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a b s t r a c t

The purpose of this study is to investigate the effect of welding residual stress on operating stress in
designing a nuclear turbine welded rotor. A two-dimensional axisymmetric finite element model is
employed to calculate the residual stress before and after post weld heat treatment (PWHT), and then the
superposition of residual stress after PWHT and operating stress at normal speed and overspeed were
discussed. The investigated results show that operating stress can be affected significantly by welding
residual stress, and the distribution trend of superposition stress at the weld area is mainly determined
by welding residual stress. The superposition of residual stress and operating stress is linear super-
position, and the hoop stress distribution of superposition stress is similar with the distribution of re-
sidual stress. With the increasing overspeed, the distribution pattern of the hoop superimposed stress
remains almost unchanged, while the stress level increases.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, the reliability and safety of nuclear and power
plants turn into the major concern of the science community
gradually [1]. Nuclear turbine rotors are critical components in the
power industry, and the rotors are widely welded by circumfer-
ential narrow-gap butt welding in high-power turbines. Welding
has many positive properties, but because of the non-uniform rapid
heating and cooling in the welded joints, welding residual stresses
and inhomogeneous mechanical property are inevitably induced
[2]. The tensile residual stress has been considered as a significant
factor that decreases the performance of the welded product and
increases the susceptibility of the welded joint to fatigue damage,
stress corrosion cracking and even fracture [3]. Tensile residual
stress is usually harmful to mechanical components, whereas
compressive residual stresses can lower the fatigue driving stress
due to operating loads and consequently improve the fatigue lives
of welded rotors. The effect of welding residual stress on the
n), zhaoxiuxiu010@163.com
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performance of welded structures is significant especially when the
applied stress is low [4]. The superposition of welding residual
stress and operating stress can contribute to the fatigue failure and
stress-corrosion crack in the engineering structures. Therefore,
welding residual stress should be included in the fatigue failure
analysis in order to facilitate the structure design and predict
accurately the fatigue lives of welded rotors [5].

Experimental measurement of internal residual stress of a rotor
has some practical limitations owing to the high cost of manufac-
ture. Although the residual stress of an experimental pipe is
measured [6], the true stress distributions of a welded rotor are
different from an experimental pipe, and more accurate stress
distributions are needed in the life assessment of the rotor. The
finite element (FE) method has been proved to be an effective and
powerful numerical analysis tool to investigate the welding pro-
cess, post weld heat treatment (PWHT) and operating stress [7,8].
Lindgren gave a detailed review of the application of the FE method
in simulating the thermal and mechanical effects of welding pro-
cess from the 1970s to 2003 [9]. Deng and Kiyoshima [10] simulated
welding residual stress distributions on four sections with 0�, 90�,
180� and 270� central angles in a three-dimensional girth-welded
pipe model, and the simulation results indicated that the contours
of four sections were almost similar in the steady range. Welding
residual stress distribution and evolution in welded components
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Table 1
Welding parameters.

Bead (s) Current (A) Voltage (V) Speed (cm/min)

Root bead 225 9.5 60
2e9 260 9.8 90
10e11 300 29 40
12e89 550 29 50
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have been studied by various computational and analytical ap-
proaches [11e13]. Furthermore, for profiting the structure design
and evaluating the service lifetime of the welded structures, the
extensive experimental effort of component testing can be reduced
by the adequate application of welding simulation [14,15].

The effects of residual stress on safety and fatigue life prediction
have been investigated using linear elastic fracture mechanics
(LEFM) by considering both the applied loads and residual stress.
Ninh and Wahab [16] developed an analytical model using LEFM,
superposition and finite element approaches to study the effect of
residual stresses and weld geometry on the improvement of fatigue
life and improving fatigue performance of butt welded joints. 105
models of K-joints with welding residual stress were generated and
the effects of geometrical parameters on the stress concentration
factors subjected to axial, in-plane bending, and out-of-plane
bending loadings were fully discussed by Cao et al. [17]. Taka-
kuwa et al. [18] used finite element analysis to show how the re-
sidual stress affects the hydrogen concentration around a crack tip
in a plastically deformable material after a fatigue process. The
influence of the residual stresses induced by the fillet rolling pro-
cess on the fatigue process of a ductile cast iron crankshaft section
under bending is investigated by Chien et al. [19]. Jiang and Zhao
[20] conducted coupled thermal-stress analysis to evaluate the
effects of residual stress on the stress concentration factor distri-
butions of the joints. Perl and Arone [21] examined the combined
effects of the internal pressure and the residual stresses due to the
autofrettage process by an effective stress intensity factor, which is
defined as the superposition of two stress intensity factors from the
internal pressure and the residual stresses.

An important issue for steam turbine rotors is the reliability and
safety under operating conditions at normal speed and overspeed.
Superposition stress of residual stress and operating stress render
the rotors susceptible to failure and reduce their operating life.
However, few studies on superposition of residual stress and
operating stress and overspeed design in a nuclear welded rotor for
different working conditions and operational settings have been
reported. Moreover, when a nuclear power rotor rotates at a high
speed, the superposition of residual stress and operating stress in
welded joints can impose a risk of causing premature cracking
during service. Therefore, accurately understanding the residual
stress distributions of the welded rotor, achieving the variation of
the residual stress before and after PWHT, and finding the effects of
residual stress on the operating stress at normal speed and over-
speed are indeed of great importance for nuclear engineering
application.

In this paper, a finite element computational procedure was
implemented by using a two-dimensional axisymmetric model to
numerically simulate the temperature fields, the welding residual
stress field distribution and the effect of PWHT of a nuclear welded
rotor. After heat treatment process, the simulated residual stress
field after PWHTwas taken as a pre-stress condition for subsequent
operating stress simulation. Based on this, the effects of residual
stress on superimposed stress contours, stress distributions on the
surfaces, through-wall stress distributions at normal speed and
overspeed were discussed in detail.

2. Experimental procedure

The nuclear turbine low pressure (LP) rotor discs investigated in
the present work were narrow-gap multipass butt welded by using
tungsten-inert gas welding for weld passes 1 to 9 and submerged
arc welding for weld passes 10 to 89. The welding parameters for
each bead are listed in Table 1. The pre-heat temperature was
200 �C in the welding process. The geometry of the welded rotor
discs (LP5 and LP4) and the accurate shape of each pass are given in
Fig.1. The outer diameter of thewelded rotor discs at theweld seam
is 1980mm, and the thickness of wall at the weld region is 150mm.
After multipass welding completed, the heat treatment process
(600 �C � 20 h) was conducted to improve the toughness and
decrease residual stress of the welded joints. The material of the
rotor discs is 20Cr2NiMo, and the chemical compositions of the
welded joints are shown in Table 2.
3. Numerical procedure

3.1. FE simulation for welding and PWHT processes

3.1.1. FE model
Fig. 2 shows the FE model employed in the simulation, which

simulates the accurate shape of each pass in the numerical model. A
finer mesh was adopted at the weld seam and its vicinity and the
smallest size of element in the weld seamwas 0.42 mm � 0.5 mm.
The FE mesh contained a total of 14,942 nodes with associated
14,875 elements. The multipass welding process was investigated
by a detailed pass-by-pass simulation.

In the FE simulation, both the temperature-dependent thermal
and mechanical of rotor properties had been considered. The Von
Mises yield criterion and kinematic hardening law were employed
as important characteristics when the material underwent both
loading and unloading typically [22]. As in literature [23], solid-
state phase transformation was not considered during welding in
this work. Moreover, the density of the rotor was assumed to be
constant as 7850 kg/m3 in the simulation. Fig. 3 shows the
temperature-dependent properties, which are assumed to be same
in the weld metal and parent metal.
3.1.2. Thermal analysis
In the thermal analysis, the experimentally determined fusion

zone profile was used to adjust the heat source of the simulation. In
the temperature field adjustment, a reasonable molten zone size
(1450 �Ce1500 �C) and the distance to the HAZ (800 �Ce1000 �C)
were considered. In the welding simulation, a distributed volu-
metric heat source was employed to validate the weld pool ge-
ometry of all 89 present weld beads. For the FE analysis ofmultipass
welding process, the addition of each weld pass was simulated
using the technique of “element birth and death”. The overall ele-
ments of the weld seam were deactivated (element death) before
welding process began, and the elements of weld pass were reac-
tivated (element birth) continuously to model the growth of the
weld seam [24]. The inter-pass temperature was assumed to be
100 �C through setting appropriate cooling time duration between
two passes.

Both the radiative and convective heat transfers were consid-
ered on the weld surface to account for the heat losses during
welding process, and their combined effect is expressed in the
following two equations for the heat transfer coefficient, h (W/m2

oC) [25].



Fig. 1. Welded rotor discs and accurate shape of each pass.

Table 2
Chemical composition of the welded joints (wt.%).

Material C Si Mn Cr Ni Mo V Fe

Parent metal 0.210 0.270 0.580 1.830 1.000 0.660 0.004 Bal.
Weld metal 0.200 0.650 1.480 1.770 1.090 0.690 0.004 Bal.
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h ¼ 0:0668T 0 � T � 500 �C
h ¼ 0:231T � 82:1 T >500�C (1)

where T is the temperature.
3.1.3. Mechanical analysis
In the non-linear mechanical analysis, the temperature history

of each node simulated by the thermal analysis was read as a
thermal load for each time increment. The technique of “element
Fig. 2. Axisymmetric FE mes
birth and death” was also adopted. All the nodes of the deactivated
elements were maintained at the so-called softening temperature
[26] (set as 1200 �C here), until the respective elements of the
particular weld pass were reactivated. In addition, the machining-
induced stress before welding process was neglected. The me-
chanical boundary conditions were constrained only to prevent
rigid body-motion of the rotor.
3.1.4. Post weld heat treatment
In PWHTsimulation, thewelded pipewas heated to 600 �C, then

followed by maintaining the temperature for 20 h, during which
time creep stress redistribution obeyed the Norton law, and finally
the temperature of pipe was cooled to room temperature. The
heating rate and cooling rate of PWHT process were both selected
as 100 �C/h. In the PWHT process, creep was assumed to obey the
Norton power law and represented in the following equation:
h within the weld seam.



Fig. 3. Elastic-plastic properties used in the FE analysis: (a) temperature-dependent material properties, and (b) stress-strain curves.

Fig. 4. Temperature contours after completely heating of particular welded pass: (a)
pass 1, and (b) pass 45.
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_ε¼C1s
C2e�

C3
T (2)

where _ε is the creep strain rate; s is the stress; T is temperature; C1,
C2 and C3 are constants, respectively. Creep parameters [27e29]:
C1 ¼ 4.40 � 10�28, C2 ¼ 4.312, C3 ¼ 27912.

3.2. Simulation of operating stress

After heat treatment process, the simulated residual stress field
after PWHT was taken as a pre-stress condition for subsequent
operating stress simulation. The operating conditions parameters
employed in the simulation is depicted in Table 3, which shows the
rotating speed, and centrifugal force of blades on LP5 and LP4 rotor
discs in different operating conditions. For investigating the oper-
ating stress of turbine rotor accurately, centrifugal force of blades
was applied on the edge of rotor discs.

The superposition of welding residual stress and operating
stress can contribute to the fatigue failure and stress-corrosion
crack in the engineering structures, especially in the overspeed
conditions. Therefore, a reasonable rotating speed can not only
ensure the security and efficiency of nuclear turbine, but also
extend the service life maximally.

4. Results and discussion

4.1. Simulated welding temperature

Fig. 4 shows the welding temperature distribution directly after
completely heating the first and 45th weld passes. From Fig. 4, it
can be concluded that reasonable sizes of the molten zone and HAZ
are captured from the temperature contours. It also can be seen that
the temperature contours indicate the fusion boundaries and the
regions which get heat affected. From the simulated boundary of
the molten region, a reasonable distance to the HAZ is obtained to
be 3-4 mm.
Table 3
Operating conditions parameters.

Overspeed Rotating speed r/min Centrifugal force of blades LP5/MPa Centrifugal force of blades LP4/MPa

Normal speed 1500 76.0 43.0
Overspeed 20% 1800 109.4 61.9
Overspeed 40% 2100 149.0 84.3
Overspeed 60% 2400 194.6 110.1
Overspeed 80% 2700 246.2 139.3
Overspeed 100% 3000 304.0 172.0



Fig. 5. Simulated hoop and axial stress contours (MPa) after welding.
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4.2. Welding residual stress distribution

The simulated hoop and axial stresses after welding are shown
in Fig. 5. From Fig. 5, it can be observed that the hoop stress is
tensile stress in the weld region, and the hoop stress in the region
near the outer surface is higher than that near the inner surface.
The peak value of tensile hoop stress (750MPa) appears at the weld
seam near the outer surface. Two zones with compressive hoop
stress are inclined to the inner surface in the parent metal areas
adjacent to theweld seam. The axial stress of outer surface region is
tensile stress, while the axial stress of inner surface region is
compressive stress to balance the large tensile axial stress.

4.3. Superposition of residual stress after PWHT and operating
stress at normal speed

The simulated hoop and axial stresses contours of rotor discs are
described in Fig. 6 and Fig. 7, which show the residual stress after
PWHT, operating stress at normal speed, and superposition of re-
sidual stress after PWHT and operating stress at normal speed.
Compared to the as-welded stresses, it can be seen that the simu-
lated residual stress of rotor discs after PWHT decrease substan-
tially below 70 MPa. Therefore, it can be seen that heat treatment
can decrease the welding residual stress significantly, and the
PWHT process (heat treatment temperature and holding time) are
extremely reasonable.

From Fig. 6(a), the hoop stress of outer surface region is tensile
stress, while the hoop stress of inner surface region is compressive
stress after PWHT. The peak value of tensile hoop stress (59 MPa)
appears at the weld seam about 40% thickness from the outer
Fig. 6. Hoop stress contours (MPa) of rotor discs: (a) residual stress after PWHT, (b) oper
operating stress at normal speed.
surface. As can be seen from Fig. 6(b), hoop operating stress de-
creases gradually from the axis of symmetry to the edge of the rotor
discs, and the peak value of hoop operating stress (200 MPa) ap-
pears at the axis of symmetry. After superposition of residual stress
after PWHTand operating stress at normal speed, from Fig. 6(c), the
superimposed stress of rotor discs except the weld area shows a
similar trendwith operating stress at normal speed, while the trend
of the superimposed stress at the weld area is similar with residual
stress after PWHT.

From Fig. 7(a), the trend of the axial stress after PWHT is similar
with the residual stress after welding, and the peak value of tensile
axial stress (66 MPa) appears at the outer surface. As seen from
Fig. 7(b), the axial stress of outer surface region at the weld seam is
compressive stress, and the axial stress of inner surface region is
tensile stress. The axial stress after PWHT is small and the peak
value (30 MPa) appears at the bottom protrusion in the weld area.
After superposition of axial stress after PWHT and operating stress
at normal speed, from Fig. 7(c), the trend of the superimposed
stress at the weld area is similar with residual stress after PWHT.
Therefore, operating stress can be affected significantly by welding
residual stress, and the distribution trend of superimposed stress at
the weld area is mainly determined by welding residual stress.

4.4. Stress distributions on the inner surface and outer surface in
different operating conditions

The hoop and axial stresses distributions on the inner surface in
different operating conditions are described in Fig. 8 and Fig. 9,
respectively. The hoop residual stress curve in Fig. 8 shows that, the
hoop residual stress on the inner surface has a moderate dip in the
ating stress at normal speed, and (c) superposition of residual stress after PWHT and



Fig. 7. Axial stress contours (MPa) of rotor discs: (a) residual stress after PWHT, (b) operating stress at normal speed, and (c) superposition of residual stress after PWHT and
operating stress at normal speed.

Fig. 8. Hoop stress distributions on the inner surface in different operating conditions.

Fig. 9. Axial stress distributions on the inner surface in different operating conditions.
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compressive range at theweld zone and its vicinity. At about 15mm
away from the weld center line, the hoop residual stress on the
inner surface reach the peak tensile values. From Fig. 8, the hoop
operating stress on the inner surface at normal speedmaintains at a
constant of 135 MPa. After superposition of axial stress after PWHT
and operating stress at normal speed, the trend of the super-
imposed stress at the weld area is similar with residual stress after
PWHT. Therefore, the superposition of residual stress and operating
stress is linear superposition, and the hoop stress distribution of
superposition stress is similar with the distribution of residual
stress. Moreover, with the increasing overspeed, the distribution
pattern of the hoop superposed stress distribution remains almost
unchanged, and the stress level increases.

The axial stress curves in Fig. 9 show that, the axial residual
stress on the inner surface is compressive stress, and the
compressive stress decrease the operating stress after the super-
position of residual stress and operating stress. With the increasing
overspeed, the axial superposed stress changes little and varies



Fig. 10. Hoop stress distributions on the outer surface in different operating conditions.
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from �60 MPa to 60 MPa. Therefore, the superposition of tensile
residual stress and operating stress can contribute to the fatigue
failure and stress-corrosion crack in the engineering structures, and
the stress corrosion cracking can be reduced effectively owing to
the compressive residual stress.

Figs. 10 and 11 present the hoop and axial stresses distributions
on the outer surface in different operating conditions. The hoop
residual stress curve in Fig. 10 shows that, tensile residual stress of
axial direction almost is present on the outer surface, and the
highest stress appears at the weld center. The hoop residual stress
after PWHTon the outer surfacemaintains at about 35MPa, and the
hoop operating stress at normal speed also remains almost un-
changed at 96 MPa. The hoop superposed stress at the weld seam is
slightly higher than that at base metal region (about 135 MPa). In
addition, the distribution pattern of the hoop superposed stress
distribution remains almost unchanged, and the stress level in-
creases significantly with the increasing overspeed. The axial stress
curves in Fig. 11 show that, tensile residual stress of axial direction
almost is present on the outer surface and the highest axial stress
(68 MPa) appears at the weld center, while the axial operating
stress almost is compressive stress. Moreover, the tensile residual
stress increase the operating stress after the superposition of re-
sidual stress and operating stress. With the increasing overspeed,
the axial superposed stress decreases gradually.

4.5. Stress distributions through thickness at the weld region

Figs.12 and 13 show the variations of the hoop and axial stresses
along the weld center line, normalized by the wall thickness from
Fig. 11. Axial stress distributions on the outer
the inner surface to the outer surface at the weld region,
respectively.

The through-wall hoop residual stress curve in Fig. 12 shows
that, from the inner surface to the region about 36% wall thickness,
the through-wall hoop stress is compressive, while in the remnant
part of wall thickness, tensile through-wall hoop stress develops;
the hoop operating stress at normal speed decreases gradually from
inner surface to outer surface and varies from 95 MPa to 136 MPa.
After superposition of hoop residual stress after PWHT and hoop
operating stress at normal speed, the trend of the superposed stress
along the weld center line is similar with hoop residual stress after
PWHT. In addition, the distribution pattern of the hoop super-
posited stress distribution remains almost unchanged, and the
stress level increases with the increasing overspeed.

As seen from Fig. 13, the through-wall axial residual stress is
compressive stress from the inner surface to the region about 50%
wall thickness, and tensile through-wall axial residual stress ap-
pears in the remnant region of wall thickness. The through-wall
axial stress distribution at the weld region can be divided into
bending type and self-equilibrating type by Dong [30], and the
through-wall axial residual stress at the weld center line can be
considered as a clearly bending type as shown in Fig. 13. In contrast
with the distribution of axial residual stress, from the inner surface
to the region about 50% wall thickness, the through-wall axial
operating stress at normal speed is tensile and compressive
through-wall axial operating stress appears in the remnant region
of wall thickness. After superposition of axial residual stress after
PWHT with axial operating stress, the superposed stress decreases
and is mitigated.
surface in different operating conditions.



Fig. 12. Through-wall hoop stress distributions at the weld center line.

Fig. 13. Through-wall axial stress distributions at the weld center line.

L. Tan et al. / Nuclear Engineering and Technology 52 (2020) 1862e1870 1869
5. Conclusions

The distribution of residual stress and operating stress can be
predicted by a 2-D axisymmetric FEmodel effectively in amultipass
narrow gap welding of nuclear turbine rotor discs. Based on the
analysis results in the present work, we can draw the following
conclusions:

(1) After superposition of axial stress after PWHT and operating
stress at normal speed, the stress contours of the superposed
stress at the weld area is similar with residual stress after
PWHT. Operating stress can be affected significantly by
welding residual stress, and the distribution trend of super-
posed stress at the weld area is mainly determined by
welding residual stress.

(2) The superposition of residual stress and operating stress is
linear superposition, and the hoop stress distribution of su-
perposition stress is similar with the distribution of residual
stress. With the increasing overspeed, the distribution
pattern of the hoop superposed stress distribution remains
almost unchanged, and the stress level increases.

(3) The superposition of tensile residual stress and operating
stress can contribute to the fatigue failure and stress-
corrosion crack in the engineering structures, and the
stress corrosion cracking can be reduced effectively owing to
the compressive residual stress.
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