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Corrosion behaviors of laser-welded super duplex stainless steel (SDSS) tubes after exposure to an actual
power plant environment for one year and those of fin-tube welded SDSS were evaluated. Results showed
that corrosion damage on the back side of the SDSS tube in the direction of hot air was higher than that on
the front side regardless of weldment location. However, corrosion damage showed no difference between
weldment and base metal due to recovery of phase fraction in the weldment through post weld heat treat-
ment (PWHT). Nevertheless, the SDSS tube showed severe corrosion damage along grain boundary due to
surface phase transformation (8 — v) and Cr,N precipitation caused by PWHT with a high N, atmosphere.
Corrosion resistance of the SDSS tube was recovered when degraded surface was removed. Corrosion sen-
sitivity of a fin-tube increased significantly due to pre-existing crevice, unbalanced phase fraction, and o
phase precipitation adjacent to the fusion line. Although corrosion resistance was improved by recovered
phase fraction and sufficient dissolution of ¢ phase during PWHT, corrosion reaction was concentrated at
the pre-existing crevice. These results suggest that welding conditions for fin-tube steel should be opti-
mized to improve corrosion resistance by removing pre-existing crevice in the weldment.
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Table 1. Chemical composition of the super duplex stainless
steel (SDSS) sample
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CORROSION BEHAVIOR OF SUPER DUPLEX STAINLESS STEEL (STS 329J4L) TUBES AND FIN-TUBES USED IN THERMAL

POWER PLANT APPLICATIONS
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Fig. 1. Macro-observation of the tube samples after exposure in an actual power plant environment for one year: (a,c) the weld
exposed on front side, (b,d) the weld exposed on back side, (a,b) before pickling, (c,d) after pickling

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023

437



JIN SUNG PARK, YONG HYEON KIM, SEUNG GAB HONG, AND SUNG JIN KIM

Foll o3l uja4e]

7] F2 #akslE W AAkelE T HES(H,0 + SOy, NOy  2HIQIZ| 22 A9, g HE
At} [22-24]. ol thst

o
— H,S0,, HNO,)8l] 2 &91717F 52 5 Slvh A FeEe Ao delA
3]

30
G

o|& <lalf W FE e ¥uto] B E 1 =21 Y o, A. Putz et al.o] A3PATo W= [25], 1050 ~
of| A 2 g Eo] v FAE 4 Qlrk. Edt, o] A 1100°Ce] 2% Z712] 25 § 9 yo] Higo] 55 &
SR So] AtfHo R 7 HANAE P FOR fA4° e 2% 29 Aow Ry wf
Hydrolysis (equation (2,3)) [21] HFS-C.2 Q13| pH7} U] Slth Sk, D. M. Cho et al.2] AaiAtof uwp=1d,
S sl F7HR1 FaRkgo] JeE = s Ao 1100°C )42 &% 2749 7%, 9 23tz <l
2 3 AHEE0] Y S50] 7had £ 9lom, 1000 °C ©)8h
25 ZHoME Cr W Mog] Aol ZHAHo 7 F3}

Fe* + H,0 — Fe(OH), + 2H" (2) B AlTmkeyde] AEe] F3Eo] 7IAE 24 9 U
214d0] ZhaE 4= 9l Zlog ®uya Qi) [17]. uf

2Fe*" + 120, + 3H,0 — 2FeOOH + 4H" 3) 24, PWHT E3+ U249 32 Cr, Mo ¥ Ni 5
Fadad] FAks B8 § Wy Alole] st 24

o5 T, dF W] Moz wFH 94 o] o] Hy3} F Ak Alole] z7|slshAE A9 zpole] A7t
THEE FAEge] Aot JgE S HOE AL < fEst] AR tigt APYE FIAITI=E A
g9t} o2 daE F glom, & AFoA Ag¥ PWHT
HH, BAjeke] FaleAk 25 nlw SHolA, 55 (1100 °C, 102)E A& BHS St i vdE 3
U F2E8e mARY] & A8 S B A9 A e ArsketA d9Af RAE viEe R
Qo £ zlolof glo] felgt Apol 7}t w1 A Ak TAsE Ak ] 85 WAAS gRE  ole

53]
)
4z
by
i
)
o
oX,
iEl
(- é{
s
i
Ho
e
[
>
}1_;{
o
oy
e

=
of 55 FEow H%H Qo Ve Avkw werAT.  SEME Fol v wu @4 49 Fig 2), A
Ao 246 L el BAGE 49 FIUA  wE geole we ey 24 U] FekE g

Fig. 2. Surface morphologies of the samples after exposure in an actual power plant environment for one year: (a,c) front side
of the sample, (b,d) back side of the sample
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Fig. 3. (a) Surface and (b) cross-section morphologies of the sample, which had been post weld heat-treated in an 80% H, +

20% N, gas composition, and (c) EPMA result of the sample
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Fig. 4. Electrochemical potentiodynamic polarization curves
of the post weld heat-treated sample before and after
mechanical grinding, evaluated in an ASTM G48-C
standard solution
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Fig. 5. (a-c) Macro-observation of the fin-tube welded sample, and (d) cross-section morphology of the fin-tube weld
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Fig. 6. Microstructure observation of the fin-tube welded sample: (c,d) magnified images of the boxed area in (a,b),
respectively

Total Partition Total Partition

Phase Fraction Fraction Phase Fraction Fraction
B Ferrite 0.574  0.574 B Ferrite 0.746  0.746
[ Austenite 0422 0.422 [ Austenite 0242 0242
[ sigma 0.002  0.002 [ sigma 0.013  0.013

Fig. 7. (a) Cross-section morphology of the sample, (b,d) EBSD phase fraction map of the boxed area in (a)
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G A3E wolzth 4, 14 7178 g & Aol Mejolo] FuwyE gety: Aol B

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023 441



JIN SUNG PARK, YONG HYEON KIM, SEUNG GAB HONG, AND SUNG JIN KIM

1=}
o] ¥4 42 BEHX
J

o] dAs| T7Iek A
PRSP

E7F 8 2 71Q1ske] FAE
]

7= et Adudo g wmojE

0.07 |- |:| 30°C
006 L135°C

0.05 -

IS4

=

s
T

54

<3

~
T

Weight loss (g/cmz)
(=]
a

54

1=

ey
T

g
=3
S

1 day 2 days 3 days
Time (day)

Fig. 8. Weight loss measurement of the fin-tube welded
samples after immersion in an ASTM G48-C standard
solution for three days, and their macro corrosion
morphologies
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Fig. 9. EBSD phase fraction map of the fin-tube welded samples: (a) before PWHT and (b) after PWHT
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Fig. 10. Weight loss measurement of the fin-tube welded
samples with and without PWHT after immersion in an
ASTM G48-C standard solution for three days, and macro
corrosion morphologies of the post weld heat-treated fin-
tube welded sample
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Fig. 11. Cross-section morphologies of the fin-tube welded samples after immersion in an ASTM G48-C standard solution for
three days: (a-c) before PWHT, (d-f) after PWHT, and immersion for (a,d) one day, (b,e) two days, and (c,f) three days,

respectively

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023

443



JIN SUNG PARK, YONG HYEON KIM, SEUNG GAB HONG, AND SUNG JIN KIM

4
o MN
o
U
)
i
)
¥Q
o S
B
N
-z
1
fa r%
1o
oY,
!
f
>

T
A BAE 5 Bl A

o

S
2
)

mr r
h
2
m ot
i

M ox L ol

rl

1o,
_
>
B
o
O

Ir
>
)
Ir o
I
1
>,
b
o
o,
ol
Y
ol
4
ol

oft =

)

of\

N

>

my 5
N
%o

rlr

ol oz N e 2

e & b =

A 2 g0
T o &
N
i, )
[0 o> N
K 0
oy M
A
Ea
O3 i
& =~
) ul
23
. -
Toe’

N O o do g [ (R A ml ok

&
30
el
re
-
N

[N
» 27%“
A B

et fo, >, ol
Y S
[o >
buorlr
il o
AU
i o
1>
ox
Jo
e
i
do
=
II‘E ol
>,
- N
o, ol
Mo —
2 ol @
o

]

re
re
-4
rlr

l > m>*
2

2

]
ot
N
-z

>,

ot
oM
LR
e
=)

=l
sl
LY

aF3laL, o) A8A ) AES i

X
offt
flo
do M

4o 4
=2
=
o
X
T
=2
>
i
o
g
=)

X
ofN
~
)
ol
o
o
<
L
)
32
=
tA
o
'k
15
-z
BN
fiu)
o
-i

AAsA NN CrNe| =k

A °
-1 =
Z1ete] APAZ ME FAEY FEol 1)

2

Ao mA AL gato]l gt o R AAE e §
v Hgol A 3EE S UERGlTh olsk 2
nAEAA SAS uRe R, A & FARE T2
23300l A I W gl FH gYor
2] gkoket. o] 7115 F

L o= 5 PWHT

HJ
X,
N
>
>
oft

4
vy
>
BN
i)
r
i)
e

BT < AL N U TS/ 1
=R >
N
iy ~
> jatad
N
ajn <
tlo rﬂ
£ )
ff i
T
IS E%
l‘@ r]o
O
flo e
o=
= i
z 5y
—
_)&
ik
L
>,
e

N

B2 A2 AgEs 2o s, uet
83l EATRE B AR 9 A
834 27 E30l 0@ 37} A7k Bed Aow

2
F[F
ul

Acknowledgement

This paper was supported by Sunchon National
University Research Fund in 2023. (Grant number:
2023-0274).

References

1. J. O. Nilsson, Super duplex stainless steel, Materials Sci-
ence and Technology, 8, 685 (1992). Doi: https://doi.org/
10.1179/mst.1992.8.8.685

2. W. Min, L. Guoping, W. Lixin, H. Lifeng, and W. Ying-
hui, Temperature dependence of precipitation mecha-
nism of intragranular y phase in super duplex stainless
steel S32750, Materials Letters, 287, 129304 (2021).
Doi: https://doi.org/10.1016/j.matlet.2021.129304

3. C. Liand L. Jiang, Effect of flue gas desulfurization gyp-
sum addition on critical chloride content for rebar corro-
sion in fly ash concrete, Construction and Building
Materials, 286, 122963 (2021). Doi: https://doi.org/
10.1016/j.conbuildmat.2021.122963

4. L. Qi, K. Liu, R. Wang, J. Li, Y. Zhang, and L. Chen,
Removal of chlorine ions from desulfurization wastewater
by modified fly ash hydrotalcite, ACS Omega, S, 31485
(2020). Doi: https://doi.org/10.1021/acsomega.0c04074

5. R. A. Perren, T. A. Suter, P. J. Uggowitzer, L. Weber, R.
Magdowski, H. Bohni, and M. O. Speidel, Corrosion
resistance of super duplex stainless steels in chloride ion
containing environments: investigations by means of a
new microelectrochemical method I. Precipitation-free
states, Corrosion Science, 43, 707 (2001). Doi: https:/
doi.org/10.1016/S0010-938X(00)00087-1

6. C. -0O. A. Olsson and D. Landolt, Passive films on stain-

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023


https://doi.org/10.1021/acsomega.0c04074
https://doi.org/10.1016/S0010-938X(00)00087-1
https://doi.org/10.1016/S0010-938X(00)00087-1
https://doi.org/10.1016/j.matlet.2021.129304
https://doi.org/10.1016/j.conbuildmat.2021.122963
https://doi.org/10.1016/j.conbuildmat.2021.122963
https://doi.org/10.1179/mst.1992.8.8.685
https://doi.org/10.1179/mst.1992.8.8.685

CORROSION BEHAVIOR OF SUPER DUPLEX STAINLESS STEEL (STS 329J4L) TUBES AND FIN-TUBES USED IN THERMAL
POWER PLANT APPLICATIONS

10.

11.

12.

13.

14.

15.

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023

less steels-chemistry, structure and growth, Electrochim-
ica Acta, 48, 1093 (2003). Doi: https://doi.org/10.1016/
S0013-4686(02)00841-1

. A. R. Kannan, N. S. Shanmugam, V. Rajkumar, and M.

Vishnukumar, Insight into the microstructural features
and corrosion properties of wire arc additive manufac-
tured super duplex stainless steel (ER2594), Materials
Letters, 270, 127680 (2020). Doi: https://doi.org/10.1016/
j-matlet.2020.127680

. D. M. Cho, J. S. Park, S. G. Hong, and S. J. Kim, Cor-

rosion behaviors according to the welding process of super-
duplex stainless steel welded tubes: Gas tungsten arc welding
vs. laser beam welding, Corrosion Science, 216, 111108
(2023). Doi: https://doi.org/10.1016/j.corsci.2023.111108

. J. H. Lee, J. S. Park, D. M. Cho, S. G. Hong, and S. J.

Kim, Effects of post weld heat treatment conditions on
localized corrosion resistance of super duplex stainless
steel tube used for thermal power plant applications, Jour-
nal Korean Institute of Surface Engineering, 54, 248
(2021). Doi: https://doi.org/10.5695/JKISE.2021.54.5.248

M. Sangsuriyun, P. Surin, and K. Eidhed, Optimization of
high-frequency resistance welding process using
mechanical property of finned tube SA-192 steel, Jour-
nal of Engineering and Applied Sciences, 15, 607 (2020).
Doi: https://www.arpnjournals.org/jeas/research_papers/
rp_2020/jeas_0320_8137.pdf

R. Kocurek and J. Adamiec, Manufacturing technologies
of finned tubes, Advances in Materials Science, 13, 26
(2013). Doi: https://doi.org/10.2478/adms-2013-0009

M. E. Williams, V. J. Gadgil, J. M. Krougman, and F. P.
Ijsseling, The effect of o-phase precipitation at 800°C on
the corrosion resistance in sea-water of a high alloyed
duplex stainless steel, Corrosion Science, 36, 871 (1994).
Doi: https://doi.org/10.1016/0010-938X(94)90176-7

M. Sadeghian, M. Shamanian, and A. Shafyei, Effect of
heat input on microstructure and mechanical properties of
dissimilar joints between super duplex stainless steel and
high strength low alloy steel, Materials Design, 60, 678
(2014). Doi: https://doi.org/10.1016/j.matdes.2014.03.057

R. G. Barrows and J. B. Newkirk, A modified system for
predicting ¢ formation, Metallurgical Materials Transac-
tion, 3B, 2889 (1972). Doi: https://doi.org/10.1007/
BF02652857

H. Wang, T. Fu, J. Wang, F. Zhang, K. Zhang, and X.
Deng, Study on heat transfer performance of fin-and-tube
heat exchanger with elliptical fins, Journal of Energy
Storage, 56, 105956 (2022). Doi: https://doi.org/10.1016/

17.

19.

20.

21.

22.

23.

24.

25

J.6st.2022.105956

. R. Deeb, Numerical analysis of the effect of longitudinal

and transverse pitch ratio on the flow and heat transfer of
staggered drop-shaped tubes bundle, International Jour-
nal of Heat and Mass Transfer, 183, 122123 (2022). Doi:
https://doi.org/10.1016/j.ijjheatmasstransfer.2021.122123
D. M. Cho, J. S. Park, S. G. Hong, J. K. Hwang, S. J.
Kim, Corrosion behaviors of laser-welded super duplex
stainless steel(UNS 32506) tube with post-weld heat
treatment conditions, Journal Korean Institute of Surface
Engineering, 54, 102 (2021). Doi: https://doi.org/
10.5695/JKISE.2021.54.3.102

. ASTM G48-03, Standard Test Methods for Pitting and

Crevice Corrosion Resistance of Stainless Steels and
Related Alloys by Use of Ferric Chloride Solution,
ASTM International (2003).

E. Akiyama, S. Li, T. Shinohara, Z. Zhang, and K. Tsu-
zaki, Hydrogen entry into Fe and high strength steels
under simulated atmospheric corrosion, Electrochimica
Acta, 56, 1799 (2011). Doi: https://doi.org/10.1016/j.elec-
tacta.2010.09.043

S. Ajito, E. Tada, A. Ooi, and A. Nishikata, Effect of iron
rust on hydrogen uptake during steel corrosion under an
aqueous NaCl droplet, ISLJ International, 61, 1186 (2021).
Doi: https://doi.org/10.2355/isijinternational ISIJINT-2020-
528

T. Tsuru, Y. Huang, Md. R. Ali, and A. Nishikata, Hydro-
gen entry into steel during atmospheric corrosion pro-
cess, Corrosion Science, 47, 2431 (2005). Doi: https://
doi.org/10.1016/j.corsci.2004.10.006

R. Badji, M. Bouabdallah, B. Bacroix, C. Kahloun, B.
Belkessa, and H. Maza, Phase transformation and
mechanical behavior in annealed 2205 duplex stainless
steel welds, Materials Characterization, 59, 447 (2008).
Doi: https://doi.org/10.1016/j.matchar.2007.03.004

Y. Han, D. Zou, J. Chen, Y. Wu, J. Liu, and J. Tian,
Investigation on  hot
00Cr23Ni4N duplex stainless steel under medium—high
strain rates, Materials Characterization, 62, 198 (2011).
Doi: https://doi.org/10.1016/j.matchar.2010.11.013

V. A. Hosseini, L. Karlsson, K. Hurtig, I. Choquet, D.
Engelberg, M. J. Roy, and C. Kumara, A novel arc heat

deformation  behavior of

treatment technique for producing graded microstruc-
tures through controlled temperature gradients, Materi-
als and Design, 121, 11 (2017). Doi: https://doi.org/
10.1016/j.matdes.2017.02.042

A. Putz, V. A. Hosseini, E. M. Westin, and N. Enzinger,

445


https://doi.org/10.1016/S0013-4686(02)00841-1
https://doi.org/10.1016/S0013-4686(02)00841-1
https://doi.org/10.1016/j.matlet.2020.127680
https://doi.org/10.1016/j.matlet.2020.127680
https://doi.org/10.1016/j.corsci.2023.111108
https://doi.org/10.5695/JKISE.2021.54.5.248
https://www.arpnjournals.org/jeas/research_papers/rp_2020/jeas_0320_8137.pdf
https://www.arpnjournals.org/jeas/research_papers/rp_2020/jeas_0320_8137.pdf
https://doi.org/10.2478/adms-2013-0009
https://doi.org/10.1016/0010-938X(94)90176-7
https://doi.org/10.1016/j.matdes.2014.03.057
https://doi.org/10.1007/BF02652857
https://doi.org/10.1007/BF02652857
https://doi.org/10.1016/j.est.2022.105956
https://doi.org/10.1016/j.est.2022.105956
https://doi.org/10.5695/JKISE.2021.54.3.102
https://doi.org/10.5695/JKISE.2021.54.3.102
https://doi.org/10.1016/j.electacta.2010.09.043
https://doi.org/10.1016/j.electacta.2010.09.043
https://doi.org/10.2355/isijinternational.ISIJINT-2020-528
https://doi.org/10.2355/isijinternational.ISIJINT-2020-528
https://doi.org/10.1016/j.corsci.2004.10.006
https://doi.org/10.1016/j.corsci.2004.10.006
https://doi.org/10.1016/j.matchar.2007.03.004 
https://doi.org/10.1016/j.matdes.2017.02.042
https://doi.org/10.1016/j.matdes.2017.02.042
https://doi.org/10.1016/j.ijheatmasstransfer.2021.122123
https://doi.org/10.1016/j.matchar.2010.11.013

26.

27.

28.

29.

446

JIN SUNG PARK, YONG HYEON KIM, SEUNG GAB HONG, AND SUNG JIN KIM

Microstructure investigation of duplex stainless steel
welds using arc heat treatment technique, Welding in the
world, 64, 1135 (2020). Doi: https://doi.org/10.1007/
s40194-020-00906-2

J. S. Park, D. M. Cho, S. G. Hong, and S. J. Kim, Effects
of reducing atmospheres of bright annealing on the sur-
face and corrosion characteristics of super duplex stain-
less steel tubes, Surface & Coating Technology, 423,
127621 (2021). Doi: https://doi.org/10.1016/j.surf-
coat.2021.127621

K. Ogawa, K. Yamada, and A. Seki, Modelling of nitride
precipitation during isothermal heating after rapidly
cooled from high temperature in duplex stainless steel,
ISIJ International, 62, 1725 (2022). Doi: https://doi.org/
10.2355/isijinternational ISIJINT-2022-113

Y. Zhao, Y. Yang, M. Barati, and A. Mclean, Strategies
for nitrogen control during the production of interstitial-
free steel, Ironmaking & Steelmaking, 45, 485 (2018).
Doi: https://doi.org/10.1080/03019233.2017.1288308

T. L. Christiansen, M. Villa, C. Tibollo, K. V. Dahl, and
M. A. J. Somers, High temperature solution nitriding of
stainless steel; current status and future trends, HTM
Journal of Heat Treatment and Materials, 75, 69 (2020).

30.

3L

32.

33.

Doi: https://doi.org/10.3139/105.110406

A. Barnoush, M. Zamanzade, H. Vehoff, Direct observa-
tion of hydrogen enhanced plasticity in super duplex
stainless steel by means of in situ electrochemical meth-
ods, Scripta Materialia, 62, 242 (2010). Doi: https://
doi.org/10.1016/j.scriptamat.2009.11.007

R. N. Gunn, Duplex stainless steels: microstructure,
properties and applications, R. N. Gunn, p. 26, Abington
publishing, Cambridge (1997).

V. A. Hosseini, L. Karlsson, C. Omek, P. Reccagni, S.
Wessman, and D. Engelberg, Microstructure and func-
tionality of a uniquely graded super duplex stainless steel
designed by a novel arc heat treatment method, Materi-
als Characterization, 139, 390 (2018). Doi: https://
doi.org/10.1016/j.matchar.2018.03.024

R. Marin, H. Combeau, J. Zollinger, M. Dehmas, B.
Rouat, A. Lamontagne, D. Cardinaux, and L. Lhenry-
Robert, Solidification path and phase transformation in
super-austenitic stainless steel UNS S31254, IOP Con-
ference Series: Materials Science and Engineering, 529,
012008 (2019). Doi: https://doi.org/10.1088/1757-899X/
529/1/012008

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.6, 2023


https://doi.org/10.1007/s40194-020-00906-2
https://doi.org/10.1007/s40194-020-00906-2
https://doi.org/10.1016/j.surfcoat.2021.127621
https://doi.org/10.1016/j.surfcoat.2021.127621
https://doi.org/10.2355/isijinternational.ISIJINT-2022-113
https://doi.org/10.2355/isijinternational.ISIJINT-2022-113
https://doi.org/10.1080/03019233.2017.1288308
https://doi.org/10.1016/j.scriptamat.2009.11.007
https://doi.org/10.1016/j.scriptamat.2009.11.007
https://doi.org/10.1016/j.matchar.2018.03.024
https://doi.org/10.1016/j.matchar.2018.03.024
https://doi.org/10.1088/1757-899X/529/1/012008
https://doi.org/10.1088/1757-899X/529/1/012008
https://doi.org/10.3139/105.110406

