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Recently, the bending process is greatly applied to fabricate the pipe line. Bending process can reduce 
welding joints and then decrease the number of inspection. Thus, the maintenance cost will be reduced. 
Induction heat bending process is composed of bending deformation by repeated local heat and cooling. 
By this thermal process, corrosion properties and microstructure can be affected. This work focused on 
the effect of induction heating bending process on the properties of ASME SA106 Gr. C low carbon steel 
pipes. Microstructure analysis, hardness measurements, and immersion corrosion test were performed for 
base metal and bended area including extrados, intrados, crown up, and down parts. Microstructure was 
analyzed using an optical microscope and SEM. Hardness was measured using a Rockwell B scale. Induction 
heat bending process has influenced upon the size and distribution of ferrite and pearlite phases which 
were transformed into finer structure than those of base metal. Even though the fine microstructure, every 
bent area showed a little lower hardness than that of base metal. It is considered that softening by the 
bending process may be arisen. Except of I2, intrados area, the others showed a similar corrosion rate 
to that of base metal. But even relatively high rate of intrados area was very low and acceptable.  Therefore, 
it is judged that induction heat bending process didn’t affect boric acid corrosion behaviour of carbon steel.
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1. Introduction

  Power conversion system feeds the secondary water from 
the secondary side of steam generator to steam generator 
through turbine and condenser. Most of pipes were made 
of carbon steels and ferritic alloy steels. Large parts of 
power conversion system including turbine are the non- 
safety system but main pipes to connect the steam generator 
only are considered as the safety system. Final Safety 
Analysis Report (FSAR) 10.3.6.2 describes the selection 
and fabrication of the materials for steam and feed water 
systems and meets the requirements of Korea Electric 
Power Industry Code - Mechanical Nuclear (KEPIC MN)1). 
However, since erosion corrosion may affect the wastage 
of carbon steels and ferritic alloy steels for these systems, 
the suitable materials should be selected according to 
EPRI-39442) and NUREG-13443). EPRI-3944 explains the 
effect of chromium and manganese contents on the erosion 

corrosion of carbon steels and ferritic alloy steels. 
Therefore, ferritic alloy steel having high chromium con-
tent is being applied in newly constructed nuclear power 
plants in Korea. In the case of induction heat bent pipes, 
the important alloying elements such as chromium should 
be checked to insure the bending process4).
  There are many reports that erosion corrosion occurs 
by corrosion of the pipes of secondary system in many 
worldwide plants. Typical corrosion examples are flow 
assisted corrosion and wastage. Therefore, the worldwide 
regulatory agency is interested in the materials ageing in-
cluding thermal embrittlement of cast austenitic stainless 
steels, primary stress corrosion cracking of nickel alloys, 
design application of leak-before-break, inspection on bor-
ic acid corrosion, wastage (flow assisted corrosion, ero-
sion corrosion). Among these damages, this work focused 
on boric acid corrosion of induction heat bent pipe. Boric 
acid corrosion has been a hot issue in the nuclear power 
industry since the accident of Davis-Besse nuclear power 
plant had been reported in the early 2000s. Primary water 
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Table 1. Chemical composition of ASME SA106 Gr. C carbon steel (wt%)

C Mn P S Si Cr Cu Mo Ni V Fe

0.27 0.86 0.012 0.007 0.23 0.06 0.019 0.019 0.05 0.008 bal.

Table 2.  Identification symbols for test areas of ASME SA106 Gr. C carbon steel bended pipe

Areas Transition (start) Bend Transition (End) Remarks

Intrados I1 I2 I3

 Base metal (BM) 
Extrados E1 E2 E3

Crown Up CU1 CU2 CU3
Crown Down CD1 CD2 CD3

 

                           (a)         (b)
Fig. 1. Schematic diagram of (a) ASME SA106 Gr. C carbon steel bent pipe and (b) identification symbols.

of pressurized water reactor contains boric acid and LiOH 
and thus this water may induce several types of corrosion 
as like general corrosion, galvanic corrosion, crevice cor-
rosion, pitting, intergranular corrosion, and stress corro-
sion cracking5). Boric acid itself is a mild acid comparing 
to hydrochloric or nitric acid. However, if borated water 
leaks from primary or secondary systems through gas-
keted6) joints, valve packing and mechanical seals, etc., sig-
nificant corrosion problems can be developed. Specifically, 
the water can become oxygenated and the boric acid can 
concentrate as the water boils off or evaporates. These 
factors can increase the corrosion rate of exposed carbon 
steel from < 0.001 in/yr to as much as 10 in/yr6). Five 
affecting parameters in boric acid corrosion are impurities, 
oxygen, temperature, pH and flow rate. However, there 
is less report on the effect of boric acid on corrosion be-
havior of bent pipes. 
  In this work, the effect of bending process on the corro-

sion characteristics of ASME SA106 Gr. C7) carbon steel 
in the form of induction heat bent pipes was evaluated. 
Analysis was performed with microstructure observation, 
hardness measurement and some corrosion tests.

2. Experimental PROCEDURE 

  Table 1 shows the chemical composition of ASME 
SA106 Gr. C carbon steel used in this work. Table 2 and 
Fig. 1 represent the identification symbols and diagram 
of each part in bent pipe. Bending was performed using 
a model HFB-9(N) and its temperature range is 1000 ℃ 
∼ 1130 ℃ and bending angle is 90°. After bending, the 
bent pipe was cooled using a compressive air.
  Non-metallic inclusions were inspected according to 
ISO 4697 standard8). Optical microstructure was observed 
using a microscope (ZEISS AXIOTECH 100HD) after 
etching in 3% Nital solution (97ml alcohol + 3ml HNO3). 
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(a) (b)

(c) (d)

(e)

Fig. 2. Inspection of non-metallic inclusion on base metal and bended areas of ASME SA106 Gr. C carbon steel: (a) I1, (b) E1, (c) 
CU1, (d) CD2 and (e) base metal.

Also, the microstructure was analyzed using a SEM-EDS 
(TESCAN, model VEGA Ⅱ LMU). Surface hardness was 
measured by Rockwell hardness tester (Matuzawa SEIKI 
MRK-M2) and crystal structure was analyzed using X-ray 
diffractometer (Rigaku Ultima IV) and its scan angle was 
from 20o to 80o and scan rate was 1o/min by step of 0.05o. 
Corrosion rate in boric acid solution was measured in an 
autoclave (Hastelloy C276). Before heating to test temper-
ature, the test solution (5,700 ppm and 11,400 ppm boric 
acid)9,10) was de-aerated with being purged by H2 gas at 
the rate of 300 cc/min. The test temperature was main-
tained at 200oC (5,700 ppm boric acid) for 100 hours. 

3. Resutls and Discussion 

  Fig. 2 shows the result of non-metallic inclusion in-
spection on base metal and bended areas of ASME SA106 
Gr. C carbon steel (magnification: x100). Test method was 
ISO 4697 standard and every specimen including base 
metal showed non-metallic inclusion free under the cri-
teria of 1.5i of the standard8). Therefore, it should be noted 

that induction heat bending process does not affect the 
non-metallic inclusion in the alloys.
  Bending process is operating at high temperature and 
thus the microstructure may be changed. Fig. 3 represents 
optical microstructures on base metal and bended areas 
of ASME SA106 Gr. C carbon steel (magnification: 
x200). In the case of base metal, coarse primary ferrite 
and pearlite phases well developed. However, these ferrite 
and pearlite phases transformed to very fine structure. It 
is judged that these fine phases can be arisen by rapid 
cooling after heating during the bending process. Also, 
each area showed a little different microstructure and this 
is due to the different heating and cooling rates of the 
process. Fig. 4 shows X-ray diffraction (XRD) patterns 
on base metal and bent areas of ASME SA106 Gr. C 
carbon steel. Every specimen showed the same crystal 
structure (BCC structure-(110), (200)) and thus it means 
that the bending process didn’t affect crystal structure but 
changed the size and distribution of phases. Fig. 5 shows 
SEM images on extrados areas (E2) of bended pipe of 
ASME SA106 Gr. C carbon steel (magnification: x5000). 
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)
Fig. 3. Optical microstructures of base metal and bended areas of ASME SA106 Gr. C carbon steel: (a) I1, (b) E1, (c) CU1, (d) I2, 
(e) E2, (f) CU2, (g) I3, (h) E3, (i) CU3 and (j) base metal.

(110)

(200)

Fig. 4. X-ray diffraction analysis on base metal and bend areas 
of ASME SA106 Gr. C carbon steel.

As shown in the Fig., dark area in the optical micrographs 
was composed of ferrite and cementite phases11).
  Fig. 6 shows the Rockwell Hardness of base metal and 
bended areas of ASME SA106 Gr. C carbon steel. Hardness 
of base metal showed HRB 91.3, but transition start areas 
show HRB 85.9 ~ 87.1, and bend areas have HRB 86.6 
~ 89, and transition end areas show HRB 87 ~ 88.2 hard-
ness ranges. Even though the fine microstructure, every 
bent area showed a little lower hardness than that of base 
metal. It is considered that softening by the bending proc-
ess may be arisen - outer surface area was air-cooled dur-
ing bending process after heating, and slow cooling rate 
may induce the softening.
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Fig. 5. Optical and SEM images on extrados areas (E2) of bended pipe of ASME SA106 Gr. C carbon steel.

(a)

(b) (c)
Fig. 6. Rockwell hardness of base metal and bended areas of ASME SA106 Gr. C carbon steel: (a) transition start, (b) bend and (c) 
transition end.

  Fig. 7 represents corrosion rate for base metal and bend-
ed areas of ASME SA106 Gr. C carbon steel. The solution 

was deaerated using a hydrogen gas and the concentration 
was 5,700 ppm boric acid at 200℃ and test was performed 
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(a)

(b) (c)
 
Fig. 7. Corrosion rate for base metal and bended areas of ASME SA106 Gr. C carbon steel in deaerated 5,700 ppm boric acid 200℃ 
for 100 hours: (a) transition start, (b) bend and (c) transition end.

for 100 hours. Test was performed according to Moscow 
power institute test condition in EPRI 10009756).  Corrosion 
rate of base metal was 0.0032 mm/y. Also, transition start 
and end areas showed a similar corrosion rate of base 
metal, i.e. 0.003 mm/y (I1), 0.0023 mm/y (E1), 0.0048 
mm/y (CU1), 0.0064 mm/y (CD1), 0.004 mm/y (I3), 
0.0051 mm/y (E3), 0.0066 mm/y (CU3), 0.0044 mm/y 
(CD3). However, bent areas showed rates of 0.052 mm/y 
(I2), 0.0035 mm/y (E2), 0.0044 mm/y (CU2), 0.0039 
mm/y (CD2). Except of I2, intrados area, the others 
showed a similar corrosion rate to that of base metal. But 
even relatively high rate of intrados area was very low 
and acceptable. 

4. Conclusions 

  Induction heat bending process does not affect the 

non-metallic inclusion in the alloys and every bent area 
showed inclusion-free under 1.5i on the base of ISO 4967 
but this process has influenced upon the size and dis-
tribution of ferrite and pearlite phases and thus transformed 
finer structure than that of base metal. Even though the 
fine microstructure, every bent area showed a little lower 
hardness than that of base metal. It is considered that soft-
ening by the bending process may be arisen. Except of 
I2, intrados area, the others showed a similar corrosion 
rate to that of base metal. But even relatively high rate 
of intrados area was very low and acceptable.  Therefore, 
it is judged that induction heat bending process didn’t af-
fect boric acid corrosion behaviour of carbon steel.
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