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a b s t r a c t

The application of induction bending processes to industrial pipe production is increasing. The induction
bending process has the effect of reducing the number of inspections and preventing leaks by reducing
the weld of the pipe. For these reasons, efforts have been made to apply an induction bending process to
the pipe of the PGSFR under development in Korea and this is the first attempt in the SFR design. Since
the PGSFR pipe has a relatively large diameter-to-thickness ratio, it is difficult to fabricate an induction
bending pipe that meets the requirements. In addition, the material properties may change because the
pipe heats to a very high temperature during the induction bending process. In this study, P91 pipes were
fabricated by induction bending, and the results from analyzing the induction bending process’ appli-
cability to the P91 pipe of the PGSFR are examined. The various dimensional measurements of the pipes
fabricated by the induction bending process were surveyed to determine whether the requirements of
the ASME Code were met. The minimum thickness, ovality, and wall buckling measured in the fabricated
pipe met all the requirements. Tensile, impact, and hardness tests at various locations of the fabricated
pipe also satisfied the requirements.
© 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

A Prototype Gen-IV Sodium-Cooled Fast Reactor (PGSFR) has
been in development in Korea since 2012 due to the national Nu-
clear R&D program [1,2]. The intermediate heat transport system
(IHTS) pipe of the PGSFR delivers high temperature sodium above
500 �C. The sodium in pipes is non-radioactive, and fires may occur
when exposed to the atmosphere. Therefore, the PGSFR is designed
to prevent any contact between sodium and the atmosphere. The
pipe of the PGSFR applies a double-walled pipe consisting of main
and guard pipes to prevent sodium leakage and fire, but the guard
pipe is an auxiliary means, and it is very important to prevent
leakage itself from the main pipe.

In previous studies [3e6], there were reviews of applicability for
the induction bending process in the pipe of light-water reactors,
but there have been no studies attempting to apply induction
bending to the Sodium-Cooled Fast Reactor (SFR). This is the first
study to apply induction bending to the P91 pipe in SFRwith a large
diameter-to-thickness ratio.
by Elsevier Korea LLC. This is an
Since the pipe of the PGSFR often generates high thermal
stresses due to the high operating temperature, many elbows are
required in the long pipe arrangement to reduce the thermal stress.
Therefore, the number of circumferential welds inevitably in-
creases. The welds have disadvantages of increasing the possibility
of sodium leaking due to defects, lowering productivity, and
increasing manufacturing costs. In particular, the welds of Nuclear
Steam Supply System (NSSS) pipes require periodic in-service in-
spection which is expensive and time-consuming.

In order to overcome these shortcomings, efforts are beingmade
to reduce welds by applying induction bending pipes to the PGSFR.
The application of induction bending pipes to the PGSFR reduces
circumferential welds by about 75% in the same pipe layouts, as
shown in Fig. 1. The induction bending pipe is thinned in extrados
and thickened in intrados during the manufacturing process, so it is
necessary to confirmwhether the change in thickness can meet the
dimensional requirements.

It is also necessary to confirm whether the bending radius
tolerance and ovality requirements can be satisfied. The PGSFR
pipes have a large diamter-to-thickness ratio (D/t), making it
difficult to fabricate induction bending pipes that meet these re-
quirements compared to pipes with a small diameter-to-thickness
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Fig. 1. Reduction of the number of welds by applying induction bending process.
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ratio. Therefore, after making the induction bending pipes with the
same specifications as the IHTS pipes in the PGSFR, it was con-
formed that the measured dimensions satisfy the ASME Code
requirements.

Since induction bending pipes are heated to a very high temper-
ature in the manufacturing process, it is necessary to analyze the
material properties after bending compared to the mother pipe.
Therefore, several tests were carried out on various locations of the
fabricated pipes to verify that the material properties’ requirements
were satisfied.
1.1. Fabrication of P91 pipes by induction bending

Three induction bending pipes with a 90� bending angle were
fabricated using P91 seamless straight pipes with an outer diameter
and thicknessof 559mmand12.7mm, respectively. Thediameter-to-
thickness ratio of the fabricated pipe is 44.0. It is difficult to fabricate a
bending pipe with a small radius of curvature that satisfies the wall
thickness requirement. Although the radius of curvature of the stan-
dard long radius elbow is 1.5D [7], it was expected that it would be
difficult to meet the wall thickness requirement when fabricating a
bending pipe having the same radius of curvature. Therefore, the
curvature radius of the fabricated bending pipe was 2.0D. The
chemical compositionof thepipe is showninTable1. Itwasconfirmed
that the chemical composition of the P91 pipemet the requirements.
Bending was performed at 1000e1050 �C and cooled by compressed
air immediately after bending. The pipe with induction bending is
shown in Fig. 2. The bent pipes were normalized at 1056e1067 �C for
21 min and tempered at 761e771 �C for 37 min. The heat treatment
parameters are summarized inTable 2. So far, only induction bending
pipes with a small diameter-to-thickness ratio have been produced,
but the first attempt has been made to produce induction bending
pipes with a large diameter-to-thickness ratio. Therefore, optimal
manufacturing factors were derived through finite element analysis
and various trials and errors before production.
Table 1
Chemical composition (%) requirements and inspection results of P91.

C Si Mn P S Ni

ASME Requirement Max 0.12 0.5 0.6 0.02 0.01 0.4
Min 0.08 0.2 0.3 e e e

Inspection results 0.11 0.26 0.43 0.018 0.002 0.1
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2. Dimensional inspection results

After the post-heat treatment, the three bent pipes were
checked for defects by visual inspection and magnetic particle ex-
amination. They were then examined for dimensions such as
thickness, ovality, bend radius, and bend angle, as shown in Fig. 3.

The thickness was measured using an ultrasonic thickness me-
ter. Table 3 summarizes the thickness at the extrados and intrados
of the bent pipes. During the induction bending process, the
intrados becomes thicker and the extrados becomes thinner. The
minimumwall thickness requirement for pipe bend is that the wall
thickness after bending shall not be less than the minimum wall
thickness required for straight pipe and is given in ASME, Sec.III,
Div.1, NB-3621.1 [8]. Themaximum permissible thickness reduction
of straight pipe is 12.5%, which is given in ASME, Sec.II, Part A, SA-
335 M [9]. The thickness at all locations exceeded the minimum
required thickness of 11.11 mm (>87.5%) sufficiently. The measured
ovality satisfied both the bend area requirement (<8%) and the
bend end area requirement (<1%) well, as shown in Table 4. As a
result of the dimensional inspection, the requirements such as wall
buckling (<3%), bending radius (±1%), and bending angle (±0.5�)
were also satisfied [10,11]. Through fabrication and dimensional
measurements, it was confirmed that the P91 pipe with a large
diameter-to-thickness ratio (D/t) using the induction bending
process can meet the fabrication requirements successfully.
3. Material properties

Since the induction bending pipe is heated to a very high tem-
perature during the manufacturing process, the material properties
of the bending area may change from those of the mother pipe.
Therefore, tensile tests, impact tests, and hardness tests were car-
ried out to confirm that the material properties of the bending area
could satisfy the material properties requirements of the base
material.
Cr Mo V Cb Ti Al Zr N

9.5 1.05 0.25 0.1 0.01 0.02 1 0.07
8 0.85 0.18 0.06 e e e 0.03

7 8.54 0.88 0.2 0.07 <0.01 0.001 <0.01 0.039



Fig. 2. Pipe under induction bending.

Table 2
Heat treatment parameters of the fabricated pipe.

Heat treatment process Heating Rate Holding Temp. Holding Time Cooling method

Normalizing Max.220 �C/Hr 1060 �C ±15 �C Min. 13min. Air
Tempering Max.220 �C/Hr 770 �C ±15 �C Min. 31min. Air

Fig. 3. Dimensional inspection of the bent pipes.

Table 3
Thickness (mm) at intrados and extrados of the bent pipes.

Location A B C D E F G

Bend end Bend Bend end

Pipe #1 Extrados 13.29 12.61 11.86 12.09 12.48 13.54 13.74

Intrados 13.57 14.25 17.98 18.97 18.95 19.42 13.66
Pipe #2 Extrados 13.78 12.05 11.95 11.86 12.13 12.03 13.70

Intrados 13.95 19.71 20.07 20.36 20.21 20.00 13.85
Pipe #3 Extrados 13.22 11.91 11.60 11.82 11.75 12.07 13.25

Intrados 13.71 19.05 18.26 18.07 17.32 17.39 13.25
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3.1. Tensile test results

The cold and high pipes of the PGSFR intermediate heat transfer
system deliver sodium at 332 �C and 528 �C, respectively. The
1582
tensile tests were carried out at room temperature (23 �C), 350 �C,
and 550 �C, respectively, and the yield strength, tensile strength,
and elongationwere compared with the requirements of the ASME
Code [9,12,13]. Tests carried out at room temperature were in



Table 4
Diameter and ovality of the bent pipes.

Location A B C D E F G

Bend end Bend Bend end

Pipe #1 Max. (mm) 563.2 560.6 560.7 559.5 559.9 560.8 563.8
Min. (mm) 562.3 555.8 556 556.7 554.4 556.1 562.8
Ovality (%) 0.2 0.9 0.8 0.5 1 0.8 0.2

Pipe #2 Max. (mm) 563.5 560.6 561.3 560.8 562.4 561.5 563.0
Min. (mm) 562.0 553.3 553.7 553.5 554.7 554.6 562.0
Ovality (%) 0.3 1.3 1.4 1.3 1.4 1.2 0.2

Pipe #3 Max. (mm) 562.5 556.3 558.2 557.5 557.5 559.1 562.8
Min. (mm) 558.0 556.0 555.4 556.2 556.1 555.3 557.8
Ovality (%) 0.8 0.1 0.5 0.2 0.3 0.7 0.9

Table 5
Elongation of tensile tests at room temperature.

Specimen Location Specimen Elongation (%)

ID. No. Test #1 Test #2 Avg.

Pipe(L) (Before bending) 1T10 29 29 29
Pipe(T) (Before bending) 1T11 27 27 27
Tangent(L) 1T1 27 28 27.5
Tangent(T) 1T2 27 27 27
Intrados(L) 1T3 29 28 28.5
Intrados(T) 1T4 29 29 29
Extrados(L) 1T5 25 25 25
Extrados(T) 1T6 19 19 19
Transition(T) 1T7 22 22 22
Neutral(L) 1T8 22 23 22.5
Neutral(T) 1T9 18 18 18
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accordance with ASTM A370 [14], and tests carried out at 350 �C
and 550 �C were in accordance with ASTM E21 [15].

At room temperature

The tensile tests were carried out with plate-type specimens
with a gage length of 50 mm at room temperature. Since the
thickness varies depending on the location of the bent pipe, the
thickness of the specimen is slightly different depending on the
location, but the thickness of all specimens exceed 10 mm. The
tensile test results at room temperature are summarized in Fig. 4
and Table 5. The yield strength and tensile strength of the pipe
before bending were similar to those of the raw materials (Mill in
Fig. 4). Even though the tensile properties of the straight area of the
heat-treated pipe after bending (Tangent in Fig. 4) were slightly
higher than the values of the straight pipe before bending, but the
differencewas not large. The tensile properties of the extrados were
similar to those of the straight pipe before bending, and the tensile
properties of the intrados, neutral (crown), and transition (bending
start or end area) areas were relatively high. The requirements of
the ASME, Sec. II, Part D [12] for yield strength and tensile strength
are 414 MPa and 586 MPa, respectively, and it was confirmed that
the test results met the requirements at all areas of the bend,
including the mother pipe. The lowest yield strength and tensile
strength were about 31% and 21% higher than the requirements,
respectively.

ASME, Sec. II, Part A, SA-335M requires a minimum longitudinal
elongation of 20% at room temperature. As shown in Table 5, the
longitudinal elongation of the bent pipe was reduced compared to
the mother pipe. However, it was confirmed that the longitudinal
elongation was 20% or more regardless of the area, so the
requirement was satisfied.
Fig. 4. Tensile test results
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At 350 �C

The tensile tests were carried out at 350 �C with round speci-
mens that a diameter and gage length of 6 mm and 24 mm,
respectively, and the test results are summarized in Fig. 5. The
tendency of the tensile properties at 350 �C is similar to that at
room temperature. The yield strength and tensile strength were the
lowest at the extrados and the highest at the transition and neutral
areas. The requirements of the ASME, Sec. II, Part D for the yield
strength and tensile strength are 371 MPa and 561 MPa, respec-
tively, and it was confirmed that the test results met the re-
quirements at all areas of the bend, including the straight area of
the bent pipe. The lowest yield strength and tensile strength were
about 36% and 11% higher than the requirements, respectively. The
elongation at 350 �C was slightly lower than at room temperature
and ranged between 16% and 20%.
at room temperature.



Fig. 5. Tensile test results at 350 �C.
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At 550 �C

The tensile tests at 550 �C were carried out with specimens of
the same geometry as the tensile test at 350 �C, and the test results
are summarized in Fig. 6. The tendency of the tensile properties at
550 �C was similar to that at room temperature and 350 �C. The
yield strength and tensile strength were the lowest at extrados and
the highest at the neutral area. The requirements of the ASME, Sec.
III, Div.5, Nonmandatory Appendix T [13] for the yield strength and
tensile strength are 269MPa and 379MPa, respectively, and the test
results met the requirements at all areas of the bend, including the
straight area of the bent pipe. The lowest yield strength and tensile
strength were about 41% and 22% higher than the requirements,
respectively. The elongation at 550 �C was similar to that at room
temperature, larger than at 350 �C, and ranged from 24% to 29%.
3.2. Impact test results

The impact tests at room temperature were carried out with
standard specimens (10 � 10 � 55 mm) in the longitudinal and
transverse directions at room temperature, according to ASTM
A370. The impact test results are summarized in Fig. 7. The lateral
expansion of the straight area of the heat treated pipe after bending
was the largest and the values of the neutral areawere the smallest.
In the ASME, Sec. III, Div. 1-NB [8], there is no lateral expansion
requirement when the thickness is less than 16 mm, but the test
results were conservatively compared with the requirements when
the thickness was 16 mme19 mm. The minimum required lateral
expansion was 0.5 mm for thicknesses of 16 mme19 mm. The test
Fig. 6. Tensile test re
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results satisfied the lateral expansion requirement, regardless of
the area. The minimum lateral expansion measured in the impact
test was 1.11 mm in the transition area.

3.3. Hardness test results

During induction bending, the temperature of the inner and
outer surfaces may be slightly different. Therefore, the surface
hardness tests were carried out on the inner surface and the outer
surface, and the average value of each area is shown in Fig. 8. The
surface hardness was measured using an ultrasonic hardness tester
(MIC10). Even though there was a slight difference in hardness
measured for each area in the bent pipe, the hardness of the inner
and outer surfaces was almost the same. All measurement results
did not exceed 265 HV, which satisfies the requirement of ASME,
Sec. II, Part A, SA-335 M.

Hardness tests according to ASTM E92-17 [16] were also per-
formed using a Vickers hardness tester. Table 6 shows the hardness
measured in the mother pipe and the bent pipe. The values of the
bent pipe were almost equal to or greater than those of the mother
pipe. It was confirmed that hardness in all areas was less than 265
HV, which satisfies the requirement of ASME, Sec. II, Part A, SA-
335 M.

4. Conclusions

In this study, the first attempt was made to apply the induction
bending process to the P91 pipe of SFR with a large diameter-to-
thickness ratio. It was confirmed that the fabricated pipe satisfies
sults at 550 �C.



Fig. 7. Impact test results at room temperature.

Fig. 8. Surface hardness test results at room temperature.

Table 6
Vickers hardness test results at room temperature.

Hardness (HV) Mother pipe (Before bending) Tangent Intrados Extrados Transition Neutral

Point #1 242 253 264 260 242 263
Point #2 243 255 263 262 241 263
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all the fabrication requirement. The minimum thickness of the bent
pipe was 11.6 mm (91.3%), which met the minimum thickness
requirement (>87.5%) of the ASME Code. The measured ovality
satisfied both the bend area requirement (<8%) and the bend end
requirement (<1%) well. As a result of the dimensional inspection,
the requirements such as wall buckling (<3%), bending radius
(±1%), and bending angle (±0.5�) were also well satisfied.

Tensile tests, impact tests, and hardness tests were carried out to
confirm that the material properties of the bent pipes could satisfy
the material properties requirements of the base material. The
lowest yield strength and tensile strength at room temperature
were about 31% and 21% higher than the requirements, respec-
tively. The longitudinal elongation at room temperature also met
the ASME Code requirement of 20% or more in all areas. The lowest
yield strength and tensile strength at 350 �C were about 36% and
11% higher than the requirements, respectively. The lowest yield
strength and tensile strength at 550 �C were about 41% and 22%
higher than the requirements, respectively. It was confirmed that
the longitudinal elongation was more than 20%, regardless of the
area at room temperature. The elongation at 550 �C was similar to
that at room temperature and larger than that at 350 �C. The impact
test results satisfied the lateral expansion requirement, regardless
1585
of the area. Theminimum lateral expansionmeasured in the impact
test was 1.11 mm in the transition area. The hardness of the inner
and outer surfaces was almost the same. All test results met the
hardness requirement of 265 HV for the ASME Code.

From the results of the current study, the applicability of the P91
IHTS pipe by the induction bending process to reduce the number
of welds was confirmed by dimensional inspection and material
properties tests of the bent pipe and the mother pipe although
further tests are currently underway to check the high temperature
fatigue properties and creep properties. Also additional applica-
bility analysis may be required if the induction bending process
parameters vary depending on the material, diameter, thickness,
and radius of curvature, etc, of the pipe. It is expected that the
application of the induction bending pipe can contribute to
improving the economic efficiency and safety of nuclear power
plants.
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