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Abstract: In this study, the submerged arc welded butt joint of P-91 ferritic-martensitic alloy steel plates has been 
chosen to examine the influence of microstructural changes on welding residual stress characteristics and macro-
hardness in the weldment with two different heat input 2497.5 J/mm & 2040J/mm respectively. The stress 
magnitudes at a different location on the welded specimen are measured by X-ray diffraction technique at the post-
weld heat-treated condition. Compressive stresses are observed in the weld zone (WZ) and tensile stresses are 
detected at the boundary of the heat-affected zone (HAZ) near the weld zone. Higher compressive stresses are found 
in the weld zone of both the specimens where maximum hardness values are observed. Different grain matrix in the 
microstructure contributes significantly towards the quality of weldment. Residual stress, as well as the hardness of 
weldment, is found to be influenced by the martensite phase transformation and dissolution of precipitates. A 
modeling concept is presented for dimensional analysis of martensite structure. Energy dispersive X-ray indicates the 
distribution of carbides at the grain boundaries. Optical micrograph substantiates the presence of δ-ferrite in the WZ. 

Keywords: Ferritic-martensitic alloy steel; Weld zone; Heat-affected zone; Microstructure; Martensite phase 
transformation; Macro-hardness; Welding residual stresses. 

1. Introduction 
Welding thermal cycle influences the microstructural changes in the weld region and heat affected zone which produces 

the welding residual stresses of different magnitudes in the welded structure [1]. The change in the microstructure is a matter 
of concern as it simultaneously affects the mechanical properties in the weldment. Between compressive and tensile residual 
stresses, particularly the later one can promote the detrimental effects in the structure in the form of hot cracks, cold cracks, 
creep rupture, etc [2]. The accurate prediction of welding residual stress characteristics in the welded part is still relevant in 
order to prevent the premature failure of fabricated components used in the different applied fields [3]. 

Submerged arc welding is a high energy welding process with appreciable welding speed in which the weld zone is 
completely covered with granular flux [4]. It creates an excellent quality of the weld and extensively used for joining thick steel 
plates in the applied field. The shape of the weld, as well as heat input related to this welding process, depends on the 
different process variables which can be controlled to get the desired joint [5]. During the submerged arc welding process, the 
weld area is heated up very sharply under the influence of welding heat input which cools down subsequently and generates 
residual stresses in the weldment [6]. The elements in the flux influence the quality of the WZ and Tanaka et al. have shown in 
a study that the amount of sulphur and phosphorous in the weld are decreased with the increase in basic oxides in flux [7]. 

Over the last few years, the P-91ferritic martensitic alloy steel has been extensively used in power generation industries 
for its excellent performance against creep failure at elevated temperature and pressure. Basically, modified 9Cr-1Mo steel is a 
newly developed alloy steel which has high thermal conductivity with low thermal expansion of coefficient and high strength [8]. 
Chromium and Molybdenum, being two major constituents, of this steel act as carbide former and ferrite stabilizer 
respectively. The small additions of V, Nb, N and other alloying elements in P-91 steel have considerably upgraded the service 
quality of this type of structural steel in the temperature region of 600°C comparing to earlier grades P-22 (2.25Cr – 1Mo) steel [9]. 
The low temperature (375°C-185°C) martensitic transformation in the weld zone of P-91 steel is an important phenomenon [10]. 
Moreover, the occurrence of type IV failure in such steel in the heat-affected-zone (HAZ), typically in ICHAZ, has limited its 
service life cycles which need a detailed investigation to minimize such failures. A study is conducted by Laha et al. on the type 
IV failure in P91 steel where the emergence of Z-phase during long service cycles at the elevated temperature is identified as 
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one of the most responsible factors [11]. In addition to phase transformation, the typical contribution of the precipitates 
(carbides, carbonitrides etc.) in the WZ and HAZ of P91 steel has made the microstructural study more significant. 
Golanski et al. have shown the benefits of boron inclusion in P91 steel developing a more stable nature of precipitates like 
M23(C, B)6 [12]. In a study conducted by Filemonowicz et al., it is seen that the different phases evolved out through 
microstructural changes that affect the creep properties of P-91steel[13]. A detailed analysis of the microstructure and 
mechanical properties is performed by Pandey et al. on the P91 steel pipe joint at different PWHT conditions. The joint is 
developed using V-groove and narrow groove by GTAW with multiple passes. While comparing the weldment of P91 steel at 
two different conditions (i.e PWHT and as-weld), a reduction in hardness is found with PWHT in FZ and HAZ. A change in 
microstructure is reported with a variation in post weld condition [14]. A relevant study has been conducted by Xiaotian et al. 
on the microstructure of modified 9Cr-1Mo steel and the emergence of δ-ferrite along with other important phases in WZ and 
HAZ is elaborately explained. The variation in hardness in a different zone of weldment is also addressed [15]. 

Generally, the magnitudes of residual stresses in weldment are measured by different destructive and non-destructive 
measurement methodologies [16-18]. Jian Lin et al. have measured the stress magnitudes in the lap joint of P92 steel by the 
XRD method [19]. The influence of martensitic transformation on residual stress in the weldment of P92 steel is examined by 
Suo Li et al. by hole drilling and XRD method [20]. As the distribution of welding residual stress in the weldment is complex and 
purely heterogeneous in nature over the length, it is complicated and costly to measure the variation in the stress field with 
respect to temperature gradient over a large area of interest by any experimental measurement technique. In a typical pipe 
joint of P-91steel, the development of residual stresses is examined by S. Paddea et al. in as-welded and post-weld heat 
treated (PWHT) conditions by neutron diffraction technique. The higher magnitudes of compressive stresses are noted in the 
as-welded condition in the outer surface of the pipe joint while it shows the tensile towards the inner surface with a peak of 
about 600 MPa [21]. To understand the effect of two different submerged arc welding processes on welding residual stress, A. 
Ishigami et al. has measured longitudinal and transverse stresses by neutron diffraction technique [22]. A. Kundu et al. has 
conducted a typical study of residual stresses on the butt welded plates of P91steel by neutron diffraction technique and the 
maximum tensile stress is observed in HAZ with longitudinal direction [23]. An interesting study has been conducted by 
Venkata et al. to understand the effects of post weld heat treatment on the residual stresses of the butt welded P91plates 
through simulation and neutron diffraction technique. Residual stresses in the plates are found to be influenced by the time 
and the constant temperature at which the specimens are held during heat treatment process [24]. It is observed in a 
comparative study on residual stresses between P91 and austenite steel plates that the peak of tensile stresses exists at 10 
mm distance from weld center line of butt welded P91plates [25]. Another motivating study has been carried out by 
V.Maduraimuthu et al.on the two types of welded joints in P91 plates, developed by the conventional TIG and TIG with 
activated flux. A high magnitude of compressive stresses with a peak of about 270MPa is reported in the WZ of the joint with 
activated flux [26]. The phenomenon of residual stress in the pipe-joint of P91 steel may be attributed to the tourniquet effect 
due to the shrinkage in circumferential region while the development of residual stresses in the butt welded plates does not 
exhibit the same effect due to the dissimilarities in the nature of joint and the same is elaborated later in section 4.4 [27] . 

In the context of the mentioned literature, it reveals that the microstructural changes with respect to welding heat input 
in WZ and HAZ of P-91 steel are a very relevant study. It also appears that such changes greatly affect the residual stress 
characteristics and macro-hardness in the weldment of modified 9Cr-1Mo steel. However, to date, this type of study is not 
performed to relate the influence of variation of heat input on stress characteristics and macro-hardness. In the practical field, 
it bears a significant role. Hence the investigation is carried out on submerged arc welded P-91 steel plates to examine the 
influences of microstructural evolution on the residual stresses and macro-hardness. 

2. Experimental Procedure 
Modified 9Cr-1Mo (P-91) steel has been chosen in this investigation as base metal and the desired samples of 150mm x 

150mm x 10mm of square butt-joint are made having a 3mm root gap to perform the welding as shown in Figure 1.The 
submerged arc welding machine is used for the welding of prepared samples of P-91 steel plates. Preheat is done on both the 
specimen of P-91steel at a temperature 200-250°C for a period of 1hour in a muffle furnace and subsequent post-weld heat 
treatment (PWHT) is performed at 760°C for 3 h with cooling up to room temperature in the furnace to achieve desired 
properties. 

The type of electrode used in the welding operation is AWS.SFA. 5.23 EB9 with 3.15mm diameter and the commercial 
flux used for the welding process is MAX flux SAF12. Table 1 shows the different constituents present in the P-91 steel plates 
and consumable wire as obtained through chemical analysis. 

Table 1. Chemical composition (wt%) of Base metal and filler wire. 

Element C Mn P S Cr Ni Mo V Nb Al 
P91 0.098 0.5 0.006 0.005 9.164 0.225 0.912 0.226 0.105 0.023 

P91 wire 0.102 0.432 0.014 0.006 8.985 0.221 0.845 0.210 0.087 0.015 
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Figure 1. SAW- experimental setup and schematic presentation of the welded specimen(dimensions are in mm). 

The specimens of P-91 steel are butt-welded using two heat input of 2040J/mm and 2497.5 J/mm, marked as H1 and H2 
respectively. The heat input values are derived from the following governing equation of heat generation of submerged arc 
welding process with the process parameters as depicted in Table 2. 

ηVIQ
S

=  (1) 

Where Q is the amount of heat input (J/mm), η  is the heat transfer efficiency, V relates to welding voltage (V), I indicates 
welding current (A) and S relates to welding speed (mm/s). 

Table 2. SAW process parameters. 

Parameters Values 
Standoff distance 26mm, 28mm 

Welding speed 6mm/s, 7.5mm/s 
Voltage 37V, 34V 
Current 450A, 500A 

The thermocouples are used (K-type) on the upper surfaces of the samples to get the temperature profile of the weld 
thermal cycle through a data logger. Specimens of 20mm x 20mm x10mm are cut by wire electro-discharge machining 
(WEDM) and polished by different grades of emery paper followed by a fine finishing process using diamond paste on a selvyt 
cloth. Finally, the surfaces are prepared for microstructural analysis using an etchant called Villella – reagent (90 ml ethanol, 
2gr picric acid, 5 ml HCl). Field emission scanning electron microscope (FESEM-Sigma 300) and energy dispersive X-ray (EDX) 
spectroscopy are used for the study of grain matrix. The macrograph of the selected part of the specimen is developed using 
stereo zoom microscope to identify clearly the WZ and HAZ boundaries in the weldment. 

Hardness testing is performed across the weldment on a Vickers hardness testing machine following ASTM E 384-11e [8] 
with a constant load of 1kg, keeping 10s as dwell time. 

3. Measurement of Welding Residual Stress 

3.1. Experimental method 
The non-destructive X-ray diffraction method is used to measure the welding residual stress at different locations nearly 

on the surfaces (at 5 to 8 microns depth) of the butt welded P-91 plates. The fundamental of this measurement process is 
based on the analysis of diffraction of the incident ray due to the distorted lattice structure of the stressed area following 
Bragg’s law given in the Equation 2. 

hkl2d Sin   nθ λ=  (2) 

Where dhkl represents inter planner distance with Miller indices (hkl), θ is the measurement of Bragg’s angle, n indicates the 
order of diffraction (n= 1,2,3…) and λ is the wavelength of X-rays. 
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The complete system consists of a light-emitting source with a detector to capture a limited part of diffracted X-rays. The X-
rays are allowed to fall on the specimen at the area of interest and the values of diffraction angles are used to analyze the residual 
stresses. In the present study, residual stress measurement on welded samples of P-91 steel plates is done by the ‘XSTRESS 3000’ 
system with the modified d (sin2ψ) method, where the following parameters are considered as shown in Table 3. 

Table 3. Parameters related with XRD measurement of stress. 

Parameters Measurement consideration 
Radiation Cr-Kα 

2θ 156.40 
Spot size 2mm 

Exposure time 20s, 4/4 tilts, -40/400(ψ angles) 
Young’s Modulus 211000MPa 

Poisson ratio 0.31 

The modified d (sin2ψ) method is based on the conventional sin2ψ approach having the following relationship [28]. 

2 2 2dαψ  do  1 ν 1 ν 2ν cos  sin sin  
do E E E

σ α ψ σ α σ− + +
= + −  (3) 

In the stated equation (Equation 3), dαψ presents the inter planner distance at the inclination ψ, do is the lattice spacing 
of unstressed area, ν and E are the Poisson ratio and Young’s Modulus respectively. The P91material is assumed to be isotropic 
in nature where Ehkl = E and νhkl = ν. The variation in the lattice spacing indicates the induced strain in the sample from which 
the stress values are derived. 

X-ray diffraction measurement technique reveals the magnitude of two principal stresses against two heat input which 
are discussed with relevant characteristics under “Results and discussion”. 

4. Results and Discussion 
Both microstructural and mechanical characterizations of the welded specimen of P91 steel are carried out. The 

measurement of residual stresses and analysis of the same are also performed in this study. A suitable co-relationship has 
been developed among the microstructural changes, residual stresses, and mechanical properties. 

4.1. Microstructural analysis 
The microstructural evolution of the specimen is examined in order to find out the probable phase changes in a different 

part of the weldment as well as subsequent influences on the residual stresses and macro-hardness. SEM micrograph of 9Cr-
1Mo base metal (Figure 2) shows the presence of a fully tempered martensite structure with finely dispersed precipitates of 
carbides, M23C6 (M=Cr, Fe, Mo) and carbo-nitrides, MX (M=V, Nb & X=N, C) around the grain boundaries. EDX spectrum of the 
base metal (Figure 2) has been taken at the selected places of accumulation of precipitates around the grain boundary derived 
through the SEM-images [14]. The presence of C in the spectrum indicates the formation of carbides in the accumulation 
which are formed during tempering at a temperature below Ac1, after normalizing treatment. 

 
Figure 2. Base metal microstructure and EDX study of carbides. 
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The microstructural changes in the post-weld heat treated (PWHT) welded specimen show (Figure 3) the significant 
growth of different grain matrix in WZ. The martensite formation is observed in the WZ along with ferritic structure. The 
formation of δ-ferrite in WZ is partially observed in a discrete orientation with the accumulation of precipitates at the grain 
boundaries having heterogeneous sizes and morphologies with both the heat input. As a result of rapid cooling during welding, 
some of the δ-ferrite is retained in the microstructure causing a detrimental effect on creep strength and fracture toughness [15]. 
M. Abd El-Rahman et al. has conducted an extensive study on P91microstrure and reports that δ-ferrite fraction increases due 
to heat input up to a certain value, less than 1.15KJ/mm [29]. Beyond this heat input, δ-ferrite fraction decreases with the 
subsequent addition of heat in the weld pool. 

 
Figure 3. Optical micrograph of weld zone at different heat input condition. 

The HAZ is critically identified with three possible different zones (Figure 4) and a decreasing trend in the density of 
precipitates is noted across the HAZ. It is worthy to mention that CGHAZ experiences the temperature far above the Ac3 which 
enhances the complete dissolution of precipitates and promotes the maxium austenite grain growth in this region. Due to the 
development of higher temperature in CGHAZ, the carbon atoms are diffused from ICHAZ to CGHAZ and the diffusion-rate may 
be accelerated with the rise in peak temperature [30]. 

FGHAZ, the grain refinement zone, reaches the temperature just above the Ac3where softer martensitic formation takes 
place. The refinement of grains takes place through re-crystallization and pinning effect on austenites. Some precipitates, 
mainly carbides, are not fully dissolved in this region and hence, the growth of austenites is restricted to form relatively 
smaller and finer grains. 

The ICHAZ shows the typical softening effect where peak temperature reaches above Ac1 but below the Ac3. In this 
region, ferrite is partially transformed into austenite on heating which is found to nucleate around lath-martensitic [29]. ICHAZ 
is the relatively softer zone in 9Cr-1MoVNb steel where type-IV cracking takes place due to creep exposure. The occurrence of 
such failure may be interrelated with the development of creep-cavities caused by the presence of coarser precipitates 
ofM23C6 in ICHAZ with subsequently enhanced precipitation of Z-phase, a typical Cr(V, Nb)N formation [11,31]. 

In the consequence of grain growth and subsequent grain refinement in HAZ, the average size of previous austenite 
grains for CGHAZ, FGHAZ, and ICHAZ are found in descending order which are measured by adopting linear intercept 
methodology conforming to ASTM E112 [9]and presented in Table 4 [9]. 

Table 4. Average grain sizes and phases in HAZ. 

Heat input CGHAZ FGHAZ ICHAZ 
2040J/mm 11.3±.69 µm 10.5±.53 µm 9.8±.71 µm 

2497.5 J/mm 11.7 ±.57 µm 11.1±.62 µm 10.3±.48 µm 

Phases Tempered Martensite Soft and slit martensite Untempered and over tempered 
martensite 

CGHAZ- coarse grain heat affected zone, FGHAZ- fine grain heat affected zone, ICHAZ- intercritical heat affected zone. 
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Figure 4. Optical micrograph of HAZ with low and high heat input conditions. 

4.2. Weldment characterization 

Figure 5 depicts the optical macrograph of the weldment of both the specimen after the heat treatment. The weld zone 
and HAZ in the two specimens are found to be influenced by the process parameters of SAW owing to variation in heat input 
and significant differences in weld bead characteristics are observed. The bead width seems to be slightly wider on the upper 
side having a small conical bead profile at the bottom with low heat input condition. The bead profile with high heat input 
shows a typical conical reinforcement on the top and bottom surfaces. This may happen due to the deposition of more molten 
weld metal in WZ with high heat flux and arc force which is generated in the region with relatively low welding speed. A larger 
HAZ is observed in the specimen with higher heat input. The profile of WZ through depth reflects almost axisymmetric 
curvature in both the specimen which has an influence on the distribution of residual stresses and addressed later. 
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Figure 5. Macrograph of the welded specimen (a) low heat input; (b) high heat input(1- CGHAZ, 2-FGHAZ, 3-ICHAZ). 

4.3. Thermal profiles of the weldment 

Figure 6 shows the time vs temperature relationship in the form of a curve as obtained near the FZ through 
thermocouple from the specimen of P91steel. The peak temperatures are recorded as 943°C and 857°Cin case of high and low 
heat input respectively which shows a deviation of ± 4%with theoretical predictions. The critical cooling time(Δt8/5) shows 31s 
and 26s with a cooling rate 9.67°C/s and 11.53°C/s correspondingly as derived from the curve against two specific conditions. 
The CCT diagram (Figure 7) reflects the phases likely to be developed through continuous cooling where cooling rates like 
9.67°C/s and 11.53°C/s indicate the substantial presence of martensite as prominent phases. However, it is difficult to get the 
deterministic idea from the CCT diagram regarding the partial or other modes of dissolution of precipitates (carbides, 
carbonitrides etc.) in the grain-matrix. In spite of the fact that the temperature range related to the peritectic zone of reaction 
(L+δ = γ) is above the range of critical temperature, still, the Δt8/5may be regarded as an indicator of detained δ-ferrite as 
process outcome. Conceptionally, the austenite cooling at a faster rate may not be able to develop γ-phase homogeneously 
through diffusion which can be predicted from the trailing part of the curve underΔt8/5 and the same is verified alternatively on 
the basis of heat input [29]. It is observed that the difference in the values ofΔt8/5with both the heat input indicates the higher 
cooling rate with low heat input. Interestingly, both the cooling rates indicate the same type of phases as shown in the CCT 
diagram related to the microstructural evolution in this region. 

 

Figure 6. Time vs temperature plot with two heat inputs. 
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Figure 7. CCT diagram of P91 steel [32]. 

4.4. Residual stress 

Figure 8 shows the distribution of welding residual stresses with respect to the welding direction, identified as the 
longitudinal and transverse component, measured by the X-ray diffraction method at weld zone (WZ), heat affected zone 
(HAZ) and base metal (BM) on the welded specimen of P-91 steel with two different heat inputs. The longitudinal stress 
profiles (σx) exhibit the compressive stresses about 118.5 MPa and 142.4 MPa in the weld zone for two heat input. 
Welded plates with higher heat input (2497.5 J/mm) shows the less compressive stresses to be developed in WZ in 
comparison with low heat input (2040 J/mm) specimen. Basically, the tempered martensite in P91 steel is transformed 
into austenite during heating which is supposed to be happened between the temperature range of A1(820°C) and 
A3(920°C) [10]. Such type of austenitic transformation causes a reduction in volume due to the inherent property of the 
change in crystallographic-structure [33]. During rapid cooling of the same, at a specific range of low temperature, 
austenite transforms to martensite and volume of the material increases [10,33]. The displacive mode of martensite 
transformation at low temperature shows more significant influence on compressive stresses than austenite transformation as 
the later one happens at higher temperature where mechanical properties are essentially weaker [10,33]. Moreover, the 
cooling rate in the weld thermal cycle with different heat input influences the martensite formation and the less heat 
input (2040 J/mm) promotes the more martensitic structure. The effect of such phase transformation on the residual 
stresses at the low-temperature range is critically explained by Silva et al. and Yaghi et al. in two separate studies [10,34]. 

 
Figure 8. Residual stress distribution from weld centerline. 
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Residual stress profiles of the transverse component (σy) show the lower values of compressive stresses in both the 
specimen. The maximum magnitudes of compressive stresses of 69.7MPa & 87.5MPa are observed in the weld zone. With 
both the heat input, the tensile stresses are detected near the boundary of CGHAZ with WZ which seems to alter its nature 
from tensile to compressive at the end of HAZ. The partial dissolution of precipitates and the development of transformed 
softer, slit martensite may be attributed to such occurrence of stress alteration. 

 

Figure 9. Layer formation with grids for two specimen. 

Layer analysis by the grid-formation of the weld zone (Figure 9) may adhere to the development of residual stresses 
through which a comprehensive assumption can be done on the nature of stresses to be distributed on the surfaces of the 
plate as well as through depth in P91 plates. It appears from the figure (Figure 9) that the upper layer width of FZ (layer 1) is 
more than that of the middle layer (layer 2) in both the specimen. It confirms that the area pertaining to the distribution of 
compressive stresses in layer 1 is larger than layer 2 and the same can be compared to layer 3. However, this is an 
approximated analytical approach to predict the nature of stress distribution which can be performed with more accuracy 
increasing the number of grids (nij=1,2,3…kij) where nij indicates the grid-number in rows and column, kij relates to any positive 
integer considered accordingly for rows and column. The suitable matrix thus developed may be related to FEA and the 
outcome regarding the nature of stress-distribution can be verified by adopting a suitable measurement process, like an 
incremental hole drilling method, where stresses at each layer can be experimentally evaluated. The position of the holes 
accordingly can be selected on the surface for through-depth analysis (Z-axis) of residual stresses in P91 plates from the grids 
of the macrograph. 

Conforming to layer analysis, it is observed from the stress profiles that the central part of the fusion zone experiences 
the maximum compressive stresses with both the heat input which decreases up to the further extent of the WZ on both 
sides. A part of HAZ reflects the presence of tensile stresses and the magnitude of tensile stresses are observed to be more 
than compressive stresses (Figure 8). It is worthy to mention that a small part of the base metal near to ICHAZ exhibits the 
typical presence of a compressive type of residual stresses with low magnitudes in both the specimen. 

4.5. Hardness analysis 

Figure 10 represents the macro-hardness profiles of the P-91 steel specimen with two heat inputs on the transverse 
section of the weldment. In both cases, the maximum hardness is observed in WZ and a subsequent decrease in 
hardness values is recorded in CGHAZ, FGHAZ, and ICHAZ respectively. As the martensite formation decreases with an 
increase in heat input, the hardness profile indicates the less hardness values in the range of 287 HV to 310HV in FZ with 
higher input compared to 306 HV to 320 HV with low heat input. The phenomenon of increased hardness in fusion zone 
may be interrelated to the tempered martensitic structure as a consequence of austenite cooling in WZ with the 
formation of two possible precipitates like M23C6 and MX at the grain boundaries. Further, the dissolution of precipitates 
in the solid solution, specially carbides, either partially or fully, increases the content of carbon and an increased amount 
of carbon concretation in CGHAZ leads to the harder martensite formation as compared to FGHAZ and ICHAZ. Hence, 
FGHAZ shows a decrease in hardness values due to the partial dissolution of formed precipitates and the formation of 
low carbon softer martensite from the fine-grained austenitic structure in this region. The ICHAZ exhibits the least 
hardness values owing to the softening effect of this part which can be rationalized from the viewpoint of the less 
precipitation effect. Mansilla Yanet et al. relates the minimum hardness in ICHAZ with the decrease in the precipitation 
density in P-91 steel specimen [35]. 
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Figure 10. Hardness profile of weldment. 

4.6. Correlation among microstructure, residual stress, and hardness 

The heterogeneous nature of martensite formation, temperature dependent influence of precipitates and involvent of 
other variables, strongly affect the variation in residual stresses and hardness of P91 steel. Figure 8 and Figure 10 depict the 
fact that the higher magnitudes of compressive stresses and the maximum hardness values are observed in the WZ of both 
the specimen of P91 steel plates. The successive development of mainly martensite layers generates the higher magnitudes 
of compressive stresses in WZ where maximum hardness values are observed. In fact, from the figures, there is no 
significant relationship found between the stress characteristics and the macro-hardness throughout the length of HAZ. 
However, a diminishing nature of compressive stresses followed by a high tensile stress is observed in HAZ whilst a non-
linear decreasing trend in hardness is noted in the same region. The effect of grain coarsening and refinement have a major 
contribution to influence the hardness profile in HAZ [14,27]. The presence of tensile stresses in the ICHAZ comprising of 
low hardness values and type-IV failure through creep rupture are correlated with the viewpoint of accelerated 
deterioration of creep behavior through the initiation of creep-cavity in the affected region [36]. An insignificant part of BM 
near the ICHAZ which is over tempered in true nature shows the presence of very small magnitudes of compressive stresses 
as well as low hardness values. 

4.7. Mutual numerical characterization of the structural phenomenon 

Conceptually, the progressive formation of martensite through rapid austenite cooling generates maximum 
volumetric strain (εvol) at the central part of the weld zone due to which this area experiences the maximum compressive 
stresses. At the same time, WZ experiences the optimal range of hardness. The sense of equilibrium in the structure is 
maintained by tensile residual stresses generated in the nearby area, particularly in FGHAZ and ICHAZ. The effect of 
martensitic transformation on related volume change (Δv) is critically represented by a deterministic type of relationship 
to avoid complexity in the calculation as shown in Figure 11. As the rate of carbon diffusion is not uniform during cooling 
and hence, unorthodox multidirectional type martensite is formed as a metastable phase. The stochastic nature of 
assumption for such a phenomenon may be made within a range of possible considerations of dimensions based on a 
suitable matrix to achieve better accuracy for dimensional analysis. The optimal size of martensite may be approximated 
from the equation [Gopt] = [Gave] [GT]. Here, [Gopt] relates to the optimal martensite dimension matrix, [Gave] indicates the 
average grain dimension matrix and [GT] indicates the related transformation matrix. The possible average 
transformations of martensite at different directions may be taken into consideration under[GT]. The outcome may be 
used for modeling of martensite structure with better accuracy against a particular range of heat input. Figure 8 
explicitly indicates the presence of high compressive stresses with longitudinal (σx) and transverse (σy) component at the 
weld center line and an increase in 62.85% and 70.01% are observed in compressive stresses in longitudinal (σx) 
component with respect to transverse (σy) component with low and high input respectively. Interestingly, average 
hardness has been found to increase about 58±4% in WZ with respect to the base metal. The linear dimension of average 
grain size exhibits higher value in FZ. It is observed that a decreasing trend exists in tensile stresses about 21% and 
32.4%with longitudinal (σx) and transverse (σy) component with low heat input in FGHAZ and ICHAZ. The same trend is 
seen with high heat input where tensile stresses have decreased by about 22.87% and 29.89% with longitudinal (σx) and 
transverse (σy) component respectively. 
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Figure 11. Effect of volume change for martensitic transformation [10]. 

5. Conclusions 
In this study, the microstructural analysis of P-91 steel and its subsequent influence on the measured stress 

characteristics and hardness profiles are examined with the following important observations. 
• The base metal microstructure of P91plates reveals the presence of martensitic matrix and the EDX study on the 

accumulation at the grain boundaries shows the presence of precipitates of carbides; 
• The patches of δ-ferrite are observed in WZ with the both heat input. The increase in heat input from 2040 J/mm to 

2497.5 J/mm shows the approximated 3.53%, 5.71% and 5.1% increase in average grain sizes in CGHAZ, FGHAZ and 
ICHAZ respectively in the weldment of P91; 

• The conical bead geometry at the top and bottom surfaces of P91 plates is observed with higher heat input in spite of 
having relatively less current of 450A. Due to having comparatively low welding speed, the volume of weld pool 
generated per unit time with the longer duration of arc force may develop such bead geometry; 

• The longitudinal stress profiles exhibit higher tensile stresses and compressive stresses in both the specimen. An 
increase of 20.16% in compressive stresses at weld centerline is observed with less heat input where a variation of 
11.4% and 7.02% in tensile stresses are recorded with low and high input conditions; 

• Hardness profiles show a decreasing trend of macro hardness from WZ to ICHAZ in both the specimen and an increase 
in the values of macro-hardness are critically noted as approximately 6.62%in WZ due to variation in heat input. The 
soft zone related to ICHAZ might be susceptible to type-IV cracking under the influence of tensile stresses. High 
compressive stress magnitudes in WZ are correlated with high hardness values and larger grain sizes. The specimen 
with high heat input exhibit lower hardness and less compressive stresses in WZ. 
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