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The paper deals with the measurement of the residual stresses in P91 welded pipe using the

blind hole drilling technique. The P91 pipe weld joints were prepared using gas tungsten arc

welding process. The residual stress measurement was carried out using the strain gauge

rosette that was associated with the plastic deformation of material and stress concentra-

tion effect of multi-point cutting tool. Strain gauge response was estimated experimentally

using the tensile testing for the uniaxial loading while finite element analysis was performed

for biaxial loading. Gas tungsten arc welds joint was prepared for conventional V-groove and

narrow groove design. The corrective formulation was developed for calculating the cor-

rected value of residual stresses from the experimentally obtained strain value. The

corrected and experimental induced residual stresses values as per ASTM E837-13 were

calculated for both V-groove and narrow groove design. Post weld heat treatment (PWHT) of

P91 welded pipe was also conducted to study their effect on residual stresses.
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1. Introduction

To overcome the CO2 emission and lead to endeavors to
improve the thermal efficiency of power plants, creep strength
enhanced ferritic (CSEF) steels are selected as the candidate
material for high temperature operating power plant compo-
nents [1,2]. CSEF steels have been considered as superior
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material over austenitic stainless steel due to its attractive
thermo-physical and mechanical properties [3–5]. The com-
monly used CSEF steels are P9, P91, and P92.

However, for long-term creep exposure the lower creep
rupture life of P91 welds joint as compared to 'as-received'
base metal is a serious issue [6]. The residual stresses, weld
microstructure and diffusible hydrogen present in deposited
metal are the main parameters which affect the weldability of
fme@gmail.com (M.M. Mahapatra), kumarfme@gmail.com
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Fig. 1 – Schematic evolution of essential condition that
affects weldability.

Fig. 2 – Schematic diagram of volume change during heating
and cooling cycle of P91 weldments.
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P91 steel. The residual stress and microstructure of P91 steel
weldment can be controlled by using the proper PWHT as
suggested by the researchers [2,7], but the hydrogen induced
cracking (HIC) in P91 steel weld is a serious problem [8]. A
combined effect of sensitive microstructure, high residual
stress and sufficient level of hydrogen on HIC is shown in Fig. 1.
Joining of structural component, piping and pressure vessels
used in nuclear, thermal fertilizer and chemical power
industries are generally carried out by the welding process
that results in residual stress, shrinkage stress and distortion
at remarkable level [9,10]. In welding process, the localized
heating and cooling leads to the formation of complex residual
stress and distortion may result in catastrophic failure of
welded joint. Localized heating and cooling of base, solidifica-
tion shrinkage of weld, internal constraint, external constraint
like tacking, and phase transformation result in formation of
residual stresses and distortion [11,12]. Compared to the weld
structure, size of weld pool is very small and expansion and
contraction of the weld during the weld thermal cycle is
prevented by the adjacent base metal. During the heating
cycle, expansion of heated zone leads to the formation of
compressive residual stress and cooling cycle results in
shrinkage which is prevented by the base metal. After the
cooling, shrinkage resistance cause the formation of tensile
residual stress in weld zone which is balanced with compres-
sive residual stress of base metal [12].

2. Literature survey

Cottam et al. [11] studied the effect of both type of phase
transformation on stress formation. They had reported that
the martensitic transformation is more complex and help to
reduce the magnitude of residual stress in transformed zone.
During cooling process, transformation of austenite to
martensite results in BCT structure formation that leads to
increase in volume, as shown in Fig. 2 [13]. It has been reported
that the precipitation process can reduce residual stress
through load sharing. The effect of the martensite transfor-
mation is slightly more complex and acts to reduce the
residual stress level in the transformed region. The inflection
in the residual stress level just beyond the processing interface
was attributed to point at which the martensitic transforma-
tion ceases resulting in an increase in the observed stress
levels in the adjacent untransformed region. The increase the
volume of transformed martensite reduces tensile residual
stress levels and moves the location of the peak residual stress
deeper into the substrate, which may be beneficial to the
service life of a component.

A lot of work have been performed related to study of effect
of welding process, groove geometry, welding parameters, and
number of welding passes on shrinkage and shrinkage stress
in pipe and plate weldments. Ghosh et al. [14] performed an
analytical study on shrinkage stress mode, magnitude and
distribution in different quadrants of GMAW and pulse GMAW
welded pipe for different weld groove designs. The mode and
magnitude of shrinkage stress in different quadrant was
observed to be non-uniform and varied as a function of
welding process, parameters and groove geometry. Pulse
GMAW process has resulted in lower magnitude and uniform
distribution of transverse shrinkage stress compared to
GMAW. Higher the heat input during the welding process
has resulted in higher magnitude of transverse shrinkage
stress. For constant heat input, narrow groove design
produced the lower shrinkage stress compared to convention-
al groove design. The multi-pass welding, the weld metal is
subjected to localized solidification shrinkage [15]. The
repetitive influence of thermal cycle from subsequent weld
passes affects the development of stress in weld groove upto
certain extent, and finally it causes a continuous change in
groove design and groove area with every weld passes [16]. The
change in groove size with subsequent pass results in groove
angle variation and it will not be uniform at all location in each
quadrant of pipe. The change in groove size and groove area
was observed to be more in the case of V-groove weld design
than narrow-groove [22] and this occurred due to less weld
metal deposition in narrow groove. Ghosh et al. [17] studied
the effect of Pulse GMAW and GMAW process on transverse
shrinkage stress and distortion of thick butt welded plate.
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It was observed that use of pulse GMAW produced low
shrinkage stress, bending stress, and distortion compared to
GMAW process. For given heat input, narrow groove weld
design produced the lower stresses and distortion compared to
V groove design but too much narrow groove was resulted in
higher bending stress. For narrow groove weld design with
pulse GMAW, about 35–45% reduction in transverse shrinkage
was reported compared to conventional V groove pulse GMAW
and SMAW [18]. Number of works have also reported related to
3D finite element (FE) simulation of residual stress and
distortion. Yaghi et al. [19] performed a comparative study
between numerically and experimentally evaluated residual
stress value for P91 pipe weldments and showed a good
agreements between the results. The residual stresses at
outer surface was measured using X-ray diffraction while
inner surface residual stress measurement performed using
deep-hole drilling technique. Paddea et al. [7] performed an
experimental study to measure the residual stress distribution
in P91 girth pipe weldment and also study the effect of PWHT
on their magnitude and distribution. The boundary of HAZ and
base metal (IC-HAZ) showed the maximum tensile residual
stress value about 600 MPa. The maximum tensile hydrostatic
stress (400 MPa) was also observed near the vicinity of HAZ.
The PWHT was resulted in considerable lowering in residual
tensile stress (about 24% of yield strength of base metal) and
hydrostatic stress (50 MPa). The compressive residual stress
was reported in weld fusion zone near the final weld pass.
Venkata et al. [20] studied the effect of PWHT on residual stress
distribution in electron beam welded P91 plate. Kim et al. [21]
predicted the residual stress distribution in P91 welded
structure by using the neutron diffraction technique and to
enhance the quality of results, the experimental results fairly
matched with the numerical results obtained from FE
simulation. Welding sequence have observed a great influence
on residual deformation. Sattari-Far and Javadi [22] studied the
welding sequence effect on distortion in pipe-pipe butt joints.
The experimental results were validated with numerically
obtained value. Welding leads the diametrical variation in pipe
that mainly depend on the welding sequence. The diametrical
variation in welding section was observed to be decreased
(negative) and became zero at some distance away from the
welding section and afterwards increased. Deng et al. [15]
performed the residual stress estimation in multi-pass butt-
welded thick pipe by strain gauge method and the experimen-
tally observed residual stress value matched with numerically
obtained residual stress value from 2-D axi-symmetric FE
model. Procter and Beaney [23] had studied the residual stress
measurement using the hole drilling method. At the initial
stage of the work, the stress measurement was performed
using the mechanical method and reported that no addition
stresses are inducing during the drilling process. The plastic
yielding was reported at the edge of hole in yield stress range of
0.25–0.5. The plasticity results in the error as the level of
applied stresses increased above 60 percent of the yield
strength of the material. In steel specimen, the plasticity error
estimation was reported about 10–30 percent when induced
residual stresses lead to the 70 percent of yield strength of
work material [24]. Zhou and Rao had worked on the error
analysis in the residual stress measurement by hole drilling
technique [25]. It was concluded that error can be accepted
when one of the strain gauge is used as a dummy point. Lin
and Chou [26] reported the plasticity error in hole drilling
process for the SS 304 austenitic steel, low carbon steel and Al
5052 aluminum alloy. It was reported that error can be
neglected in case of the residual stress less than 65 percent of
yield stress while the error was in the range of 32–47 percent at
the 95 percent of yield stress of the material. For the plane
stress biaxial state of stress, the plasticity error in residual
stress measurement was reported by the Gibmeier et al. [27]. It
was reported that the local plastic deformation during the hole
drilling led to the high relief of strain that results in over
estimation of the residual stresses. Vangi and Tellini had
studied the effect of the parameters such as loading,
geometrical and material on the measurement of residual
stresses by the hole drilling technique [28]. In welded sample,
the plasticity error in residual stress measurement was
studied by the Moharami and Sattari-Far [29]. They studied
the plasticity error by performing the uniaxial tensile experi-
ments with pre existing hole and extended the work in their
numerical modeling for biaxial stress state for the different
material and loading combinations.

A detailed study on the effect of weld groove geometry on
transverse shrinkage stress and residual stress of P91 pipe
welds have not been observed in the literature review. The
plasticity error estimation in blind hole drilling technique has
also not been reported for the P91 steel.

From literature it has been noticed that the milling tool is
generally used for the measurement of residual stresses in blind
hole drilling which is generally affected by the wear and tear. In
present work, effort has been made to study the effect of
plasticity and stress concentration error on residual stress
measurement by blind hole drilling technique. The strain gauge
rosette of diameter 2.0 mm was used. Initially the calibration of
the rosettes were performed using the uniaxial loading. For
biaxial loading, 3-D finite element (FE) method was applied.
Correlations were developed based on the output of finite
element and regression model which was further utilized in
residual stress calculation in P91 welded pipe.

3. Experimental details

3.1. Groove design and welding process parameters

Experimental setup for pipe welding, groove design for pipes,
grooved P91 pipe, welded P91 pipe and welding process
parameters are discussed in previous work [30]. The as-
received P91 pipe was used for the experimental work. The P91
pipe was received in normalized and tempered condition.
The normalizing is performed to develop untempered lath
martensitic microstructure with negligible precipitates [31]
however, some fine Nb-rich MX precipitates remain in the
microstructure [32]. The tempering was performed to over-
come the brittleness and evolution of new V and Nb-rich MX
and Fe, Mo and Cr-rich M23C6 precipitates [33]. The schematic
of the microstructure evolution in normalizing and after the
tempering is shown in Fig. 3 [34,35]. In the present investiga-
tion, for the purpose of GTAW of P91 steel, AWSER90S-B9
(9CrMoV-N) filler wire was selected. The chemical composi-
tions of the filler wire and base metal are given in Table 1. For



Fig. 3 – Schematic of microstructure evolution in normalized and tempered condition of P91 steel.

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

Element Chemical composition (%)

C Mn P S Si Cr Mo V N Ni Cu Nb Ti Fe

Base metal 0.12 0.54 <0.02 0.01 0.27 8.48 0.95 0.24 <0.02 0.35 0.05 0.05 0.01 Bal.
Filler metal 0.12 0.50 <0.002 – 0.30 9.0 0.90 0.20 0.02 0.50 – 0.05 <0.002 Bal.

Fig. 4 – (a) Grooved pipe, (b) V-groove and narrow groove design, (c) welding set-up with welded pipe.

a r c h i v e s o f c i v i l a n d m e c h a n i c a l e n g i n e e r i n g 1 8 ( 2 0 1 8 ) 1 0 0 0 – 1 0 1 1 1003
experimental work, P91 pipe having 11 mm thickness and
60.3 mm outer diameter was selected. The welding set-up,
grooved pipe and pipe after welding are shown in Fig. 4. The
schematic of weld passes arrangement for V-groove and
narrow-groove pipe welds are shown in Fig. 5(a) and (b),
respectively. The welding process parameters are depicted in
Table 2. To maintain the linear travel speed of 2.11 mm/s
during the filling pass, a stepper-motor controlled fixture was
used. The preheat temperature of 150 8C and interpass
temperature in the range of 150–250 8C were selected. For
the shielding purpose, pure argon gas was used with a flow
rate of 15 l/min.
3.2. Plasticity error and measurement of residual stresses
in welded pipe

To measure the residual stress in pipe weldments, blind hole
drilling technique was utilized using strain gauge rosette.
Plasticity effect was also considered during the hole drilling
process that might be lead to local yielding of the drilled hole
boundary. To study the plasticity error estimation, P91 plates are
selected. The as-received material properties are given in Table3.
To study the error estimation for residual stress measurement,
the hole diameter of 2 mm was selected. The strain rosette,
drilled hole diameter and depth are shown in Table 4.



Fig. 5 – Schematic of weld passes: (a) V-groove, (b) narrow-groove.

Table 2 – Welding process parameter [36].

No. of passes Welding current
(amp)

Arc voltage
(V)

Travel speed
(mm/s)

Welding current
(amp)

Arc voltage
(V)

Travel speed
(mm/s)

Conventional V-groove Narrow-groove

Rot pass 105–115 12 1.47 105–115 12 1.47
1 110–115 12–14 2.11 110–115 12–15 2.11
2 120–125 12–15 2.11 110–115 12–15 2.11
3 118–124 14–16 2.11 112–120 14–16 2.11
4 120–123 12–14 2.11 118–124 15–18 2.11
5 110–115 18–20 2.11 118–124 14–18 2.11
6 112–120 14–16 2.11 115–120 14–15 2.11
7 120–125 12–14 2.11 114–118 13–16 2.11
8 120–125 12–15 2.11 – – –

Table 3 – Mechanical properties of P91 steel plate in as-received state.

P91 steel Yield strength (MPa) Tensile strength (MPa) Elongation (%) Hardness (HV) Toughness (J)

475 715 21 248 200

Table 4 – Rosette type, drilled hole diameter and depth.

Material Strain rosette Drilled hole diameter (mm) Drilled hole depth (mm)

P91 steel FRS-2-11 2.0 2.0
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To estimate the calibration coefficient, a standard meth-
odology was opted and tensile specimens were prepared. A
cobalt-based end milling cutter was utilized to make a hole at
the center of strain rosette. The strain rosette was attached to
tensile specimen having 2 mm drilled hole diameter as shown
in Fig. 6(a). Along the direction of rosette element number 3,
two single element strain gauges (4 and 5) were attached.
Initially, load was applied in various steps up to the 90% of
yield strength of P91 steel, before drilling the hole. The strains
were recorded in each load steps by keeping the strain gauge
element 3 in loading direction. After that a blind hole of 2 mm
diameter were made at the center of strain rosette. After the
blind hole drilling, tensile load was applied again as per initial
process and strains were recorded. The tensile specimen used
for plasticity test is shown in Fig. 6(b).

To measure the residual stress in P91 welded pipe, blind
hole drilling technique was utilized as per ASTM E837-13a
[37,38]. The strain rosette is attached at the surface and make a
hole at the center of strain rosette to relieve the strains. The
drilling process is attributed to the stress relaxation around the
hole due to the material removal. The released strains are used
to calculate the residual stress. A hole of depth 2 mm and
diameter of 2 mm was drilled at the center of the strain rosette
by the end mill cutter and record the relaxed strain using the
data logger. In P91 welded pipe, residual stresses were
measured at the center of the weld and in HAZ. The set up
for hole drilling is shown in Fig. 7. The induced plasticity error
has been taken in to consideration in the evaluation of residual
stress. The post weld heat treatment (PWHT) effect on
mechanical properties have been reported in many of the
research work but the study of PWHT on effect of residual stress
have been observed in very few works [7,34,39,40]. According to
the ASME Boiler and Pressure Vessel Code SA-335 [41], PWHT for
P91 weldments recommended in temperature range of temper-
ature of 730–770 8C for 1 h, but American Welding Society
(AWS) suggests that PWHT should be carried out at 730–760 8C
for 1 h [42]. To achieve the appropriate weld toughness,
a Larson–Miller parameter 'P' ≥ 21 is desirable for the heat
treatment [7]. The Larson–Miller parameter P is given by;

P ¼ Kðlog t þ CÞ�10�3



Fig. 6 – Tensile specimen: (a) schematic (1, 2 & 3: strain rosette elements, 4 & 5: single element strain gauge) & (b) actual (all
dimensions in mm).

Fig. 7 – Residual stress measurement set up: (a) before drilling & (b) after drilling.
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where 'k' is the soak temperature in Kelvin, 't' is the holding
time in hours, and 'C' is the material specific constant. For the
value of C = 21, the PWHT temperature is calculated about
755 8C for 2–3 h. For industrial purpose, both AWS and ASME
recommended the post weld duration about 1 h. In present
work PWHT was performed at 760 8C for 2 h and study their
effect on the residual stresses as per reference [43].

4. Results and discussion

4.1. Plasticity error estimation in uniaxial loading

The magnitude and orientation of principle residual stress can
be estimated using Eqs. (1)–(3), as shown below [38]. The
maximum principle stress (smax) and minimum principle
stress (smin) were calculates using Eqs. (1) and (2), respectively;

smax ¼ e1 þ e3

4A
þ 1
4B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe3�e1Þ2 þ ðe3 þ e1�2e2Þ2

q
(1)

smin ¼ e1 þ e3

4A
þ 1
4B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe3�e1Þ2 þ ðe3 þ e1�2e2Þ2

q
(2)

tan 2a ¼ e3 þ e1�2e2
e3�e1

(3)
where e1, e2 and e3 are the strains readings of strain rosette
elements 1, 2 and 3, respectively. The angle between element 1
and minimum principle stress are presented by a. The sche-
matic of three element strain gauge rosette is shown in Fig. 8.

In Eqs. (1) and (2), calibration coefficient A and B stated are
calculated using Eqs. (4) and (5) [38]. The difference of strain
reading was calculated from tensile testing with and without
the hole in the strain rosette. The stress is applied in fraction of
the yield strength of the material. The difference of the strain
reading in principle direction of 1 and 3 before and after drill is
termed as e1 cal and e3 cal. The variations of coefficients A and B
with respect to the ratio of applied stress to yield strength of
work materials is depicted in Fig. 9(a). Eqs. (6) and (7) are used
to calculate the calibration coefficients a and b used in residual
stress measurement [38]. The average values of A and B are
presented in Table 5.

A ¼ e3 cal þ e1 cal

2sapp
(4)

B ¼ e3 cal�e1 cal

2sapp
(5)

A ¼ �ð1 þ mÞa
2E

(6)
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B ¼ � b
2E

(7)

To calculate the applied stress as per ASTM E837-13a [37,38],
strains reading (e1, e2 & e3) obtained from strain rosette were
utilized while the single element strain gauge is used to
calculate the applied stress away from the hole but within
gauge length.

Eq. (8) is used to estimate the error in uniaxial loading
direction.

Error ð%Þ ¼ ðsASTM�sappÞ
sapp

� 100 (8)

where sASTM is the stress calculated from (ASTM E837-13a) as
per the strain readings of strain rosette.

The error variation with respect to ratio of applied stress
and yield strength of work materials (sapp/sy) is presented in

Fig. 8 – Schematic of three element strain gauge rosette.
Fig. 9 – (a) Variation of calibration coefficient A and

Table 5 – Calibration Coefficients.

Material A (�10�13) B 

P91 steel �4.58 
Fig. 9(b). The induced error was observed to be increased with
increase in the ratio of applied stress to yield strength of
material. Hence it can be stated that in uniaxial loading, the
error value increases with higher applied stress. The error was
measured in range of 3–44 percent.

4.2. Error estimation for biaxial stress analysis

The % error value was observed to be increased with increase
in applied stress. The value obtained for uniaxial loading
might not be used for the multiiaxial loading. In P91 steel,
higher yield strength of material might be lead to high
residual stress. It is difficult to estimate the exact value of
plastic yielding magnitude around the blind hole. A 3-D
numerical modeling was performed to estimate the biaxial
state of stress. Fig. 10 shows the model and meshing for the
blind hole. Ansys program was used to make the 3-D model
and after that meshing was performed by selecting the 8 node
SOLID 185 element in ANSYS for structural stress analysis. A
3-D FE model with dimensions 20 mm � 20 mm � 5.6 mm
were prepared for the 2 mm blind hole geometry. For 2 mm
blind hole geometry, elements and nodes were 67012 and
35024, respectively.

Initially 2 mm hole was made and applied the uniaxial
loading as per experiments. As per experiments, for numerical
model the applied load value was increased gradually in along
the sample axis. The response of the nodes that falls under the
area of strain rosette elements have been measured and
estimate the average strain value. The estimated average
strain value obtained from the experiments was compared
with the uniaxial experimentally strain value. The strain value
obtained from the uniaxial tensile tests and from the Finite
element modeling showed a good agreement as given in
Table 6. In biaxial stress analysis, stresses were applied in both
directions and four stress ratio (SR), transverse to longitudinal
stress (sTapp/sLapp = 0.2, 0.6, 0.8 & 1) were used. For each stress
ratio, applied longitudinal stress (sLapp) was varied from 0.5sy to
sy. To estimate the correlations for calculation of residual stress
error estimations, the strain data obtained from the numerical
analysis was utilized. The correlation was developed for strain
gauge rosette having 2 mm hole diameters for P91 steel.
 B, (b) percentage error vs. applied stress ratio.

(�10�13) a b

�11.12 0.17 0.48



Fig. 10 – Meshed model for estimation of error in uniaxial
and biaxial loading.

Table 6 – Comparison of strain values (in microns).

Material Experimental Predicted

e1 e3 e1 e3

P91 steel (2 mm hole dia.) �267 745 �247 720
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In blind hole drilling method, three element strain rosette
used for the strain calculation is shown in Fig. 11. The strains
value (e1, e2 & e3) were calculated form the FE model by taking
the average of strain value at each nodes under the area of
gauge elements. The strains value were utilized to calculate
the longitudinal and transverse stress (sLastm & sTastm) based
on ASTM E837-13 [37]. The percentage error of stresses in
longitudinal and transverse directions are calculated using
Eqs. (9) and (10), respectively.

Error ð%Þ ¼ ðsLastm�sLappÞ
sLapp

� 100 (9)
Fig. 11 – Percentage error; (a) longitudin
Error ð%Þ ¼ ðsTastm�sTappÞ
sTapp

� 100 (10)

Fig. 11 shows the percentage errors for longitudinal and
transverse directions. The transverse error observed for stress
ration of 0.2 was much higher than other errors value
calculated for other stress ratio. It was observed that for
applied biaxial stress close to the yield strength of material,
longitudinal and transverse errors were lowest, as shown in
Fig. 11. Fig. 11 shows the measurement in the error in axial and
transverse direction for biaxial loading. The load is applied in
fraction of the yield strength of the material. As the applied
load approaches to the yield strength of the material, the error
in longitudinal direction tends to decrease while in transverse
direction tends to increase or almost remain constant. Further,
if the load applied in both the direction will be same then error
will also be high in both axial and transverse direction. When
load applied in transverse direction decreases as compared to
axial direction, the error will also decrees both in axial and
transverse direction. In order to make the relationship
between the corrected stress value and ASTM calculated
residual stresses value, regression analysis was performed
using the MINITAB software. Analysis of variance (ANOVA)
was used to build the relations between the control factor and
responses. Table 7 depicts the result of ANOVA. The coefficient
of determination R2, the proportion of variability in the data
sample is 98.5 % as indicated in Table 7. The adjusted R2 is a
measure of proportion of variation in the dependent variable.
Table 7 also indicate sequential sum of square (Seq SS),
adjusted sum of square (Adj SS) and adjusted mean square
(Adj MS). The adjusted sum of squares, calculated by MINITAB,
are determined by the addition of each particular term to a
regression model considering the effect of other terms also in
the model. The ANOVA is useful to investigate the significance
of factors and their interaction on the responses. The ratio of
the ASTM calculated stresses to yield strength (sTastm/sy and
sLastm/sy) were also utilized to develop the relationship
between ASTM calculated and corrected residual stress value.
Eqs. (11) and (12) shows the relations. Analysis of variance for
P91 steel of 2 mm hole diameter is shown in Table 7. The error
al & (b) transverse for 2 mm hole.



Table 7 – ANOVA Table of sL and sT for P91 steel (2 mm hole).

Analysis of variance for sL (response surface regr: R-Sq = 98.5%, R-Sq(adj) = 98.4%)

Source DF Seq SS Adj SS Adj MS F P

Regression 3 125 750 125 750 41 916.8 1219.14
Linear 3 125 750 125 750 41 916.8 1219.14 0
Residual error 20 687 687 34.4

Total 23 126 437

Analysis of variance for sT (response surface regr: R-Sq = 99.4%, R-Sq(adj) = 99.3%)

Source DF Seq SS Adj SS Adj MS F P

Regression 3 276 248 276 248 92 082.7 1152.27 0
Linear 3 276 248 276 248 92 082.7 1152.27 0
Residual error 20 1598 1598 79.9

Total 23 277 846

Table 8 – Results of residual stresses.

Welding condition Groove design Center of the weld Center of HAZ

ASTM value of
residual stress

Corrected Residual
stress

ASTM value of
residual stress

Corrected
Residual
stress

sT sl sT sl sT sl sT sl

As-welded V-Groove 226 � 15 220 � 12 114 � 10 112 � 8 104.69 137.98 28.54 71.79
Narrow-groove 108 � 5 148 � 17 45 � 2 65 � 11 92.93 100.02 27.09 42.94

PWHT V-Groove 105 85 52 23 49 54 19 4
Narrow-groove 57 73 23 15 51 54 20 3
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in residual stress calculation depends on so many factors like
biaxial stress ration, yield strength of material, and applied
stress.

sL ¼ �32:7�241sLastm=sy�0:006sTastm þ 1:2sLastm (11)

sT ¼ �6:21 þ 404:58sTastm=sy�0:26sTastm þ 0:109sLastm (12)

4.3. Residual stresses

Axial and hoop stress results are depicted in Table 8. At the
center of weld fusion zone, predicted nature of axial and hoop
stress was in tensile manner. The maximum predicted hoop
stress in weld zone was about 226 � 15 MPa in V-groove weld
design while minimum was about 108 � 5 MPa in narrow
groove design. The maximum and minimum predicted axial
stress were 220 � 12 MPa and 148 � 17 MPa for V-groove and
narrow-groove design, respectively. At the center of heat
affected zone (HAZ) (approximately 8 mm for V-groove and
7 mm for narrow groove design), the magnitude of residual
stresses were observed to be in tensile nature with lower
magnitude as compared to weld fusion zone. In V-groove
design, magnitude of axial and hoop stresses were 137.98 MPa
and 104.69 MPa, respectively while in narrow groove design,
magnitude were 100 and 92.93 MPa, respectively.
4.4. Effect of PWHT on residual stresses

After the post weld heat treatment of 760 8C for 2 h, a
considerable lowering in magnitude of residual stress were
observed while nature remains same, as given in Table 6. At
the weld center, the maximum hoop and axial stresses were
measured to be 105 MPa and 85 MPa, for V-groove design. For
narrow groove design, hoop and axial stresses were measured
to be 57 MPa and 73 MPa, respectively, which was approxi-
mately half of the previous value (as-welded condition). In
HAZ, axial stress was observed only 0.66% of the yield strength
of the material. During the welding process, less volume of
weld metal was deposited in narrow-groove weld as compared
to V-groove weld and it might be cause of lower magnitude of
residual stresses in the narrow groove weld design as
compared to V- groove weld design. Lower volume of
deposited metal leads to less resistance to shrinkage and
lower residual stresses in narrow groove weld.

4.5. Corrected residual stresses

The corrected residual stresses values were calculated using
Eqs. (11) and (12). The yield strength of material was
considered to be 450 MPa. The maximum corrected axial
residual stress value (112 � 8 MPa) was obtained for V-groove
design which was 30.66% of the yield strength of the material.
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The corrected residual stresses value obtained for the V-
groove and narrow-groove design were too much low as
compared to yield strength of the material. The corrected hoop
stress value was measured to be 114 � 10 MPa for V-groove
design. For narrow groove design corrected axial and hoop
stress value were measured to be 65 � 11 and 45 � 2 MPa,
respectively which was much less than the yield strength of
P91 steel. After the PWHT, a drastic decrease in corrected
residual stress was measured, as given in Table 6. For narrow-
groove design, minimum corrected axial stress was measured
to be 3 MPa.

4.6. Comparison of residual stresses and shrinkage
stress

In previous study, Pandey et al. [30] had studied the effect of
groove design on the transverse shrinkage stresses in P91
welded pipe for similar welding conditions and process
parameters. Pandey et al. [30] have observed the average
transverse shrinkage stresses of 164.33 and 110.33 MPa, for
V-groove and narrow-groove design, respectively. The trans-
verse shrinkage stress was approximately 34% of the yield
strength of material for V-groove and 23% of the yield strength
of material for narrow groove weld design.

From current and previous study, a comparison was
performed in estimated residual stress and transverse
shrinkage stresses for P91 welded pipe of 11 mm thickness.
In previous study, the transverse shrinkage stresses were
measured to be 164.33 and 110.33 MPa, for V-groove and
narrow-groove design, respectively. For V-groove design,
the axial and hoop stresses were measured 112 � 8 MPa
and 114 � 10 MPa, which was less than the transverse
shrinkage stresses developed in V-groove weld design. For
narrow-groove design, the axial and hoop stresses were
measured 65 � 11 MPa and 45 � 2 MPa. The axial and hoop
stresses measured for the narrow-groove design were ob-
served to be much less than the transverse shrinkage stresses
(110.33 MPa). The comparison of axial stress, hoop stress, and
transverse shrinkage stress are shown in Fig. 12.
Fig. 12 – Comparison of residual stresses and transverse
shrinkage stress for V-groove and narrow-groove design.
5. Conclusions

In present investigation, the nature of plasticity error has been
observed for both uniaxial and biaxial loading for blind hole
drilling method. A numerical relation has been developed to
estimate the corrected transverse and axial stress in P91 steel
which was successfully implemented in corrected residual
stress calculation in P91 welded pipe of 11 mm thickness. The
nature of axial and hoop stresses in weld fusion zone and heat
affected zone of P91 welded pipe was observed to be tensile.
The ASTM calculated axial and hoop stresses for V-groove
design were 220 � 12 and 226 � 15 MPa, respectively. The
magnitude of axial and hoop stresses were observed to be less
for narrow-groove design. The corrected residual stresses
value were measured to be much lower than the ASTM
estimated residual stresses value. In HAZ, corrected axial
stresses were measured to be 71.79 MPa and 42.94 MPa for
V-groove and narrow-groove design. After the PWHT, the axial
stress were measured to be 4 MPa and 3 MPa for V-groove and
narrow-groove design. Axial and hoop stresses measured for
narrow-groove was lower than the V-groove design.
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