
weld joint quality with no significant defect and good 
base and filler metal fusion. The weld and HAZ region 
was free from the solidification cracking and liquation 
cracking, respectively.

(3) The steep micro-hardness gradient was observed within 
the P92 HAZ region after welding. This steep hard-
ness profile confirms the heterogeneous microstructure 
formed within the P92 HAZ region after welding. The 
PWHT at 760 °C, 2 h stabilizes the microstructure and 
makes the hardness profile stable.

(4) The ultimate tensile strength of the P92-ERNiCrMo-
3-AISI 304L SS dissimilar joint was 626 MPa and 
562 MPa, respectively, in as-weld and PWHT condi-
tions. The UTS value was decreased and elongation 
was increased after PWHT due to the tempering of 
the quenched martensite formed during welding. The 
specimens failed from the 304L SS base metal in both 
conditions. The obtained strength value satisfies the 
minimum required strength criteria.

(5) The impact energy of 57 J and 72 J was recorded for 
the weld fusion zone in as-weld state and after PWHT, 

Fig. 28  Charpy V-notch test result

Fig. 29  Fractograph of the weld fusion zone of P92/304L SS DWJs (a, b) as-weld Charpy test specimen and d PWHT Charpy specimen
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respectively. The obtained Charpy impact test result 
satisfied the minimum required impact energy criteria.

(6) From the residual stress analysis of the weld zone, P92 
HAZ, and 304L SS HAZ in the as-weld and PWHT 
condition, it was found that the maximum tensile lon-
gitudinal (280 MPa) and transverse (169 MPa) residual 
stresses were present at 304L SS HAZ in the as-weld 
condition. Also, after PWHT, the maximum tensile lon-
gitudinal and transverse residual stresses were observed 
at 304L SS HAZ. The PWHT is necessary for P92-
304L SS DWJ to obtain the desired microstructure, 
improve the mechanical property, and mitigate the 
residual stresses.
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Table 7  Residual stress data for 304L SS HAZ

As-welded After PWHT

Thickness 
(mm)
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Transverse 
(MPa)

Longitudi-
nal (MPa)

Transverse 
(MPa)
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5 218 166 35 11
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7 69 139 0 – 25
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9 – 124 3 – 34 – 49
10 – 152 – 115 – 49 – 18
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