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The usage of bending products recently have increased since many industries such as automobile, aerospace, 
shipbuilding, and chemical plants need the application of pipings. Bending process is one of the inevitable 
steps to fabricate the facilities. Induction heat bending is composed of compressive bending process by 
local heating and cooling. This work focused on the effect of induction heat bending process on the properties 
of ASME SA312 Gr. TP304 stainless steel pipes. Tests 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. In order to determine intergranular corrosion resistance, Double Loop Electrochemical Potentiokinetic 
Reactivation (DL-EPR) test and ASTM A262 practice A and C tests were done. Every specimen revealed 
non-metallic inclusion free under the criteria of 1.5i of the standard and the induction heat bending process 
did not affect the non-metallic inclusion in the alloys. Also, all the bended specimens had finer grain size 
than ASTM grain size number 5 corresponding to the grain sizes of the base metal and thus the grain 
size of the pipe bended by induction heat bending process is acceptable. Hardness of transition start, bend, 
and transition end areas of ASME SA312 TP304 stainless steel was a little higher than that of base metal.  
Intergranular corrosion behavior was determined by ASTM A262 practice A and C and DL-EPR test, and 
respectively step structure, corrosion rate under 0.3 mm/y, and Degree of Sensitization (DOS) of 0.001 
~ 0.075 % were obtained. That is, the induction heat bending process didn’t affect the intergranular corrosion 
behavior of ASME SA312 TP304 stainless steel.
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1. Introduction

  Cooling system of the reactor in nuclear power plants 
are mostly made of austenitic stainless steel because of 
water chemistry. Austenitic stainless steels have good 
corrosion resistance and performance in the system but 
the steels may be sensitized by welding or improper heat 
treatment. In order to prevent the sensitization of auste-
nitic stainless steels, the following remedies are recom-
mended ASME SA3121); (a) solution heat treated in the 
range of 1,037.8 ~ 1,121.1 ℃ for 0.5 ~ 1 hour and then wa-
ter quenched, (b) materials inspection program (especially 
ASTM A2622)etc.) applied, and (c) others－low carbon 
grade stainless steels or avoidance to the range of 426.7 

~ 815.6 ℃.
  Recently, the application of bending products has been 
increased since the industries such as automobile, aero-
space, ships, and plants greatly need the usage of pipes. 
For facility fabrication, bending process is one of key 
technologies for pipings. Induction heat bending process 
is composed of bending deformation by repeated local 
heat and cooling3). Because of local heating and com-
pressive strain, detrimental phases may be precipitated 
and microstructural change can be induced4). This group 
reported the effect of induction heat bending process on 
the properties of ASME SA312 TP316 stainless steel5).  
On the base of microstructural analysis, grain boundaries 
in bended extrados area were zagged by bending process, 
but there were no precipitates in grain and grain boun-
dary and the intergranular corrosion rate was similar to 
that of base metal. However, pitting potentials of bended 
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Table 1. Chemical composition of ASME Gr SA312 TP304 stainless steel (wt%)

UNS No. C Mn P S Si Cr Ni Mo Fe Remarks

S30400 <0.08 <2.00 <0.04 <0.03 <1.00 18.0~
20.0

8.0~
11.0 - bal.

(a)

(b)

Fig. 1. Schematic diagram of (a) ASME SA312 Gr.TP304 stainless 
steel bent pipe and (b) identification symbols.

area were lower than that of the base metal and zagged 
boundaries were one of the pitting initiation sites. By 
re-annealing treatment, grain boundary was recovered 
and pitting potential was similar to that of the base metal. 
Also, the effects of heat treatment6) and grain size7)on 
corrosion resistance of stainless steels were reported. 
  Induction heat bending process for austenitic stainless 
steels needs high temperature over 1,000 ℃ and rapid 

cooling. However, austenitic stainless steel may be sensi-
tized during induction heat bending process. This work 
focused on the effect of induction heat bending process 
on the properties of ASME SA312 TP304 stainless steel. 
Evaluation was done on the base metal and the bended 
areas. Microstructure analysis, intergranular corrosion 
test including Huey test, DL-EPR test8), oxalic acid etch 
test were performed. 

2. Experimental procedure and methods

  Table 1 shows the chemical composition of ASME 
SA312 TP304stainless steel used in this work. Bending 
was performed using a model HFB-7(N) and its temper-
ature range is 1,000 ℃∼1,320 ℃ and bending angle 
is 45°. After bending, the bent pipe was cooled using 
water. Fig. 1 represents the identification symbols and 
diagram of each part in bent pipe.
  Non-metallic inclusions were inspected according to 
ISO 4697 standard9). Optical microstructure was ob-
served using a microscope (ZEISS AXIOTECH 100HD) 
after etching in Acetic Glyceregia (15ml HCl + 10ml 
HNO3 + 10ml acetic acid + 2/3 drops glycerin). 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). Intergranular corrosion rate was meas-
ured in boiling 65 % HNO3 by ASTM A262 Practice 
C2). Also, degree of sensitization (DOS) was measured 
by ASTM A262 Practice A2) and DL-EPR test5). ASTM 
A262 Practice A test reveals the morphology of grain 
boundary after applying 1A/cm2 for 90seconds at room 
temperature. Also, DOS was calculated by DL-EPR test 
in an acidic thiocyanate solution (0.5M H2SO4 + 0.01M 
KSCN) at the scan rate of 1.67mV/sec.

3. Results and Discussion 

  Non-metallic inclusion inspection on base metal and 
bended areas was measured according to ISO 4697 stand-
ard9). Every specimen revealed non-metallic inclusion 
free under the criteria of 1.5i of the standard. Therefore, 
it should be noted that induction heat bending process 
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(a) (b) (c)

(d) (e)
Fig. 2. Optical microstructure of internal surface of ASME SA312 TP304 stainless steel bent pipe (etchant: 90 ml HCl + 30 ml HNO3 
+ 40 ml methanol) ; (a) base metal, (b) transition (start)-intrados, (c) transition (start)-extrados, (d) transition (start)-crown up, and (e) 
transition (start)-crown down.

(a) (b) (c)

(d) (e)
Fig. 3. Optical microstructure of internal surface of ASME SA312 TP304 stainless steel bent pipe (etchant: 90 ml HCl + 30 ml HNO3 
+ 40 ml methanol) ; (a) base metal, (b) bend-intrados, (c) bend-extrados, (d) bend-crown up, and (e) bend-crown down.
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(a) (b) (c)

(d) (e)
Fig. 4. Optical microstructure of internal surface of ASME SA312 TP304 stainless steel bent pipe (etchant: 90 ml HCl + 30 ml HNO3 
+ 40 ml methanol); (a) base metal, (b) transition (end)-intrados, (c) transition (end)-extrados, (d) transition (end)-crown up, and (e) 
transition (end)-crown down.

(a) (b) (c)

(d) (e)
Fig. 5. Optical microstructure of cross section of ASME SA312 TP304 stainless steel bent pipe (etchant: 90 ml HCl + 30 ml HNO3 
+ 40 ml methanol); (a) base metal, (b) bend-intrados, (c) bend-extrados, (d) bend-crown up, and (e) bend-crown down.
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Fig. 6. ASTM grain size of base metal, transition start, bend, and 
transition end areas of ASME SA312 TP304 stainless steel.

Fig. 7. Surface hardness of base metal, transition start, bend, tran-
sition end areas of ASME SA312 TP304 stainless steel.

does not affect the non-metallic inclusion in the alloys.
  Fig. 2 shows the optical microstructure of internal sur-
face of transition start areas of ASME SA312 TP304 
stainless steel bent pipe (etchant: 90 ml HCl + 30 ml 
HNO3 + 40 ml methanol). Regardless of base metal and 
bended areas, lots of twins were observed and the grain 
size was different with each other. The extrados area 
can be usually tensile-stressed during bending process, 
but this induction heat bending process is performing 
under the compressive force. Therefore, every specimen 
showed typical austenitic microstructure such as twin 
and each grain size was a little different but almost sim-
ilar microstructure. 
  Fig. 3 reveals the optical microstructure of internal 
surface of bended areas of ASME SA312 TP304 stain-
less steel bent pipe (etchant: 90 ml HCl + 30 ml HNO3 
+ 40 ml methanol). As like that of transition start area 
shown in Fig. 2, regardless of base metal and bended 
areas, lots of twins were observed and the grain size 
was different with each other. This is also due to the 
compressive force during bending process.
  Fig. 4 represents the optical microstructure of internal 
surface of transition end areas of ASME SA312 TP304 
stainless steel bent pipe (etchant: 90 ml HCl + 30 ml 
HNO3 + 40 ml methanol). As like those of transition 
start and bended areas shown in Fig. 2 and Fig. 3, regard-
less of base metal and bended areas, lots of twins were 
observed and the grain size was different with each other. 
This is also due to the compressive force during bending 
process.
  Fig. 5 shows the optical microstructure of cross section 
of ASME SA312 TP304 stainless steel bent pipe (etchant: 
90ml HCl + 30ml HNO3 + 40ml methanol). The specimens 

including base metal and bended areas showed typical aus-
tenitic microstructure such as twin and each grain size 
was a little different but almost similar microstructure. 
However, optical microstructure of the cross section was 
zaggered than that of surface microstructure. 
  Fig. 6 summarizes ASTM grain size of base metal, 
transition start, bend, transition end areas of ASME 
SA312 TP304 stainless steel determined by ASTM 
E11110). Every specimen showed finer grain size than 
ASTM grain size number 5 and thus its grain size is 
acceptable even induction heat bending process.
  Fig. 7 shows the surface hardness of base metal, tran-
sition start, bend, transition end areas of ASME SA312 
TP304 stainless steel. Hardness was measured by 
Rockwell hardness tester, B scale. Hardness of base met-
al was HRB 76.2. But hardness of bend areas has a rage 
of HRB 83~88 and hardness of transition start areas showed 
HRB 83~87 and hardness of transition end areas was HRB 
83~88. Surface hardness was increased by induction heat 
bending process, because bending process was perform-
ing under thermomechanical condition. Especially, the 
hardness of intrados and transition end areas was rela-
tively high. This behavior seems to be related to bending 
and thermal stress. 
  Degree of sensitization of base metal, transition start, 
bend, transition end areas of ASME SA312 TP304 stain-
less steel was determined by ASTM A262 practice A2). 
Every area showed ‘step structure’ and thus was all 
acceptable. Another method by DL-EPR5) was performed. 
Test condition was 30 oC, 0.5M H2SO4 + 0.01M KSCN 
and its scan rate was 1.67 mV/sec. The result of DL-EPR 
test was shown in Fig. 8. Every specimen shows the 
active peak by the forward polarization and their values 
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(a)

(b)

(c)

Fig. 8. DL-EPR test of ASME SA312 TP304 stainless steel bent 
pipe; (a) transition start, (b) bend, and (c) transition end.

       (a)

       (b)

      (c)

Fig. 9. Effect of test periods on the corrosion rate by ASTM A262 
practice C of (a) transition start, (b) bend, and (c) transition end 
of ASME SA312 TP304 stainless steel.

were similar each other regardless of transition start, 
bend, and transition end areas. Also, every specimen 
showed very small reactivation peaks by the reverse po-
larization and thus the ratios of DOS were calculated 
as 0.001 ~ 0.075 % as shown in Table 2. This is co-

incident with the result of ASTM A262 practice A. Fig. 
9 shows the effect of test periods on the corrosion rate 
by ASTM A262 practice C of (a) transition start, (b) 
bend, and (c) transition end of ASME SA312 TP304 
stainless steel. Regardless of bend areas, small inter-
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Table 2. DOS by DL-EPR test in 0.5M H2SO4 + 0.01M KSCN on  base metal, transition start, bend, and transition end areas of ASME 
SA312 TP304 stainless steel

Areas Log Ia (A/cm2) Log Ir (A/cm2) DOS (%)
Base metal -1.446 -6.408 0.001

Transition start – Intrados -1.252 -4.435 0.065
Transition start – extrados -1.224 -4.435 0.061

Transition start – Crown up -1.220 -5.404 0.006
Transition start – Crown down -1.278 -5.293 0.009

Bend – Intrados -1.447 -4.763 0.048
Bend – extrados -1.401 -4.524 0.075

Bend  – Crown up -1.297 -5.749 0.003
Bend – Crown down -1.239 -5.381 0.007

Transition end – Intrados -1.196 -4.591 0.040
Transition end – extrados -1.185 -5.284 0.007

Transition end – Crown up -1.238 -5.176 0.011
Transition end – Crown down -1.272 -5.179 0.012

granular corrosion rates were determined. Intergranular 
corrosion rate of every specimen was under 0.3 mm/y and 
thus was acceptable. This implies that induction heat 
bending process didn’t affect the intergranular corrosion 
behavior of ASME SA312 TP304 stainless steel.

4. Conclusions

  Every specimen revealed non-metallic inclusion free 
under the criteria of 1.5i of the standard and induction 
heat bending process does not affect the non-metallic 
inclusion in the alloys. Also, every specimen showed 
finer grain size than ASTM grain size number 5 and 
thus the grain size of the bened pipe is acceptable. 
Hardness of transition start, bend, and transition end 
areas of ASME SA312 TP304 stainless steel was a little 
higher than that of base metal.  Intergranular corrosion 
behavior was determined by ASTM A262 practice A and 
C and DL-EPR test and respectively step structure, corro-
sion rate under 0.3 mm/y, and DOS of 0.001 ~ 0.075 % 
were obtained. That is, induction heat bending process 
didn’t affect the intergranular corrosion behavior of 
ASME SA312 TP304 stainless steel.
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