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Abstract
A 304 stainless steel weld overlay pipe was manufactured, and the nickel-base alloy was applied as the overlay weld. The 
local region of the pipe was treated using ultrasonic impact treatment (UIT). The surface stresses were measured by the 
hole-drilling method, and the full map internal stresses were measured by the contour method. The effects of local UIT and 
overlay on the stresses in the overlay pipe were investigated. Results show that the local UIT induces a compressive stress 
layer in the treated region with a depth of about 2–3 mm. Weld overlay can extend the compressive stress depth at the weld 
zone, resulting in the compressive hoop stress at the weld centerline to a depth of 68–79% original girth weld wall thickness 
and compressive axial stress with a depth of 80% girth weld wall thickness.

Keywords Stainless steel pipe · Weld overlay · Welding residual stress · Ultrasonic impact treatment · Contour method

1 Introduction

Austenitic stainless steel piping systems, commonly joined 
by the fusion welding process, are important components 
in nuclear power plants. Austenitic stainless steel welded 
joints often suffer intergranular stress corrosion cracking 
(IGSCC) in the heat-affected zone (HAZ) of weldment 
because of environmental corrosion, material sensitivity, 
and applied tensile stresses [1, 2]. Due to the fast heating 
and cooling procedure of weld metal during welding, ten-
sile residual stress is very likely to appear in the weld zone 
and stress concentration may occur in the weld toe and 
HAZ. It is well known that regions of compressive resid-
ual stress retard crack growth, while tensile residual stress 
regions lead to the contrary effect. Therefore, modifica-
tion of welding residual stress in the weld zone, especially 

introducing the compressive stress, is very essential to 
mitigate the IGSCC. For piping components, the common 
stress mitigation methods, such as post-weld heat treat-
ment [3] and mechanical stress improvement process [4], 
have limited effects in introducing beneficial compressive 
stress on the inner surface.

One effective strategy to mitigate IGSCC in stainless 
steel welded piping components is the full structural 
weld overlay [5]. It consists of weld metal laid over the 
outside diameter of the pipe in the girth weld region. 
Weld overlays are to provide several main benefits such 
as reinforcement of the cross-section of interest, pre-
vention of possible leakage, and imposing compressive 
stress on the inner surface of the pipe [5]. It is also an 
important repair technique in the power generation indus-
try, commonly being used for refurbishing low alloy steel 
piping systems suffering from IGSCC [6].

Understanding the residual stress distribution is critical 
for evaluating the reliability of pipe girth welds with weld 
overlay. Many studies have been extensively performed to 
understand the residual stress distribution in pipe girth welds 
with different materials after weld overlay. For example, 
residual stresses were determined through the thickness of 
a dissimilar weld overlay pipe using neutron diffraction by 
Woo et al. [7]. The results show significant changes in resid-
ual stresses induced by overlay from tension to compression 
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through the thickness of the dissimilar weld overlay pipe 
specimen. Ren et al. [1, 8] measured the surface stress and 
through-thickness stress distribution in a 304 stainless steel 
weld overlay pipe with the hole-drilling method and the cut-
ting-sectioning method. The pipes were butt welded together 
and overlaid with a 140-mm-long and 9-mm-thick weld 
overlay using 308L stainless steel welding filler metal. It 
was found that the axial and hoop residual stresses are com-
pressive at the inner surface of the weld overlay pipe. Fur-
thermore, the compressive stress distributes through most of 
the cross-section. Huang et al. [9] performed the structural 
integrity analyses for preemptive weld overlay on the dis-
similar metal weld (DMW) of a typical pressurizer nozzle 
using the finite element (FE) method. It was confirmed that 
the residual compressive stress around the inside surface of 
the DMW has been shown to provide further mitigation of 
PWSCC degradation. Liu et al. [10] employed the FE analy-
sis to investigate the post-overlay residual stress states in a 
DMW that joins the low alloy steel nozzle to the stainless 
steel safe end in a typical pressurized water reactor (PWR). 
This investigation has provided a reference for optimizing 
the weld overlay design of dissimilar metal welds in PWRs. 
Liu et al. [11] also conducted FE numerical studies for weld 
overlay on the feedwater nozzle to characterize the residual 
stress distribution. It was found that the residual stress is 
compressive after the weld overlay on the feedwater nozzle, 
which provides a more uniform and larger compressive axial 
and hoop stress region through the thickness. Zhang et al. 
[12] conducted detailed FE analyses to predict the stress 
variation during the essential fabrication steps of DMW 
nozzle and stainless steel welds at nuclear power plants. It 
was found that the tensile welding residual stress region was 
significantly reduced after the weld overlay, though tensile 
stresses still exist at regions of the DMW through the thick-
ness. The radius-to-wall thickness ratio of the pipe, the width 
and length of the overlay, and the girth weld structure have 
effects on the stress distribution of the girth weld after weld 
overly. Therefore, the stress distributions in the girth weld 
after the weld overlay in ref. [11] are different from those 
in ref. [12].

Numerical simulations and experimental measurements 
are the main methods to investigate the residual stress dis-
tribution in the overlay weld piping component, as demon-
strated in the above references. Experimental measurement 
is essential, as it provides the data to validate the accuracy 
of numerical simulation. On the other hand, validation of 
numerical predictions requires representative, closely char-
acterized mock-ups with reliable and repeatable residual 
stress measurements [13]. However, the engineering scale 
components to be investigated are rare, because of the costs 
involved in their manufacture, the difficulties encountered in 
making reliable, diverse and repeatable residual stress meas-
urements in large components, and the burden of detailed 

material property characterization required for reliable 
benchmarking of simulations [13]. Therefore, experiments 
on engineering scale components to get the full map of stress 
distribution are never too much for FE validation and deep 
comprehension of stress in these components.

Furthermore, experimental methods that can get sufficient 
and enough accurate results from a few but representative 
mockups are also demanded. The contour method (CM) 
proposed by Prime [14] is a relatively new but powerful 
stress measurement technique that can provide a detailed 
two-dimensional (2D) map of stress across a section of the 
measured component. It consists of cutting the sample and 
then measuring the deformation of the cut surface due to 
the stress release induced by cutting. The deformation of 
the cut surface is then used as the boundary conditions of a 
FE model to calculate the original residual stresses on the 
cut plane within the sample. The CM has been validated 
by comparing the stress results on weldments with neutron 
diffraction [15–18], high-energy synchrotron X-ray diffrac-
tion [19], slitting method [20], deep-hole method [21], and 
FE method [22–24]. It has often been applied to specimens 
whose large cross-sectional areas limit the applicability of 
neutron diffraction due to limited penetration [25, 26], and 
can now be applied to large-scale structures such as pipe 
butt welds [27–31] and thick welded joints [32]. The CM is 
not affected by composition changes, large grain size, and 
crystallographic texture that can compromise diffraction 
techniques. However, it is very sensitive to the quality of 
the cut and errors associated with plasticity caused by stress 
redistribution ahead of the wire during the cutting process 
[27]. Two random error sources are identified for the con-
tour method. One is the uncertainty due to noise in the dis-
placement surfaces (displacement error) and the other is the 
uncertainty arising from the smoothing of the displacement 
surfaces (model error) [33]. Besides, cutting-induced plas-
ticity and bulge are systematic errors of the CM [24]. The 
contour method has enough measurement accuracy and can 
meet the requirement of scientific research and engineering 
application. Olson et al. [34] found that the total uncertainty 
of contour method measurement was related to the material 
elastic modulus (E) of the component to be measured, with 
a value of approximately 250 ×  10−6 E for the region within 
1 mm of the component boundary and 125 ×  10−6 E for the 
interior. Even if the contour technique is destructive and 
large errors would appear at the edges (due to the difficulty 
to measure the true perimeter of the surface of interest), it 
is still the best one to give a complete 2D distribution of 
residual stresses across a section with large dimensions.

Though overlay weld has the effect of inducing com-
pressive stress at the inner surface of the stainless steel 
pipe girth weld, tensile stress is also present throughout 
the thickness of the overlay weld itself. Especially the 
stress will abruptly change at the locations of the weld 
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start and end. The nuclear reactor piping system carries 
fluids with a certain pressure and the fluid pressure would 
fluctuate during the nuclear power plant operation, there-
fore the piping would experience the fatigue loads induced 
by the fluctuating fluids in the pipes. Large tensile stress, 
and surface imperfection in the overlay weld, as well as the 
fatigue loads, would be the cause of the fatigue crack ini-
tiation, and the crack would expand from the outer diam-
eter side and the failure of the piping would happen. The 
fatigue of the piping system is also a matter of concern in 
nuclear power plants [9]. Accordingly, the large tensile 
stress in the weld overlay should be concerned. And it is 

helpful to mitigate the tensile stress in the weld overlay 
without affecting the already existing compressive stress 
at the inner surface. Therefore, stress mitigation methods 
with local effects are required. Ultrasonic impact treat-
ment (UIT) is such a stress mitigation method [35]. It can 
induce a compressive stress layer with a depth of 2–4 mm 
in the treated zone without affecting the stress outside the 
impacted zone [31, 35]. In addition, the UIT-induced com-
pressive stress has nothing to do with the initial stress state 
[36]. Besides, UIT is convenient to operate, and it provides 
the capability to treat hard-to-reach local areas and com-
plex parts [37–39]. Accordingly, UIT is suitable for stress 
mitigation in local regions and engineering applications, 
especially the region with narrow operational space.

Investigation of the effect of local UIT on the stress 
distribution of weld overlay pipe is helpful to extend the 
application of UIT and facilitate the UIT process opti-
mization on the stress mitigation for local weld overlay. 
However, to the best of the authors’ knowledge, there are 
few experiments on the stress distribution of weld over-
lay pipe with UIT. In the present study, a weld overlay 
pipe was fabricated first, then the UIT was applied to the 

Fig. 1  (a) Photo of the weld 
overlay pipe; (b) dimensions of 
the weld overlay pipe; (c) sche-
matic diagram of the overlay 
beads

Table 1  Compositions of the 
materials (wt. %)

C Mn Si Cr Ni Mo Cu Fe

304 stainless steel 0.068 1.1 0.5 17.1 8.2 - - Bal
ER308L weld metal 0.02 1.9 0.51 20.09 9.74 0.024 0.029 Bal
SNi6625 weld metal 0.011 0.15 0.04 21.5 64.14 8.98 0.01 0.31

Table 2  Mechanical properties of the material

Yield 
strength 
Rp0.2, MPa

Tensile 
strength Rm, 
MPa

Elongation A, %

304 stainless steel 280 590 49
ER308L weld metal 439 564 41.6
SNi6625 weld 420 760 30
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local region of the pipe. The before and after UIT surface 
stresses of the weld overlay pipe were measured with the 
hole-drilling method. And the full maps of hoop stress on 
the weld cross-section and axial stress at the location of 
the weld centerline were obtained with the two-cut contour 
method. Moreover, the measurement procedure of the two-
cut contour method for the large-scale pipe is introduced in 
detail. In our previous study, the as-welded stress in a girth 
weld without weld overlay was measured with the CM [30]. 
The girth weld in ref. [30] was prepared with the same pipe 
dimensions, groove configuration, and welding parameters 
as those of the girth weld with the weld overly in the pre-
sent study. The effect of girth weld overlay on the through-
thickness hoop and axial stresses at the weld centerline is 
distinguished with a comparison with the as-welded stress 
investigated in ref. [30]. The effect of local UIT on surface 
stress and internal stress is also investigated.

2  Materials and experimental procedure

2.1  Weld overlay specimen

Two 304 stainless steel pipes were butt welded together 
and overlaid with a 70-mm-long and 7–11-mm-thick weld 
overlay. The outer diameter and the thickness of the pipe 
are 273 mm and 28 mm, respectively. The photo of the 
weld overlay pipe, the dimensions of the overlay pipe, and 
the schematic diagram of the overlay beads are shown in 
Fig. 1.

The 308L stainless steel welding wire (1-mm diameter) 
was used to join the pipes with the narrow-gap pulsed gas 
tungsten arc welding (GTAW) technique and an automatic 
welding device. The nickel-base material is preferred for 
overlay weld in nuclear power stations due to its insen-
sitivity to stress corrosion cracking. For example, the 
nickel-base weld overlay (Alloy 52 M) has been applied 
on the dissimilar metal weld (DMW) of a typical pres-
surizer nozzle [9], in which the attached piping is made 

of 304 austenitic stainless steel and 316L stainless steel. 
The nickel-base welding consumable is also used as the 
weld overlay on the boiling water reactors feedwater noz-
zle made of low alloy steel at a Taiwan domestic boiling 
water reactor [11]. Nickel-base overlay (Alloy 52 M) has 
been used for nuclear power plant nozzles made of low 
alloy steel and the safe end made of stainless steel [12]. 
In the present study, SNi6625 welding wire (similar to the 
ERNiCrMo-3 nickel-base welding wire) with a diameter 
of 2.4 mm was adopted to perform the overlay weld with 
the manual GTAW technique. Five weld layers in total are 
included in the weld overlay. The chemical compositions 
of 304 stainless steel, the girth weld metal, and the overlay 
weld metal are listed in Table 1 and the mechanical prop-
erties of the materials used in the present study are listed 
in Table 2. The welding parameters for the girth weld and 
overlay are shown in Table 3 and Table 4, respectively.

2.2  Ultrasonic impact treatment

To investigate the effect of local UIT on the welding residual 
stress in weld overlay pipe, UIT was applied to the weld 
overlay and its adjacent region in the 304 stainless pipes. 
The schematic diagram of the UIT-treated region on the 
weld overlay specimen is shown in Fig. 2a. The diagram of 
the UIT procedure, the UIT device used in the present study, 
and the photo of UIT on the overlay are shown in Fig. 2b and 
c. The driving frequency of the UIT device is 20 kHz and 
the impact frequency is about 180 Hz for the 4-mm-diameter 
4-pin impact head. The UIT device was manually operated 
with an impact intensity of 12 s/mm2 and 100% coverage to 
ensure the uniform indentation of the treated surface.

2.3  Residual stress measurement

2.3.1  Surface measurement with the hole‑drilling method

The surface stresses of the weld overlay before and after 
UIT were measured with the hole-drilling (HD) method. The 
stress measurement line with the HD method is illustrated 
in Fig. 2a.

2.3.2  Two‑cut contour method for internal stress 
measurement

The CM is employed to obtain the full map stress distribution 
on the cross-section of the weld overlay pipe. The residual 
stress map is determined by measuring the deformation on 
the cut surface. There are four steps involved in the CM: 
cutting the specimen into two parts; measuring the deforma-
tion contour of the cut plane and smoothening the contour 
data; building a FE model according to the dimensions of 

Table 3  Welding parameters for girth weld

Pass Welding current I, A Welding volt-
age U, V

Welding 
speed v, mm/
minPeak Base

Root 120–170 50–60 9.8 70–80
Filling 220–280 100–140 10–10.5 60–75
Cap 230–240 110 10.3 50–60

Table 4  Welding parameters for overlay weld

Current I, A Voltage U, V Welding speed v, mm/min

114–160 9.7–14.2 30–35

756 Welding in the World (2023) 67:753–764



1 3

the after-cut specimen; and performing an elastic FE analy-
sis using the smoothed deformation contour as the boundary 
conditions, finally, the original stress on the cut plane in the 
direction normal to the cut plane can be reconstructed. In 
the present study, two cuts were performed on the overlay 
pipe specimen, and the locations of the cut plane are shown 
in Fig. 3. After the first cut, the hoop stress distributions at 
30° position (after-UIT stress) and 210° position (before-UIT 
stress) can be simultaneously obtained. After the second cut, 
the axial stress distribution along the weld line center can be 
constructed. At the weld line center, the local region of the 

overlay is treated with UIT and the rest remains untreated as 
shown in Fig. 3.

A Seibu M50A wire electrical discharge machining 
(WEDM) was used to perform a single flat cut along the cut 
plane using the skim cutting settings to achieve a cut surface 
with high-quality cutting. A special fixture was designed 
to clamp the pipe on the worktable of the WEDM. A pilot 
hole with a diameter of 0.5 mm was made using an electro-
discharge drilling machine to provide self-restraint of the 
pipe to restrict the opening of the cut faces and thereby con-
trol the stress concentration and risk of plasticity at the cut 

Fig. 2  (a) UIT-treated region; 
(b) UIT device; (c) UIT pro-
cedure

Fig. 3  Schematic diagram of the cut planes
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tip as well as prevent the pipe “springing open” owing to 
release of the hoop bending stress [29]. The brass wire of 
diameter 0.25 mm and cutting speed of about 0.15 mm/min 
was adopted to carry out the cuts.

After cutting, the displacements of the cut surfaces were 
measured using a Zeiss PRISMO ULTRA coordinate meas-
uring machine (CMM) with a measurement space of 1 mm. 
The photos of the CMM measurement on the cut planes are 
shown in Fig. 4.

The deformation results of the two cut planes were pro-
cessed by deleting the error points, interpolating the remain-
ing points to a common grid, and averaging the data of the 
two cut planes. The averaged data were then smoothed using 
a bicubic spline fitting method. A FE model was established 
based on the dimensions of the after-cut specimen (half of 
the original specimen) using the commercial finite element 
software ANSYS with eight-node brick elements (Solid 
185), and the smooth deformation data of the cut plane was 
applied to the FE model as the boundary conditions with 
additional boundary conditions to prevent the rigid move-
ment of the model. Finally, the stress distribution on the 
cut plane was obtained through an elastic FE analysis. The 
obtained stress on the cut plane is that in the direction nor-
mal to the cut plane, that is, hoop stress distribution can be 

obtained on the first cut plane and the axial stress distribu-
tion can be obtained on the second cut plane. The FE models 
for the stress construction after the first cut and the second 
cut are shown in Fig. 5.

3  Results and discussion

3.1  Surface stress distribution measured 
by the hole‑drilling method

The before-UIT and after-UIT surface stresses in the over-
lay weld and its adjacent region obtained by the hole-drill-
ing method are shown in Fig. 6. As seen in the figure, the 
as-welded (AW) stress in the overlay weld is tensile stress 
ranging from about 100 to 350 MPa. The peak tensile 
stress occurs at the edge of the overlay weld. Outside the 
overlay weld, the tensile hoop and axial stress both drop 
to small tensile stress or compressive stress. After UIT, 
the tensile stresses in the treated region become compres-
sive stresses ranging from − 560 to − 200 MPa. The after-
UIT peak compressive stress is about − 560 MPa, which is 
larger than the yield strength of the nickel-base alloy weld 
metal. The after-UIT stress increase to a small tensile or 

Fig. 4  (a) Contour measure-
ment of the first cut plane; (b) 
contour measurement of the 
second cut plane

Fig. 5  FE models for the stress construction: (a) after the first cut; (b) after the second cut
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compressive stress outside the impacted zone and close to 
the as-welded stress. It means that the UIT has little effect 
on the stress outside the impacted region. In addition, the 
after-UIT stresses in the treated region distribute more 
uniformly than the before-UIT stress; i.e., the after-UIT 
hoop stress has almost the same distribution and magni-
tude as the after-UIT axial stress. It can be inferred that 
the UIT has the same effect on the hoop and axial stresses 
in the nickel-base alloy overlay weld, and the after-UIT 
stress is independent of the initial as-welded stress. The 
effect of UIT on the welding stress in the nickel-base alloy 
weld in the present study is the same as that of UIT on the 
stresses in the low-alloy high-strength steel welds [35].

3.2  Hoop stress distribution obtained by CM

The hoop stress distribution on the first cut plane obtained 
by CM is illustrated in Fig. 7. It can be seen from Fig. 7 that 

compressive hoop stress ranging from − 300 to − 400 MPa 
appears near the inner surface in the girth weld zone. How-
ever, the as-welded hoop stress in the stainless steel girth 
weld (without weld overlay) is tensile near the inner sur-
face as demonstrated in refs. [30, 31], in which the groove 
configurations, pipe dimensions, and welding processes are 
almost the same as those in the present study. Therefore, the 
experimental results in the present study confirm that over-
lay welding can introduce a compressive residual stress field 
at the inside surface of the girth weld. It can also be seen that 
the as-welded hoop stress (30° position) in the most region 
of the weld overlay is tensile (the hoop stress through all 
overlay thickness stays in tension), while the hoop stress in 
the region of weld overlay processed by UIT (210° position) 
is compressive stress with a certain depth. It means that the 
UIT can mitigate the welding stress in the nickel-base alloy 
weld overlay and introduce a compressive stress layer.

To further investigate the hoop stress distribution, six 
lines on the cut surfaces are selected and the hoop stresses 
along these lines are plotted and analyzed. The schematic 
diagram of the hoop stress evaluation lines is shown in 
Fig. 8. Lines L1 and L2 are located in the center of the girth 
weld and weld overlay. The through-thickness hoop stress 
without UIT (stress along line L1) and that with UIT (stress 
along line L2) can be evaluated. Lines L3 and L4 are the 
lines with a distance of 10 mm from the outer surface of 
the weld overlay (2-mm distance from the outer surface of 
the stainless steel girth weld). Lines L5 and L6 locate at a 
distance of 2 mm from the inner surface. Near-surface meas-
urements with the contour method present additional noise 
in the data. The noise may be due to machining irregulari-
ties at the edge of the samples or introduced by the coordi-
nate measuring machine’s spherical tip going slightly past 
the edge of the part [14]. Therefore, the stress gradient at 
the surface tends to produce a large displacement gradient 
which is difficult to distinguish from the noise in the data 

Fig. 6  Surface stress distribution measured by the hole-drilling 
method

Fig. 7  Hoop stress distribution 
obtained by CM
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(surface roughness from cutting and measurement noise) 
[40], resulting in large uncertainty existing in the meas-
ured surface stress. Accordingly, the lines with a distance 
of 2 mm beneath the inner and outer surfaces (L3, L4, L5, 
and L6) are selected to evaluate the measured hoop stress 
in the present study. The hoop stresses along these lines are 
illustrated in Fig. 9, Fig. 10, and Fig. 11.

As seen from Fig. 9, large compressive stress with a 
magnitude of about − 500 MPa occurs near the outer sur-
face of the region treated by UIT (line L2), while small 
value stress appears near the outer surface of the region 
without UIT (line L1). Except for the large difference 
(induced by UIT) occurring near the outer surface, the 
through-thickness hoop stress distributions along lines L1 
and L2 demonstrate similar trends. In particular, the stress 

distribution trends and values along lines L1 and L2 are 
almost the same in the region towards the inner surface. 
It means that the UIT does not affect the hoop stress near 
the inner surface. As shown in Fig. 9, the compressive 
stress depth at the girth weld center from the inner sur-
face is 22 mm (79% of the original girth weld thickness) 
and 19 mm (68% of the original girth weld thickness) 
along line L1 and line L2, respectively. The compressive 
stress near the inner surface of the girth weld in the pre-
sent study is attributed to the overlay weld; therefore, the 
weld overlay can lead to compressive hoop stress near 
the inner surface to about 68 to 79% of the original girth 
weld thickness (28 mm). In addition, the peak compressive 
stress near the inner surface caused by the overlay weld 
is about − 380 MPa, which is close to the yield strength 
of the ER308L weld metal. It is also found that the UIT 

Fig. 8  Hoop stress evaluation lines on the first cut surfaces

Fig. 9  Through-thickness hoop stress distribution along lines L1 and 
L2

Fig. 10  Hoop stress distributions along lines L3 and L4

Fig. 11  Hoop stress distributions along lines L5 and L6
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can induce a 3-mm-thick compressive stress layer in the 
nickel-base alloy weld overlay. Without UIT, the hoop 
stress through almost all overlay thickness stays in ten-
sion as indicated by the stress along line L1. The peak 
compressive hoop stress induced by UIT in the overlay is 
about − 500 MPa, which is higher than the yield strength 
of the weld overlay metal. The UIT-induced compressive 
stress near the outer surface of the overlay obtained by 
CM is close to that obtained by the hole-drilling method 
(shown in Fig. 6).

As seen in Fig. 10, the effect of UIT on the stress at 
the depth of 10 mm (lines L3 and L4) is not significant; 
therefore, the tensile hoop stress appears in the weld 
overlay at different locations along lines L3 and L4. The 
UIT region includes the overlay and its adjacent region 
of the stainless steel pipe as shown in Fig. 2a, and UIT 
can induce a compressive layer with a depth of 3 mm (as 
shown in Fig. 9); therefore, a compressive stress region 
appears near the overlay weld along the line L4 as com-
pared with that along line L3. Generally, the hoop stress 
distribution trends in the weld overlay along lines L3 and 
L4 are similar. High tensile stress occurs on the right side 
of the overlay weld (the right side of the curve in the 
overlay region), which is the location of the final weld 
pass of the overlay.

As shown in Fig. 11, the hoop stress distribution along 
line L5 demonstrates almost the same as that along line L6. 
It can be deduced that local UIT on the overlay weld does 
not affect the stress near the inner surface of the pipe. It con-
firms that the stresses near the inner surface at 30° position 
and 210° position keep consistent after overlay. It can further 
be speculated that the hoop stress distribution is consistent 
all around the circumferential direction after overlay.

3.3  Axial stress distribution obtained by CM

The axial stress map at the girth weld center (the second 
cut plane) is shown in Fig. 12. As shown in Fig. 12, the as-
welded axial stress through all overlay thickness stays in ten-
sion with a magnitude ranging from 100 to 300 MPa while 
a compressive stress layer with a magnitude of about − 200 
to − 300 MPa appears in the overlay weld after UIT. Beneath 
the overlay, the axial stress in the girth weld is compressive. 
From Fig. 12 and Fig. 7, it can conclude that the UIT has 
the same effect on the stresses in both hoop and axial direc-
tions, inducing a compressive stress layer to a certain depth 
in both directions.

To have a quantitative comparison of the axial stress, 
five lines on the second cut plane are selected and line 
plots are developed to demonstrate the stresses along these 
lines. The schematic diagram of the stress evaluation lines 
is shown in Fig. 13. Lines L7 and L8 are located in the 

Fig. 12  Axial stress distribution on the second cut plane

Fig. 13  Schematic diagram of through-thickness axial stress evalua-
tion lines
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region without UIT, and lines L9, L10, and L11 are located 
in the UIT-treated region. The axial stresses along these 
lines are plotted in Fig. 14. Because of the axial shrink-
age of pipe during girth weld butt welding, the girth weld 
metal near the inner surface is extruded out of the groove, 
resulting in an enlarged wall thickness at the weld center-
line (the original wall thickness of the pipe before welding 
is 28 mm, while it is about 31 mm at the weld centerline 
after welding).

From Fig. 14, it can be seen that the tensile stress with 
a magnitude ranging from 70 to 250 MPa is present in the 
region of the untreated overlay weld, while the surface stress 
in the region of the UIT-treated overlay presents compres-
sive stress of about − 350 MPa and the depth of the com-
pressive stress reaches 2 mm. Apart from the compressive 
stress in the surface layer of the UIT-treated overlay weld, 
the through-thickness axial stress at the weld center has 
similar distribution along each line. Considering the stress 
uncertainty that exists in the surface layer (about 1–2 mm) 
for CM stress measurement and without considering the 
stress in the region with a distance of 1 mm from the inner 
surface, the depth of compressive axial stress from the inner 
surface reaches about 25 mm. Moreover, the compressive 
axial stress at the weld center along each line demonstrates a 
gentle distribution; i.e., there is no significant stress gradient 
occurring in the compressive axial stress region.

3.4  Effect of weld overlay on the residual stress 
in girth weld

Two key parameters control through-thickness residual 
stress distributions in the pipe girth weld. One is the weld-
ing linear heat input–related parameter and the other is the 
component radius-to-wall thickness ratio (r/t) [41]. In ref. 
[30], the groove configurations and radius-to-wall thick-
ness ratio (r/t) of the 316L stainless steel girth weld are 

the same as those in the present study. In addition, the heat 
input used in ref. [30] is close to that of the 304 stainless 
steel pipe girth weld investigated in the present study. The 
weld overlay is adopted to mitigate the welding residual 
stress in the present study; therefore, the through-thickness 
stress distribution in these pipes can be used to distinguish 
the effect of overlay weld on the stress distribution in 
pipe girth weld. The through-thickness hoop stresses at 
the weld centerline from ref. [30] (without overlay) and 
those in the present study are demonstrated in Fig. 15. The 
through-thickness hoop stress in the girth weld is compres-
sive stress towards the inner surface and tensile towards 
the outer surface at the weld centerline. The compressive 
stress depth at the weld centerline of the girth weld without 
overlay is about 36% of the original wall thickness from the 
inner surface, while in the overlay pipe, the zone of hoop 
compressive stress extends to about 68–79% of the original 
girth weld thickness from the inner surface. Therefore, the 
weld overlay leads to a larger depth of compressive hoop 
stress from the inner surface than the girth weld without 
weld overlay.

The through-thickness axial stresses at the weld center in 
the girth weld from ref. [30] are compared with those along 
lines L7 and L8 in the present study, as shown in Fig. 16. 
Without considering the axial stress near the inner surface 
(1-mm depth from the inner surface), the axial stress in the 
girth weld (without weld overlay) is compressive at the weld 
line center with a depth of 50–60% of the girth weld wall 
thickness from the inner surface [30]. This compressive 
stress depth is smaller than that in the overlay pipe in the 
present study (about 80% of the original girth weld wall 
thickness as shown in Fig. 16). In addition, the axial com-
pressive stress at the weld line center in the overlay pipe 
distributes more uniformly as compared with the girth weld.

Fig. 14  Axial stress distributions along stress evaluation lines
Fig. 15  Comparison of the through-thickness hoop stress at weld cen-
terline between  the overlay pipe and the girth weld
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From Fig. 15 and Fig. 16, it can be concluded that the 
overlay weld has the effect of improving the compressive 
axial and hoop welding residual stress fields in the region of 
the girth weld, providing additional compressive hoop and 
axial stresses to the pipe. The zone of compressive hoop stress 
in the overlay pipe extends to a distance of 68–79% through 
the pipe wall (at the weld centerline) compared with about 
36% in the similar stainless steel girth weld. And the zone of 
compressive axial stress in the overlay pipe extends to 80% 
of the girth weld thickness from the inner surface compared 
with about 50–60% of the corresponding girth weld thickness 
without the overlay. It can also be seen from Fig. 16 that the 
overlay weld causes the compressive axial stress to be more 
uniform as compared with that in the girth weld. The results 
found in the present study are consistent with those found 
by Zhang et al. [12], in which the effects of weld overlay on 
stress distributions in the various pressurizer nozzle dissimilar 
metal welds (DMW) were investigated and it was found that 
the tensile stress region was reduced after the weld overlay, 
which provides a more uniform and rather large compressive 
axial and hoop stress region through the thickness.

4  Conclusions

(1) The surface stress of the nickel-base alloy weld overlay 
pipe is tensile stress with a magnitude ranging from about 
100 to 350 MPa. The after-UIT surface stress in the treated 
region becomes compressive with a magnitude ranging 
from about − 560 to − 200 MPa. UIT induces almost the 
same distribution and magnitude of surface stresses in both 
hoop and axial directions in the treated region.

(2) Local UIT on the nickel-base alloy overlay induces a 
compressive stress layer in the treated region with a 
depth of about 2–3 mm, and it does not affect the stress 
near the inner surface of the overlay pipe.

(3) The zone of compressive hoop stress in the overlay pipe 
extends to 68–79% of the original girth weld wall thick-
ness (at the weld centerline) compared with about 36% 
in the similar stainless steel girth weld.

(4) The zone of compressive axial stress in the overlay pipe 
extends to 80% of the original girth weld wall thickness 
from the inner surface compared with about 50–60% of 
the corresponding girth weld wall thickness (without 
weld overlay).
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