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Effects of Applied Cathodic Current on Hydrogen Infusion, Embrittlement,
and Corrosion-Induced Hydrogen Embrittlement Behaviors
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Abstract: The effects of the electrogalvanizing conditions (a combination of plating current and time)
on hydrogen infusion, embrittlement, and corrosion-induced hydrogen embrittlement (HE) behaviors of
ultra-high strength steel were examined. A range of experimental and analytical methods, including
electrochemical impedance spectroscopy, hydrogen permeation, polarization, and slow strain rate test,
were employed. The results showed that the applied cathodic current density during electrogalvanizing
had an inverse relationship with the Zn crystalline size. A smaller cathodic current density and longer
plating time led to a larger crystalline size, resulting in a higher infusion rate of hydrogen atoms, and
HE-sensitivity (i.e., mechanical degradation with larger density of secondary crack in fracture surface).
On the other hand, a larger cathodic current density and shorter plating time caused a higher anodic
dissolution rate and smaller polarization resistance of the coating when exposed to neutral aqueous
environments. Hence, a higher rate of galvanic corrosion between the coating and exposed steel substrate
(e.g., locally damaged areas around coating layer) resulted in a higher infusion rate of hydrogen atoms
and HE-sensitivity. This study provides insight into the desirable plating conditions for electro-Zn plating
on ultra-high strength steels with enhanced resistance to hydrogen infusion and embrittlement, induced
by aqueous corrosion.

(Received 27 September, 2022; Accepted 28 December, 2022)

Keywords: ultra-high strength steel, electro-galvanizing, hydrogen absorption, hydrogen embrittlement, corrosion

.M £

- A AAL g Bhab e, AR A, AR

ouA: wy AR B 2, Sl gk A7E skl wet, AR
*Corresponding Author: Sung Jin Kim o olal 3lx ATkl 21 A A =ad 714A o
[Tel: +82-61-750-3557, E-mail: sjkim56@scnu.ac.kr] = 919 A ARShe AsAr Al Fag 71eA o
*Corresponding Author: Min-Suk Oh 71 H32 T}k [1-4]. £3], 1.5GPa & o] A=
[Tel: +82-63-270-2297, E-mail: misoh@jbnu.ac kr] = -

2 71> =72 Jlgloe v W "o X Ok
Copyright © The Korean Institute of Metals and Materials S e 2R A N & A Ul o



-_

st 71Ed SANERS SEAE e A g s
&R QU s, 2AEH E FRE JAY
2178 [5-71 2 FAaFS A [8-1012 A sAE
T Ao A= AL A 9 o Fo] AHAA F 3
the @do] EAlsith. webA, Al 2 sAleM = =3
e A WA B FaFs AP TS 5He
2 A At 32 EXE 34 HAskE T vz
Z] Aloje} e vt =8-S 7)Eola At [11-13]. &
3], A EIE B3 AAFEES BT F Qe o
T2 3 o] Phdsta 714 Aol ol AsAt
2 WellA] de] A= Uk [14]. A718sHy Ao

3
Pl A Aoz HAFEI Utk [16]. LA
3HHAIG7F B HCP (Hexagonal closed packed) A7
zol oJs), FHAAM A== wFY FadAE X
WHE fise 34 AAsia fdAgeRe] #4 g
AR SAE AQNE F JE AR e it
[17]. GREA O 2, S| ShAF7T & o2 o
2%l BCC (Body centered cubic) 7% (~10°7 cm?¥/s)}
2] FCC (Face centered cubic) 7-% (~107%17 cm¥s)
HCP 7% (~10"7 cm?sy= Az oz SabA47) v
Aoz BYEI AT} [18]. ©] F HCP 2= 714
ofde] g, AgAelA Bad GhHAF7 A
olgk 735 [19] =3k SA|gtt. A= BCC +x9 &A1
H] oldETS W Fadxte] LHAGTE dAs] B
2o olAEFTFTS R 1= stoll H718sH
FHEE Aves A7 AT Wl 1AL, dijte =,
252 sk TDS (Thermal desorption spectroscopy)
£ &3 FaE27E AUt G Harso] sttt [20].

Qsow oldwge B 2 $8%=F P4 A

i o & rr

I

N

46 i gtF4 - A 53H8]A] A61d A3E (202319 39)

N

N K
ok i
&

=
o 1>
o
It
ME
s

bt

R .-
oo
e
o
< o
0o
_O‘L

AL
-z
=
oo
lﬁi
N
k>

ppm 5529 H|EF AR}
o= AT A3 23] 5}
oAk A 1 {9 sk A
Ao AlsHr) 53], AT =7
o] AstES 7t Xl A
9 T FA|7ke] 23 2719 wet
2 2 R Ee Aol 5= 3

o
it B

>
2

r2 ojt

)
2

A
fo &
il

e

=

N

1‘
o
oft
e
q

[ dlo

MM o gl oo 4z X
N |l N Apy ﬁ)ﬂ 1
b L%;J
4 2 4o 41 BN
éHur:ulgl =
% i
[
e
N

>

e
o

o
>
°
=Y
N
Y
K

i)

O>~1 -

u

N
[‘_?E l_ﬂ ){E r-?L

£ 4o 1o rlo
£y
N
< &

R
1y i ox 1>
2
2

2y
offf ol
O

N =

Table 1. Chemical composition of the ultra-high-strength steel substrate
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B Ao 8% i 2A1E 1.5 GPa o9 A=
1150 ~ 1300°C %A 2

C Mn Si P S

Cr Ni

Cu Mo Ti

BS 03-04 1520 0.05-0.1 <0.01 <0.01

0.3-0.5  0.01-0.03

0.02-0.05  0.1-0.3  0.02-0.05

Table 2. Conditions for the electrogalvanizing process

Samples Target anélount Current der;sity Time Temperature
(g/m”) (mA/cm’) () )
10-EG -10 2387
50-EG 80 -50 478 25

100-EG -100
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Fig. 1. Schematic diagram showing the electrochemical permeation test.



1>

148 oh

o

==
i=]

ZH (Galvanostatic) 2] o2 ¢l7psl e, 150 s 59
=& st g 100 ~ 150nm F71¢ Pd =5F
FAA AT ©o]F AJHS double cellel A& H 4
AZHo] €719 0.1 M NaOH €38& F43s}L +270
mVger2] FFALE A9 (Potentiostatic) W02 217}
st 0.1 pA/em?® ol3te] wlAAFE ST 74 F
YoM = doldt 271oR AU IEES TSNS
o, oju] A S FIste] HEHA AbskEe= 4
& SA3H. o]F FYFolA Hrjetdmgoe] &
= =8 ARt AlF s

ER £F A AR OWRE S5 SRt £

B oo H1ooX

it
1
o
2
o
g
o
=2
p

H EEAE e E 7] £ 1x10%9] £S5 2 strain
ol7tete] FAF 3 UHEE HUleldth e, =S
-10 mA/em?)S F3F AR T 7] FolA 2487 B
St &3] FAHIES 5% § SSRTS TR To=ZH

o o8t H3l &= wiAlst ZFA A2 7)AH

_"
(¢}
AH| s F4S FE-SEME E-83sto] sl

20mm x 20mm x 1.2 mm)<]
5 242 93l 3.5wt% NaCl £ o)A x7]3}
5t A2 $E= (Electrochemical potentiostatic polarization),
A2 (Electrochemical impedance spectroscopy, EIS)
2 MR8 (Linear polarization resistance, LPR) 2!
e T 7124 e 2 A7)t A3 APH=
(Working electrode, WE), “t]%= (Counter electrode,
CE) 2 7|83 (Reference electrode, RE)O.Z o] Fo| %
3RS AlE=HE ARSI o, ZEdS s 7
7} 33} Z29W A= (Saturated calomel electrode, SCE)
7 mesh FEf] WMFAFTog FALAT. FAL BF9
7% N3] =¢8] (Open circuit potential, OCP) TH]
+50 mVe] YRS HHE QUtele] EEEe F=89 A
FEEE SAh dods A9 AlHS 89 W |,
3, 79 B9 HA F, OCP 71F + 10mVe] AYS =
Faloz 7kste] 100,000 ~ 0.01 Hz9| frequency
oM A== = A3 (Polarization resistance, R,
Hwal2 Al s, =&F Nyquist plot> &9 A
(R), =732 7AAE (Q), =55 AT (R), =53
I 22w A AAAE (Qq), =T 2AESE Al

E[Sni

o ot

<A 588 A A61H A3F (2023'F 39Y)

o] AdstelE AR (R T° 2 S7EEE 7)Mo
2 fittingS 3319 LPR A¥& AJHS EISet 5
& At A F OCP thH] -220mV ~ +20mV A
9 RS 02mVisY] £5E Z7R7H AFUEE =24
STt o], AHA o= 53 curve (Semi-log FENE
Wagner-Traud [26] (4] (2)) 2 Stern-Geary equation
27] 2] )& T3l fitting 3te] AJH ¥ FAHAREE

(Corrosion current density, i, )& =3I

“2303(E-E,,,)
B

2.303(E-E.,,
i= im,,exp( ( “"')) —exp 2)

ﬂ{l

ﬂaﬂ(‘

b 250 R (B ©

714 = fitting® ©o]84 HAREE (Alemd), iy
2 AFUE (Alem?), Epe 72 A9 (Vsce), B B
= 22F F=, == Tafel 71&7] (Videcade), R= 2=
ANy dRE 93| 5
[e]

U 4¥e 38 wE Saslgon tEy UE HolHE

Galvanic connection
v
— o—
L ©
Detection side
sk

v
H H
1

ST
)

s
“— Electrogalvanized
steel sample

Bare steel sample

Fig. 2. Schematic diagram showing the galvanic corrosion induced
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Fig. 10. EIS test results of the three electrogalvanized steel samples: (a) Equivalent circuit model; (b) Polarization resistance; (c) Nyquist
plots measured with immersion times (exp.: experimental data, fit.: fitting data).
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Table 3. Electrochemical corrosion parameters of the three electrogalvanized steel samples, obtained by curve-fitting to the LPR data

Parameters 1 day immersion 3 days immersion 7 days immersion
10-EG 50-EG 100-EG 10-EG 50-EG 100-EG 10-EG 50-EG 100-EG
Ecorr -1.066 -1.062 -1.072 -1.061 -1.057 -1.074 -1.061 -1.060 -1.064
Ba 0.025 0.032 0.034 0.029 0.028 0.022 0.026 0.031 0.032
B 0.12 0.13 0.11 0.12 0.12 0.12 0.12 0.12 0.12
Lorr 1.10E-5 1.59E-5 1.73E-5 9.52E-6 1.31E-5 1.64E-5 9.32E-6 1.28E-5 1.57E-5

Table 4. Various parameters of the three electrogalvanized steel samples obtained by curve fitting to the EIS Nyquist plots using the

equivalent circuit

Parameters 1 day immersion 3 days immersion 7 days immersion

10-EG 50-EG 100-EG 10-EG 50-EG 100-EG 10-EG 50-EG 100-EG
R, 21.25 21.36 18.9 21.18 21.08 18.5 18.07 21.21 18.51
o 5.63E-4 4.05E-4 7.39E-4 7.96E-4 1.02E-3 2.00E-3 2.64E-3 1.45E-3 2.78E-3
ny 0.84 0.84 0.74 0.78 0.74 0.73 0.68 0.72 0.73
R, 558.7 4544 259.9 500.5 4722 290.1 520 511.7 360.2
Ou 4.94E-2 9.27E-2 3.45E-2 1.91E-2 7.78E-2 6.25E-2 5.62E-1 2.14E-1 3.84E-2
Ay 0.52 0.93 1 0.84 0.78 0.44 0.55 0.99 0.59
R, 217.7 187.3 574 334.6 220.5 136 300.8 363.5 181.1
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