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a b s t r a c t

This paper proposes a residual stress mitigation of a nuclear safety-related austenitic stainless steel
TP304 pipe bended by local induction heating process via performing elastic-plastic finite element
analysis. Residual stress distributions of the pipe bend were calculated by performing finite element
analysis. Validity of the finite element analysis procedure was verified via comparing with temperature
histories measured by using thermocouples, ultrasonic thickness measurement results, and residual
stress measurement results by a hole-drilling method. Parametric finite element stress analysis was
performed to investigate effects of the process and geometric shape variables on the residual stresses on
inner surfaces of the pipe by applying the verified procedure. As a result of the parametric analysis, it was
found that it is difficult to considerably reduce the inner surface residual stresses by changing the
existing process and geometric shape variables. So, in order to mitigate the residual stresses, effect of an
additional process such as cooling after the bending on the residual stresses was investigated. Finally, it
was identified that the additional heating after the bending can significantly reduce the residual stresses
while other variables have insignificant effect.
© 2019 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 nuclear industry, it is under consideration to apply pipe bends
with small bending radii (less than 3 diameter ratio (DR)) manu-
factured by induction heat bending process to safety-related piping
for easiness of piping layout [1]. As part of the consideration, the
American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessels (B&PV) Code Committee [2] revised related arti-
cles in the ASME B&PV Code, Section III, Subsection NB, NC & ND
and published the ASME B&PV Code, Section III, Appendix GG. In
addition, some local heat induction bending techniques have been
devised which can apply compressive axial loading during bending
in order to satisfy the thickness requirements for the pipe bends [1].

Tensile residual stresses can be generated due to thermo-
mechanical mechanism during the induction heat bending pro-
cess. It is well-known that tensile residual stresses are one of the

cracking driving forces which have important effect on crack
initiation and growth [3]. It has also been reported that some cracks
such as stress corrosion cracking (SCC) due to tensile residual
stresses occurred in safety-related nuclear piping [3].

Some studies have been performed about structural integrity of
the pipe bends manufactured by local heat induction bending
process. Keran et al. [4] reviewed two induction bending types
which were flat hot tube bending and incremental hot bending.
They concluded that better process characteristics were obtained
with incremental hot bending, and showed that there was no
possible cracks and wrinkle during the bending via performing
finite element analysis (FEA). Lee et al. [5] performed an optimum
design of pipe bending based on high-frequency induction heating
using dynamic reverse moment. They proposed the use of the
design of experiment (DOE) method and a dynamic reverse
moment for maintaining the thickness reduction ratio to within
12.5%. Lee et al. [6] investigated microstructure, mechanical prop-
erties such as fatigue endurance limit and hardness, and residual
stresses of low carbon steel bent pipes having smaller radii than
conventional bends by conducting experiments and FEA. The study
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showed that the residual stress was compressive at the outer sur-
face and tensile inside both intrados and extrados regions, and low
carbon steel pipes had better fatigue characteristics at the bent
section than at the raw material section. But, the study did not
systematically investigate the residual stresses on the inner surface
despite practical importance of the residual stresses on the inner
surface. In general, cracks detected during in-service inspection
have occurred on inner surface of nuclear piping because temper-
ature variation on inner surface is much greater than that on outer
surface as well as inner surface is in contacts with corrosive envi-
ronment such as high temperature water chemistry. In addition,
they did not consider effect of phase transformation on the residual
stresses in performing finite element (FE) residual stress analysis
although the ferritic steel should experience phase transformation
during rapid cooling of heat induction bending. Collie et al. [7]
predicted the final deformed geometry of induction bends on
thick-walled pipe using simple analytical models such as a FEA
model. They found that the FEA model gave good predictions of
wall thickening comparingwith previously published experimental
data and could derive onset of intrados surface wrinkling and the
shape of transition ramps although not accurately predicted. Kim
et al. [8] investigated effects of the process variables on the residual
stress distributions of induction heating bended austenitic stainless
TP316 steel pipe by performing parametric FEA. But, the authors did
not derive any efficient method to reduce the residual stresses on
the inner surface significantly and easily. Asmentioned above, most
of the previous studies have focused on the thickness variation.
Even the previous study addressed the residual stresses did not
systematically investigate the residual stresses on the inner surface
in spite of the importance or did not present an efficient residual
stress mitigation method.

Therefore, in the present paper, the residual stress distributions
on the inner surface of a safety-related austenitic stainless steel
TP304 pipe bended by local induction heating process were
investigated by performing sequentially coupled FE thermal-stress
analysis. Comparing the FEA results with temperature histories
measured by using thermocouples, ultrasonic thickness measure-
ment results, and residual stress measurement results by a hole-
drilling method, validity of the FEA procedure was verified. Ef-
fects of the process and geometric shape variables on the residual
stresses on inner surfaces of the pipe were investigated via per-
forming parametric analysis using the validated FEA procedure. In
addition, effect of an additional process such as cooling after the
bending on the residual stresses was investigated to mitigate the
residual stresses. Finally, based on the investigation results, an
efficient method, which could reduce the residual stresses on the
inner surface significantly, was derived.

2. Residual stress evaluation

This section describes a specification of a target model, and
presents residual stress evaluation procedures and results using
hole-drilling method and FEA. Finally, verification results are pre-
sented via comparing the measurement results with the FEA
results.

2.1. Target

The bended pipe was made of austenitic stainless steel, SA312
TP304. Outer diameter and thickness of the bended piping are
323.85 mm and 33.3248 mm, respectively. Bending radius and
angle of the bended piping are 582.93 mm and 45�, respectively.
Table 1 presents actual measurement values of the bending process

variables [9].
Fig. 1 shows variations of thermal-physical material properties

with temperature [10,11]. Density was determined with the con-
stant value of 8030 kg/m3 irrespective of temperature. Temperature
dependence of the density was reflected in variation of the specific
heat with temperature. Fig. 2 depicts variation of true yield stress-
true strain curves with temperature [10e12]. The true stress-true
strain curves were converted from engineering stress-strain
curves using the correlations between true stress-strain and engi-
neering stress-strain because the target model was a large defor-
mation problem. Work hardening behaviour during the bending
process can be susceptible to strain rate because the piping was
bended accompanying permanent plastic deformation at higher
temperature than 1000 �C. So, the study considered the strain effect
on the mechanical strengths [13]. Fig. 3 indicates variation of the
ratio of tensile strength to yield strength with the strain rate.
Annealing temperature was assumed to be 1037.7778 �C [14].

2.2. Residual stress measurements

Residual stresses on outer surface of the bended pipe were
measured applying a hole-drilling method, as shown in Fig. 4. The
hole-drilling method was conducted by drilling to 2 mm depth
using RS-200 system [15] in accordance with ASTM E837-13a [16].
Fig. 5 shows residual stress measurement locations and results. As
shown in Fig. 5, it is found that both hoop and axial residual stresses
on the outer surface are generally tensile, and compressive axial
residual stresses locally occur at bending finish regions of intrados
and crown.

2.3. Finite element analysis

Sequentially-coupled temperature and elastic plastic stress
analysis was performed using a commercial FEA program, ABAQUS
[17]. That is, temperature distributions of the pipe during overall
process were calculated via performing FE temperature analysis
and then residual stress distribution of the pipewas determined via
conducting FE elastic-plastic stress analysis using the temperature
distributions as input data. The elastic plastic stress analysis
considered large deformation.

Fig. 6 depicts a finite element model of the pipe. The pipe was
developed as a half model due to symmetry of geometric configu-
ration and boundary conditions. Three dimensional linear solid
brick finite elements were used. Numbers of elements and nodes
are 27,120 and 32,333, respectively. The violet- and red-colored
elements on the figure mean rigid elements for simulating a
bending jig and support rollers, respectively.

Thermal boundary conditions were established for temperature
analysis as follows:

� An equation (1) considering skin effect of high frequency in-
duction current was adopted as a heat generation rate distri-
bution along thickness, q’(d) [18].

q’ðdÞ ¼ q’se�2d=d (1)

where d is the depth from outer surface along thickness direction.
q’s means the surface heat generation rate. d, the characteristic
depth representing penetration depth of induction current, was
determined as 13.7 mm by substituting the electric resistance r and
the dielectric permittivity m of TP304 at 450 �C, and induction
current frequency u into the following equation:
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d ¼
ffiffiffiffiffiffiffi
2r
um

s
(2)

� Based on the peak temperature measurements and the coupled
thermal-electromagnetic analysis results [19], the surface heat

generation rate distribution along the pipe axis was determined
as shown in Fig. 7.

� Performing the trial and error, which compared surface tem-
perature histories by the measurement and by finite element
temperature analysis, and then repeated the finite element
temperature analysis with modified thermal conditions,
maximum value of the surface heat generation rate distribution
along pipe axis was determined to be 109 MW/m3.

Table 1
Actual measurement values of the bending process variables for SA312 TP304 piping.

Item Actual (reference value)

Induction Heating Power/Frequency 185 kW/1.42 kHz
Bending TemperatureNote) 1025~1222 �C
Feeding Rate 20 mm/min
Initial Heating Period with Fixed Heater (¼Cooling Start Time) 180 s
Minimum Wall Thickness 29.56~31.11 mm
Compressive Stress 5.001 MPa
Bending Angle 45�

Bending Radius 582.93 mm

Note) Based on the outer surface.

(a) thermal conductivity                                                   (b) specific heat

(c) elastic modulus                                         (d) thermal expansion coefficient

Fig. 1. Variations of thermal-physical material properties with temperature.
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(a) lower than 537.8 oC                                             (b) higher than 760 oC
Fig. 2. Variations of true yield stress-true equivalent plastic strain curves with temperature: (a) lower than 537.7778 �C, (b) higher than 760 �C.

Fig. 3. Variations of the mechanical strength ratio with the strain rate.

Fig. 4. Residual stress measurement of the induction heating bended pipe by a hole-
drilling method.

Fig. 5. Residual stress measurement locations and results.

Fig. 6. Finite element model of the induction heating bended pipe.
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� The pipe was heated with a heater fixed during the initial
heating time presented in Table 1.

� After the initial heating, the heater was assumed to be moving
with the pipe feeding velocity presented in Table 1 without
moving of the pipe.

� Water cooling was initiated from the heater moving time.
Nozzles sprayingwater on inner and outer surfaces of the pipe

were installed after the heater, shown in Fig. 8.
� Inner and outer forced heat convection coefficients by the spray
water were calculated by the following equation (3), which was
generally applied to the 2nd cooling during continuous casting
[20]:

hwater ¼ 70:6W0:628
.
Tsurf

0:136 (3)

whereW is flow density of the spray water (l/m2sec). Tsurf is surface
temperature of the pipe.
� Performing the trial and error, the flow densities on the inner
and outer surfaces were determined to be 500 l/m2sec and
1000 l/m2sec, respectively.

� Natural convection coefficient on surfaces not contacted with
the spray water was assumed to be 10 W/m2oC.

� Temperatures of the spray water and the air were assumed to be
40 �C and 5 �C, respectively.

� Mechanical boundary conditions were established for residual
stress analysis as follows:

� A node corresponding to spin center of the rigid elements
simulating the bending jig was free to bend and fixed with the
other directions.

� Contact condition was established between the pipe outer sur-
face and the rigid elements simulating the support rollers.

� Compressive bending moment applied to the bending jig was
calculated by substituting the measured compressive stress into
equation (4) [5].

Mc ¼ 1:58scDm
2t (4)

where Mc is the compressive bending moment, sc is the measured
compressive stress and presented in Table 1, Dm is mean diameter,
and t is thickness.
� Bottom nodes of the pipe were subjected to axial displacement
so that the pipe moved with the constant feeding rate presented
in Table 1.

As mentioned in the thermal boundary conditions, the heat
generation and cooling conditions were adjusted and determined
by the trial and error in order to derive the same temperature
analysis results as the temperature measurement results obtained
using thermo-couples installed on outer surface. Fig. 9 shows
comparison result of outer surface temperature between the
measurement and the FE temperature analysis. As shown in the
figure, it is found that the FE temperature analysis has good
agreement with the measurement in the view point of maximum
temperature value and temperature change after the maximum
temperature.

Fig. 10 depicts von Mises effective residual stress and equivalent
plastic strain distributions of the bended pipe calculated from the
FEA. As depicted in the figures, it is found that significant residual

Fig. 7. Surface heat generation rate distribution along the pipe axis.

Fig. 8. Locations of the nozzles spraying cooling water on inner and outer surfaces of the induction heating bended pipe.
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stress and plastic deformation occur on inner regions of extrados
and intrados. Especially, the inner region of the intrados has higher
residual stress and plastic strain than those of the extrados.

Axial and hoop residual stress distributions along pipe axis on
inner surfaces of intrados, extrados and crownwere compared with
those on outer surfaces, shown in Fig. 11. As shown in Fig. 10(a), the
nodes 2236, 7853, and 13935 are nodes located on the inner surface

of the intrados, crown, and extrados, respectively. In addition, the
nodes are located at the end of the bending jig. The nodes 2443,
8179 and 13966 are the nodes on the outer surface corresponding
to the nodes 2236, 7853 and 13935, respectively. In the axial re-
sidual stresses on the inner surfaces, irrespective of the intrados,
extrados and crown, maximum tensile stresses are generated at
bending finish points, and the axial residual stresses decrease with

Fig. 9. Comparison of outer surface temperature between the measurement and the finite element analysis.

(a) von Mises residual effective stress (MPa)           (b) equivalent plastic strain (mm/mm) 
Fig. 10. von Mises effective residual stress and equivalent plastic strain distributions of the induction bended piping derived from the finite element analysis: (a) von Mises residual
effective stress (MPa), (b) equivalent plastic strain (mm/mm).
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(a) axial (intrados)                                                     (b) hoop (intrados) 

(c) axial (crown)                                                      (d) hoop (crown) 

(e) axial (extrados)                                                       (f) hoop (extrados)

Fig. 11. Comparison of residual stress distributions along the pipe axes on the extrados, crown, and intrados of the induction heating bended pipe between inner and outer surfaces:
(a) axial (intrados), (b) hoop (intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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approaching bending start point and generally become compres-
sive over bending region. The axial residual stresses on the outer
surfaces have countertrends to those on the inner surfaces. The
hoop residual stresses on the inner surfaces have similar trends to
the axial residual stresses on the inner surfaces. On the contrary,
the hoop residual stresses on the outer surfaces become tensile
over significant part of the bending region and have maximum
tensile values near the bending start point.

Fig. 12 shows variations of the axial and hoop residual stress
distributions along the pipe axis on the inner surfaces vs. the
intrados, extrados and crown. As shown in the figure, it is found
that both the axial and the hoop residual stresses have similar
distributions irrespective of the intrados, extrados and crown.
Comparing maximum residual stresses on the inner surfaces, the
highest maximum axial tensile stress occurs on the extrados while
the highest maximum hoop tensile stress occurs on the intrados. In

addition, the maximum tensile axial and hoop stresses on the
crown are lower than those on the extrados and intrados,
respectively.

2.4. Verification of finite element analysis

As a part of verification for the FEA, thickness variation of
extrados along the pipe axis derived from the FEA was compared
with the measured thickness variation, shown in Fig. 13. Thickness
increment percentage means percentage of the thickness incre-
ment to initial thickness. There is difference of more than 10% near
a starting point of the extrados but insignificant differences in the
other regions. Therefore, it is identified that the FE stress analysis
can adequately derive deformation behaviour of the bended pipe.

In addition, verification was performed via comparing residual
stresses on outer surface of the pipe derived from the FEA to the
measurement results presented in Fig. 5, shown in Fig. 14. From the
figure, the FEA is reasonably good in agreement with the mea-
surement in trend although there are some differences in magni-
tude. Considering innate wide scattering band of residual stress
measurements by the hole-drilling method, it is deemed that the
FEA procedure used in the study is adequate in deriving the residual
stresses.

3. Parametric analysis

As a part of deriving an efficient method to reduce the residual
stresses, influence of process variables and geometric shape pa-
rameters on the residual stresses was investigated through finite
element parametric analysis. The parametric analysis dealt with
only the residual stresses on the inner surfaces considering the
plausible crack location based on the reason as presented in section
1.

3.1. Effects of the process variables on the inner residual stresses

For investigating on effects of the process variables such as in-
duction heat generation rate, feeding velocity, and compressive
bending moment on the residual stresses on the inner surfaces,
parametric analysis was performed utilizing the verified FEA

(a) axial                                                                        (b) hoop

Fig. 12. Variations of the axial and hoop residual stress distributions along the pipe axis on the inner surfaces vs. the intrados, extrados and crown: (a) axial, (b) hoop.

Fig. 13. Comparison results of extrados/intrados/crown thickness between the mea-
surement and the finite element analysis.
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(a) axial (intrados)                                                      (b) hoop (intrados)

(c) axial (crown)                                                          (d) hoop (crown)

(e) axial (extrados)                                                       (f) hoop (extrados)

Fig. 14. Comparison of the residual stress distributions along the pipe axis on the outer surfaces of the induction heating bended pipe between the finite element analysis and the
measurement: (a) axial (intrados), (b) hoop (intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).

J.-S. Kim et al. / Nuclear Engineering and Technology 51 (2019) 1451e1469 1459



Fig. 15. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. induction heat generation rate: (a) axial (intrados),
(b) hoop (intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                          (f) hoop (extrados) 

Fig. 16. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. feeding velocity: (a) axial (intrados), (b) hoop
(intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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procedure.
Fig. 15 depicts variation of the residual stress distributions along

the pipe axis on inner surfaces of the intrados, extrados and crown
vs. induction heat generation rate. qo means the reference value of
induction heat generation rate determined using equation (1), Fig. 7
and the maximum surface heat generation rate of 109 MW/m3

1.15qo and 0.85qo mean 1.15 times and 0.85 times of the reference
induction heat generation qo, respectively. In the figure, it can be
seen that as the induction heat generation rate decreases,
maximum residual stresses on the inner surfaces of the extrados
increase and then there is little change. In addition, the induction
heat generation rate has little effect on the maximum residual
stresses on the inner surfaces of the crown and the intrados.

Effect of feeding velocity on the residual stress distributions
along the pipe axis on inner surfaces of the intrados, extrados and
crown was investigated, shown in Fig. 16. vo means the reference
value of feed velocity presented in Table 1. 1.15vo and 0.85vo mean
1.15 times and 0.85 times of the reference feeding velocity vo,
respectively. As shown in the figure, it is found that maximum re-
sidual stresses on the inner surfaces of the extrados increase and
then decrease slightlywith increasing the feeding velocity. Also, the
feeding velocity has insignificant effect on the maximum residual
stresses on the inner surfaces of the crown and the intrados.

Fig. 17 shows variation of the residual stress distributions along
the pipe axis on inner surfaces of the intrados, extrados and crown
vs. compressive bending moment.Mo means the reference value of
compressive bending moment determined substituting the
measured compressive stress presented in Table 1 into equation (4).
2Mo mean 2.0 times of the reference compressive bending moment
Mo. As shown in the figure, it is found that the compressive bending
moment has almost no effect on the residual stresses on the inner
surfaces.

3.2. Effects of the geometric shape variables on the inner residual
stresses

Geometric shape variables such as outer diameter, thickness,
bending radius, and bending angle are established with the same
values as presented in subsection 2.1.

Fig. 18 shows the variation of the residual stress distributions
along the pipe axis on inner surfaces of the intrados, extrados and
crown vs. pipe outer diameter. The thickness, curvature radius and
bending angle were kept constant at 33.3248 mm, 582.93 mm and
45�, respectively. Do means the reference outer diameter of
323.85 mm as given in subsection 2.1, 1.15Do means the outer
diameter corresponding to 1.15 times the reference outer diameter,
and 0.85Do means the outer diameter equal to 0.85 times the
reference outer diameter. The nodes presented in Fig. 18 are cor-
responding to the nodes located on the inner surface of the intrados
and at the end of the bending jig of the reference case. From Fig. 18,
it can be seen that the outer diameter has insignificant effect on the
inner surface residual stresses.

Fig. 19 depicts the variation of the residual stress distributions
along the pipe axis on inner surfaces of the intrados, extrados and
crown vs. pipe thickness. The outer diameter, curvature radius and
bending angle were kept constant at 323.85 mm, 582.93 mm and
45�, respectively. to means the reference thickness of 33.3248 mm
as given in subsection 2.1, 1.15to and 0.85to mean the thicknesses
corresponding to 1.15 times and 0.85 times the reference thickness,
respectively. The nodes presented in Fig. 19 are corresponding to
the nodes located on the inner surface of the intrados and at the
end of the bending jig of the reference case. Depicted in the figure,
it is identified that as the thickness increases, maximum residual

stresses on the inner surfaces of the intrados and the extrados in-
crease, and then decrease slightly. In addition, it can be seen that
the residual stress distributions on the inner surfaces of the crown
do not vary significantly with the change in thickness.

Effect of bending radius of curvature on the residual stress dis-
tributions along the pipe axis on the inner surfaces of the intrados,
extrados and crown was presented in Fig. 20. The outer diameter,
thickness, and bending angle were kept constant at 323.85 mm,
33.3248 mm and 45�, respectively. Rbo means the reference cur-
vature radius of 582.93 mm as proposed in subsection 2.1, 1.15Rbo
means the curvature radius equal to 1.15 times the reference cur-
vature radius, and 0.85Rbo means the curvature radius to 0.85 times
the reference curvature radius. The nodes presented in Fig. 20 are
corresponding to the nodes located on the inner surface of the
intrados and at the end of the bending jig of the reference case. As
shown in the figure, it is found that the effect of the curvature
radius on the inner surface residual stresses is negligible except
that length of the bending region is shortened.

Fig. 21 shows the variation of the residual stress distributions
along the pipe axis on the inner surfaces of the intrados, extrados
and crown vs. bending angle. The outer diameter, thickness, and
curvature radius were maintained as 323.85 mm, 33.3248 mm and
582.93 mm, respectively. The nodes presented in Fig. 21 are cor-
responding to the nodes located on the inner surface of the intrados
and at the end of the bending jig of the reference case. As shown in
Fig. 21, as the bending angle increases, there is no meaningful
change other than lengthening the bending region.

4. Proposal of residual stress mitigation process

From the results of the above parametric analysis, it seems that
it is not easy to considerably reduce the inner surface residual
stresses by changing the existing process and geometric shape
variables. Therefore, an additional process other than the process
was introduced to mitigate the residual stresses.

As shown in Fig. 22, the maximum residual stress is formed at
the end of bending, which is the same as the position when the
induction heating is terminated. Therefore, it was judged that the
residual stress could be reduced at the bending end position when
the bending deformation was completed and further heating was
performed from the bending deformation end position to a part of
the straight pipe connected thereto.

Based on this judgment, a process to expand the induction
heating zone as shown in Fig. 23 (a) was proposed, and the residual
stress characteristics were analyzed through finite element anal-
ysis. As shown in Fig. 23 (b), it is found that the residual stress is
significantly reduced at the bending end position. As mentioned
earlier, the reason why these results are derived is considered as
follows: First, residual stresses have self-equilibrating characteris-
tics in which the residual stresses relax when additional plastic
deformation occurs. Second, thermal stress generated by the
additional heating at the bending end position causes additional
plastic deformation. Last, this plastic deformation eventually leads
to the relaxation of the residual stresses.

Fig. 24 compares the axial and hoop residual stress distributions
along the pipe inner wall by the proposed process with those by the
previous process. As shown in the figure, it is identified that the
axial and hoop residual stresses are reduced by about 21e52% and
40e73%, respectively, based on the maximum stresses.

5. Conclusions

From the FEA regarding residual stress mitigation of the safety-
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(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                          (f) hoop (extrados) 
Fig. 17. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. compressive bending moment: (a) axial (intrados),
(b) hoop (intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                          (f) hoop (extrados) 

Fig. 18. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. pipe outer diameter: (a) axial (intrados), (b) hoop
(intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                          (f) hoop (extrados) 
Fig. 19. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. pipe thickness: (a) axial (intrados), (b) hoop
(intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                                   (f) hoop (extrados) 

Fig. 20. Variation of the residual stress distributions along the pipe axis on inner surfaces of the intrados, extrados and crown vs. bending curvature radius: (a) axial (intrados), (b)
hoop (intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).



(a) axial (intrados)                                                          (b) hoop (intrados) 

(c) axial (crown)                                                             (d) hoop (crown) 

(e) axial (extrados)                                                          (f) hoop (extrados) 

Fig. 21. Variation of the residual stress distributions along the pipe axis on the inner surfaces of the intrados, extrados and crown vs. bending angle: (a) axial (intrados), (b) hoop
(intrados), (c) axial (crown), (d) hoop (crown), (e) axial (extrados), (f) hoop (extrados).
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related austenitic stainless steel TP304 pipe bended by the local
heat induction process, the following findings were derived:

� The FEA procedure used in the study was adequate in deriving
the thickness variation and the residual stresses due to the local
heat induction bending process via comparing of thickness
variations and residual stresses between the FEA and the
measurements.

� Maximum residual stresses on the inner surfaces of the extrados
increase and then there is little change with decreasing the in-
duction heat generation rate whereas the induction heat gen-
eration rate has insignificant effect on the maximum residual
stresses on the inner surfaces of the crown and the intrados.

� Maximum residual stresses on the inner surfaces of the extrados
increase and then decrease slightly with increasing the feeding
velocity whereas the feeding velocity has insignificant effect on
the maximum residual stresses on the inner surfaces of the
crown and the intrados.

� The compressive bending moment has almost no effect on the
residual stresses on the inner surfaces.

� The outer diameter has insignificant effect on the inner surface
residual stresses.

� Maximum residual stresses on the inner surfaces of the intrados
and the extrados increase and then decrease slightly with
increasing the thickness while the residual stress distributions
on the inner surfaces of the crown do not vary significantly with
the change in thickness.

� The curvature radius has negligible effect on the inner surface
residual stresses except that length of the bending region is
shortened.

� The bent bend angle has no meaningful effect on the inner re-
sidual stresses other than lengthening the bending region.

� Additional process after the bending should be considered, since
it is difficult to significantly mitigate the inner residual stresses
only by changing the process parameters or geometric shape
parameters.

� An additional heating after the bending, which can significantly
reduce the axial and hoop residual stresses by about 21~52% and
40~73% respectively, was proposed.

(a) final heating location                                          (b) von Mises effective residual stress

Fig. 22. Residual stress characteristics and the final heating location of the previous bending process: (a) final heating location, (b) von Mises effective residual stress.

(a) final heating location                                          (b) von Mises effective residual stress

Fig. 23. Residual stress characteristics and the final heating location of the proposed bending process: (a) final heating location, (b) von Mises effective residual stress.
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Fig. 24. Reduction of the residual stresses along the pipe axis on the inner surfaces of
the intrados, extrados and crown by bending process modification: (a) axial stress, (b)
hoop stress.
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