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The purpose of this study was to elucidate effects of a thin (tens to hundreds of nanometers) Ni-flash coat-
ing layer on hydrogen embrittlement (HE) and liquid metal embrittlement (LME) in ultra-high-strength
electrogalvanized steel with a tensile strength of more than 1 GPa. Various experimental and analytical
methods, including thermal desorption spectroscopy, slow strain rate testing, resistance spot welding, X-
ray diffraction, and metallographic observation, were employed. Results showed that an increase in Ni tar-
get amount for flash coating resulted in a decrease in diffusible hydrogen content during electrogalvaniz-
ing, resulting in a significant decrease in HE sensitivity. Moreover, a Ni target amount of more than 1000
mg/m” drastically reduced the occurring frequency and average depth of LME. This reduction could be pri-
marily attributed to formation of Zn-Ni intermetallic phases during the welding process that could inhibit
liquefaction of intermetallic phases in the heat-affected zone. This study provides a desirable Ni target
amount for Ni-flash coating on ultra-high-strength steels conducted in a continuous galvanizing line or a
high-speed batch line to achieve high resistance to both HE and LME.

Keywords: Ni-flash coating, Electro-galvanizing, Ultra-high-strength steel, Hydrogen embrittlement,
Liquid metal embrittlement
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Table 1. Chemical composition (wt%) of the steel substrate
C Mn Si P S Cr Ni Cu Mo Ti Fe
Ba(rggt)eel 03-04 | 15-2.0 | 0.05-0.1 | <0.01 | <0.01 | 03-0.5 | 0.01-0.03 | 0.02-0.05 | 0.1-0.3 | 0.02-0.05 |  Bal.
Table 2. Conditions for the Ni-flash coating and electro-galvanizing processes
Target amount Current density Time Temperature
Treatment Samples N N o
P (g/m’) (mA/em?) ®) (0)
400 Ni 0.4 -13.2 10
Ni-flash coating 1000 Ni 1 -13.2 25 50
2000 Ni 2 -13.2 50
Electro-galvanizing EG 80 -50 478 25
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Fig. 1. (a) SSRT curves of samples with and without Ni-flash coating evaluated in air right after electro-galvanizing [20] and

(b) Bar-chart showing the elongation loss rate of samples
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Fig. 2. Fracture surface morphologies of the samples: (a) non-coated steel [21]; (b) EG; (c) 400 Ni-EG
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Fig. 3. Thermal desorption spectroscopy (TDS) curves of the
coated steel samples
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Fig. 4. Liquid metal embrittlement (LME) behaviors of the samples with different coating conditions after resistance spot
welding
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Fig. 5. EBSD inverse pole figure (IPF) map showing the propagation of LME crack

306 CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024



EFFECT OF NI-FLASH COATING ON HYDROGEN EMBRITTLEMENT AND LIQUID METAL EMBRITTLEMENT OF ULTRA-HIGH-

STRENGTH ELECTROGALVANIZED STEEL SHEET

(2)

A\
A\

— r '

E 25ip=—= —

= I !

2 20t !

i 15;5 i 4
< !

= :

H 1

5" 5 i

= or !

o

=]

> |
< BS 400Ni-EG 1000Ni-EG 2000Ni-EG

Fig. 6. Bar-charts showing the number and penetration depth of LME cracks: (a) the number of cracks (#/cm); (b) average

50
_ 4l = —
£ :
S a0t :
3k i
~ i
35;: :
; 20 —— !
- 151 E
S 10} !
3 5L
0 — —
BS 400Ni-EG 1000Ni-EG 2000Ni-EG
depth of cracks (nm)
THT HEEo® Zn-Ni #5718 EES] 84S 1
E% = 3 ). A
Zn-Ni &

2ATH1000Ni- EGE} 2000Ni-EGS] 73

A (el mER, &4 F 9499 ? )= Zn-Ni
&3 ES T2 N12n3, Ni,Zn,, ¥ y,-Ni,Zn, % 1}
Epdtt. o]} 22 S53F sRkEe] §4 880°C ©|
FO R, LMEE f¥sh= A4k Zn7t 900 °C 7 ol A]
ok 48 1 W], Zn-Ni 953 3EES &
A= HAZ W Fe 320l o zZn7} A HA UH-=

HAFsh= s oASk= a94?1 Barrier 982 & 4
S Aow ket th, 94 F o)l it
et B IAE 544 AE Al AW AREE
AarZ 5 oS [23,24] T3 1o & Zlojoh
= ATANE BEU®, AVoklEs Al 2AE Y®
T2 AFE A FAel ¥ 84357 Al HAZ
oA Fe 714 W= W& Zno] FFE adH o= Azt

3l7] 913t Ni-flash T8¢ 7% Zn-Ni ggﬂﬁ}ﬂw o

8] FAANZ = Qe 9 FEKE A7) A
1000 mg/m?) ©]742] Target 0 2 AAdH= Zlo] n}
gAE Ao Abmerh,
4. 48

B Ao A= Ni-flash A F®o] & =FHEG) Al &
Al LH‘TE FHEE A g 9 Fg Al A=

E

dal, 8434 F LME 2ol vXt QJere 4
shick. Qo] ABANE Erlz £EE AL o}

} 7lo] ookEl z,: 011:]-

1. Ni-flash AP FE o] 9bE]%] ok-& A EG

2 EEOl TE A, vl Al o] 60% o1/l
s S Za SEESa s o] Wik gl

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024

22} #go] thF EA|e WA, Ni-flash AFd #8 &
EG Ew°] 3¢ Alu&% b ] A abk Ao
A YeERgon dalg Tago] dA35] AEA
w3 Ni-flash TE o] Z713be] whe} EG =2 Al &
e FAFe ngzow AT

2. Ni-flash % 2] & LME ¥ As<] 42
FE HAZ 994 PAGBE ulz} tbeke] LMEZ} &

49 EG &5 =33 24, 1000 mg/m® ©1°32] Ni-flash

go] 2¥ EG &w AldellM = LME 2% 3l 3
E 7‘017} A3 ek Ads HERSH ol
QAFE o139 Ni-flash 20| +8 EG = AlH
oM, 84 Al Zn o] FAlo] =& Zn-Ni S5
wol 2w el P9l mt 71A) yiEe] o
& Zn®) AF7F mapH o oAlE Alef 7]qlsh At
Z Almgch

Acknowledgement

This work was supported by “Regional Innovation
Strategy (RIS)” through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education
(MOE) (2021RIS-002). This research was also supported
in part by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIT) (No.
2022R1A2C4001255). This research was also supported in
part by the Technology Innovation Program (20016850,
Development of surface blackening technology for high
corrosion resistance galvanized alloy coating; 20015158,
Development of processing and fastening technology to
minimize damage to the plating layer of highly corrosion

307



SEON HO OH, JIN SUNG PARK, AND SUNG JIN KIM

-resistant, highly-formed plated steel materials for plant
farms) funded by the Ministry of Trade, Industry &
Energy (MOTIE, Korea). 10.

out Zn Coating, Corrosion science and technology, 22,297
(2023). Doi: https://doi.org/10.14773/cst.2023.22.4.297
C. W. Lee, D. W. Fan, I. R. Sohn, S. J. LEE, and B. C. De

References

. 0. Bouaziz, H. Zurob, and M. Huang, Driving Force and

Cooman, Liquid- Metal-Induced Embrittlement of Zn-
Coated Hot stamping Steel, Metallurgical and Materials
Transactions A, 43, 5122 (2012). Doi: https://doi.org/
10.1007/s11661-012-1316-0

Logic of Development of Advanced High Strengh Steels 11. J. OM. Bockris, J. McBreen, and L. Nanis, The Hydro-
for Automotive Applications, Steel Research Interna- gen Evolution Kinetics and Hydrogen Entry into a?Iron,
tional, 84, 937 (2013). Doi: https://doi.org/10.1002/ Journal of The Electrochemical Society, 112, 1025
srin.201200288 (1965). Doi: https://doi.org/10.1149/1.2423335
. T. Michler and J. Naumann, Microstructural aspects upon 12. H. R. Bang, J. S. Park, and S. J. Kim, Effects of Ni-flash
hydrogen environment embrittlement of various bcc steels, coating on hydrogen evolution, ad/absorption, and per-
International Journal of Hydrogen Energy, 35, 821 (2010). meation behaviors of advanced high-strength steel during
Doi: https:/doi.org/10.1016/j.ijhydene.2009.10.092 electro-Zn plating, Journal of Electroanalytical Chemis-
. E. H. Hwang, H. G. Seong, and S. J. Kim, Effect of car- try, 994, 117653 (2023). Doi: https://doi.org/10.1016/
bon contents on corrosion and hydrogen diffusion behav- Jjelechem.2023.117653
iors of ultra-strong steels for automotive applications, 13. Y. He, Y. Li, C. Chen, and H. Yu, Diffusion coefficient of
Korean Journal of Metals and Materials, 56, 570 (2018). hydrogen interstitial atom in o-Fe, y-Fe and &-Fe crystals
Doi: https://doi.org/10.3365/KIMM.2018.56.8.570 by first-principle calculations, International Journal of
. J. Venezuela, Q. Zhou, Q. Liu, H. Li, M. Zhang, M. S Hydrogen Energy, 42, 27438 (2017). Doi: https://doi.org/
Dargusch, A. Atrens, The influence of microstructure on 10.1016/j.ijhydene.2017.08.212
the hydrogen embrittlement susceptibility of martensitic 14. H.R. Bang, S. H. Kim, and S. J. Kim, Effects of Zn-Flash
advanced high strength steels, Materialstoday Communi- Coating on Hydrogen Evolution, Infusion, and Embrittle-
cations, 1, 17 (2018). Doi: hitps://doi.org/10.1016/ ment of Advanced-High-Strength Steel During Electro-
j.mtcomm.2018.07.011 Galvanizing, Corrosion science and technology, 22, 341
. J. Venezuela, Q. Liu, M. Zhang, Q. Zhou, A. Atrens, A (2023). Doi: https://doi.org/10.14773/cst.2023.22.5.341
review of hydrogen embrittlement of martensitic advanced 15. U. Bansal, A. K. Thakur, V. A, Baheti, S. B. Singh, A.
high-strength steels, Corrosion Reviews, 153, 34 (2016). Mondal, A. K. Halder, K. Chattopadhyay, A. Paul, and
Doi: https:/doi.org/10.1515/corrrev-2016-0006 A. Chakraborty, Diffusion-controlled growth mechanism
. M. M. Islam, C. Zou, A. C. T. V. Duin, and S. Raman, of phases and the microstructural evolution in the Ni-Zn
Interaction of hydrogen with the iron and iron carbide system, Materials Characterization, 202, 112982 (2023).
interfaces: a ReaxFF molecular dynamics study, Physi- Doi: https://doi.org/10.1016/j.matchar.2023.112982
cal Chemistry Chemical Physics, 18, 761 (2015). Doi: 16. A. Chakraborty, R. Ghosh, M. Sudan, A. Mondal,
https://doi.org/10.1039/c5¢p06108¢ Improvement in hot dip galvanized coating microstruc-
. N. Pistofidis, G. Vourlias, S. Konidaris, E. Pavlidou, A. ture and properties by pre-metallic deposition on steel
Stergiou, and G. Stergioudis, Microstructure of zinc hot- surface: A comprehensive review, Surface and Coatings
dip galvanized coatings used for corrosion protection, Technology, 449, 128972 (2022). Doi: https:/doi.org/
Meterials Letters, 60, 786 (2006). Doi: https://doi.org/ 10.1016/j.surfcoat.2022.128972
10.1016/j.matlet.2005.10.013 17. J. S. Park, E. H. Hwang, M. J. Lee, and S. J. Kim, Effect
. D. H. Coleman, G. Zheng, B. N. Popov, and R. E. White, of Tempering Condition on Hydrogen Behavior of Mar-
The Effects of Multiple Electroplated Zinc Layers on the tensitic High-Strength Steel, Corrosion science and tech-
Inhibition of Hydrogen Permeation Through an Iron nology, 17, 242 (2018). Doi: https:/doi.org/10.14773/
Membrane, Journal of The Electrochemical Society, 143, cst.2018.17.5.242
1871 (1996). Doi: https://doi.org/10.1149/1.1836917 18. E. Wimmer, W. Wolf, J. Sticht, and P. Saxe, Temperature-

. S. J. Kim, Electrochemical Hydrogen Permeation Behav-
iors of Pre-Strained Fe-Mn-C TWIP Steel With or With-

308

dependent diffusion coefficients from ab initio computa-
tions: Hydrogen, deuterium, and tritium in nickel, Phys-

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024


https://doi.org/10.1002/srin.201200288
https://doi.org/10.1002/srin.201200288
https://doi.org/10.1016/j.ijhydene.2009.10.092
https://doi.org/10.3365/KJMM.2018.56.8.570
https://doi.org/10.1016/j.mtcomm.2018.07.011
https://doi.org/10.1016/j.mtcomm.2018.07.011
https://doi.org/10.1515/corrrev-2016-0006
https://doi.org/10.1039/c5cp06108c
https://doi.org/10.1016/j.matlet.2005.10.013
https://doi.org/10.1016/j.matlet.2005.10.013
https://doi.org/10.1149/1.1836917
https://doi.org/10.14773/cst.2023.22.4.297
https://doi.org/10.1007/s11661-012-1316-0
https://doi.org/10.1007/s11661-012-1316-0
https://doi.org/10.1149/1.2423335
https://doi.org/10.1016/j.jelechem.2023.117653
https://doi.org/10.1016/j.jelechem.2023.117653
https://doi.org/10.1016/j.ijhydene.2017.08.212
https://doi.org/10.1016/j.ijhydene.2017.08.212
https://doi.org/10.14773/cst.2023.22.5.341
https://doi.org/10.1016/j.matchar.2023.112982
https://doi.org/10.1016/j.surfcoat.2022.128972
https://doi.org/10.1016/j.surfcoat.2022.128972
https://doi.org/10.14773/cst.2018.17.5.242
https://doi.org/10.14773/cst.2018.17.5.242

EFFECT OF NI-FLASH COATING ON HYDROGEN EMBRITTLEMENT AND LIQUID METAL EMBRITTLEMENT OF ULTRA-HIGH-
STRENGTH ELECTROGALVANIZED STEEL SHEET

19.

20.

21.

ical Review B, 77, 134305 (2008). Doi: https://doi.org/
10.1103/PhysRevB.77.134305

J. Li, A. Oudriss, A. Metsue, J. Bouhattate, and X. Feau-
gas, Anisotropy of hydrogen diffusion in nickel single
crystals: the effects of self-stress and hydrogen concen-
tration on diffusion, Scientific Reports, 7, 45041 (2017).
Doi: https://doi.org/10.1038/srep45041

H. R. Bang, S. H. Kim, and S. J. Kim, Effects of Zn-Flash
Coating on Hydrogen Evolution, Infusion, and Embrittle-
ment of Advanced-High-Strength Steel During Electro-
Galvanizing, Corrosion science and technology, 22, 341
(2023). Doi: https://doi.org/10.14773/cst.2023.22.5.341

H. R. Bang, J. S. Park, S. H. Kim, T. Y. Kim, M. S. Oh,
and S. J. Kim, Effects of applied cathodic current on
hydrogen infusion, embrittlement, and corrosion-induced
hydrogen embrittlement behaviors of ultra-high strength
steel for automotive applications, Korean Journal of Met-
als and Materials, 61, 145 (2023). Doi: http://dx.doi.org/

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024

22.

23.

24.

10.3365/KIMM.2023.61.3.145

N. Mattielli, J. C. J. Petit, K. Deboudt, P. Flament, E. Per-
drix, A. Taillez, J. Rimetz-Planchon, and D. Weis, Zn iso-
tope study of atmospheric emissions and dry depositions
within a 5 km radius of a Pb—Zn refinery, Atmospheric
Environment, 43, 1265 (2009). Doi: https://doi.org/
10.1016/j.atmosenv.2008.11.030

H. Bai, L. Kang, P. Zhang, J. Bai, J. Liu, B. Cao, and Y.
Xu, TiC—Fe gradient coating with high hardness and inter-
facial adhesion strength on cast iron prepared by in-situ
solid-phase diffusion method, Vacuum, 215, 112336 (2023).
Doi: https:/doi.org/10.1016/j.vacuum.2023.112336

E. Song, G. H. Lee, H. Jeon, B. J. Park, J. G. Lee, and J.
Y. Kim, Stretch-flangeability correlated with hardness
distribution and strain-hardenability of constituent phases
in dual- and complex-phase steels, Materials Science and
Engineering: A, 817, 141353 (2021). Doi: https://doi.org/
10.1016/j.msea.2021.141353

309


https://doi.org/10.1103/PhysRevB.77.134305
https://doi.org/10.1103/PhysRevB.77.134305
https://doi.org/10.1038/srep45041
https://doi.org/10.14773/cst.2023.22.5.341
http://dx.doi.org/10.3365/KJMM.2023.61.3.145
http://dx.doi.org/10.3365/KJMM.2023.61.3.145
https://doi.org/10.1016/j.atmosenv.2008.11.030
https://doi.org/10.1016/j.atmosenv.2008.11.030
https://doi.org/10.1016/j.vacuum.2023.112336
https://doi.org/10.1016/j.msea.2021.141353
https://doi.org/10.1016/j.msea.2021.141353

