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Corrosion-induced hydrogen evolution, absorption, and
cracking behaviors of ultra-high-strength galvanized and

galvannealed steel sheets

Sung Jin Kim@®'®, Jin Sung Park' and Seung-Pill Jung?

Various experimental analyses on hydrogen evolution, absorption, and cracking behaviors were conducted to gain a fundamental
understanding of the hydrogen embrittlement of ultrastrong steel sheets with galvanized (GI) and galvannealed (GA) coatings. The
hydrogen evolution and absorption behaviors are controlled primarily by the potential differences between the coating and
exposed steel substrate, and the corrosion-induced damage pattern of the coating. The higher absorption rate of hydrogen was
more pronounced in corroded Gl-coated steel caused by the larger cathodic polarization applied to the exposed substrate, and a
more severe form of coating dissolution by aqueous corrosion in a 3.5% NaCl + 0.3% NH,4SN solution. In contrast, the corrosive
species can only penetrate through the pre-existing cracks in the brittle Fe-Zn intermetallic phases composed of the GA coating,
and the driving force for hydrogen evolution becomes smaller. These result in significant differences in hydrogen penetration and

cracking behaviors between the two coated ultrastrong steels.
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INTRODUCTION

With the growing environmental awareness and stricter regula-
tions on emissions, the automotive industry is facing significant
challenges. Among them, the application of lightweight materi-
als centered on ultra-high-strength steel sheets is considered
one of the major technical issues'™. Ultra-high-strength steel
sheets with a tensile strength of >1500MPa have been
developed and employed in some auto-parts. On the other
hand, the higher strength of the steel sheet raises significantly a
concern regarding hydrogen embrittlement and pre-mature
cracking failures'*~7. When steel is exposed to atmospheric/
aqueous environments during the service, hydrogen atoms can
be generated by cathodic reduction®'° or hydrolysis reac-
tions'®"" on the surface. Some of them are infused into the steel
matrix and are trapped at metallurgical defects, leading to
hydrogen embrittlement'%13,

Some auto-parts are coated with Zn-based alloys to provide an
anti-corrosion function, and they have been employed under the
name of galvanized steels with a hot-dip Zn coating (Gl). For
additional improvements in weldability and paintability, a
galvannealed (GA) coating, composed of several distinctive Zn-Fe

intermetallic layers, is also used by annealing the Gl coating at
500~600 °C'*'6, The primary function of both coatings is based
on galvanic protection of the underlying steel substrates from
corrosion because the coatings have much lower electrochemical
potentials under most corrosive conditions'”'®, On the other
hand, the sacrificial dissolution characteristics of Zn and Zn-Fe
coatings, providing an effective anti-corrosion function, can be the
primary driving force for hydrogen evolution on a steel surface.
Theoretically, the exchange current density for hydrogen evolu-
tion reaction on Zn, and the diffusion coefficient of hydrogen in
Zn with a hexagonal close-packed (HCP) structure are much lower
than the case of Fe”'°"2!, and the danger of hydrogen infusion

would not be expected. Once the coatings are damaged locally,
however, a galvanic couple between the coatings and steel
substrate can be formed, and the applied large cathodic
polarization on the exposed steel substrate can promote
hydrogen evolution. Nevertheless, the hydrogen evolution and
absorption mechanism under a neutral aqueous corrosion system
are unclear. Furthermore, the extent and kinetics of the coating
damage caused by the corrosion reaction can depend significantly
on the composition and structure of the coatings. These suggest
that the corrosion damage and even the hydrogen evolution and
penetration behaviors can be different in Gl and GA coatings.

Therefore, this study examined the hydrogen evolution,
absorption, and hydrogen-induced cracking behaviors of the
Gl and GA-coated steel sheets during the surface degradation of
coatings in a neutral aqueous environment, using a combination
of electrochemical polarization, electrochemical permeation,
and metallographic observation of coating dissolution. For a
further mechanistic approach, the polarization behaviors were
analyzed by a numerical model based on the mixed potential
theory. Moreover, the hydrogen absorption in the charging side
of the permeation cell was interpreted by galvanic current flow
from the coating layer to the bare steel using a modified
permeation apparatus.

RESULTS
Samples and their microstructures

The materials under investigation were Gl and GA-coated ultra-
high-strength steel sheets with a tensile strength of >1500 MPa.
The chemical composition of the steel substrate, and variables of
the Gl and GA processes are listed in Tables 1 and 2, respectively.

Figure 1 presents the microstructure of the cold-rolled and
normalized (CR_N) steel sample without the coating. The
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microstructure consisted of the lath-type tempered martensite
with randomly oriented ferrite and fine FesC in small quantities
(4.1%). The fine precipitates below 100 nm distributed uniformly
throughout the matrix were shown in Fig. 2. The precipitates were
classified into two types according to their size. Fe3C and TiN are
precipitates, 50-100 nm in size (Fig. 2b), and (Ti-Mo)C,N <20 nm in
size (Fig. 2¢).

Table 1. Chemical composition of the ultra-high-strength steel
substrate.

Chemical composition (wt.%)

Fe C Si Mn P S Cr Ni Cu Mo

Bal. 028 0.09 185 <0.01 <001 036 0012 0021 0.19

Table 2. Variables for the Gl and GA coating processes.

Gl and GA coating processes

Coating samples Gl GA

Steel thickness 1.2mm

Zn bath temperature 450-470°C

Galvannealing temperature - 520-580°C
Coating thickness 10-12 pm 7-8 um

Total Partition

Phase Fraction Fraction
B rFeC 0041 0.041
] Ferrite 0.959  0.959

Figure 3 shows FE-SEM images of the surface and cross-
section morphologies of Gl and GA-coated steels. In contrast to
the Gl coating with only a n-Zn single-phase, ~10 um thick, the
GA coating was much thinner (<7 um thick), and composed of
multi-layers with different phases. According to the diffraction
pattern by TEM (Fig. 3g) and compositional analysis by EDS
(Table 3), the layer was composed of several Zn-Fe intermetallic
I, 6, and C phases in the order from the steel substrate. Previous
studies?22* reported also that the Fe contents of the outermost
( phase, middle 6 phase, and bottom I phase were ~6-7, 10-12,
and >23 wt.%, respectively, which correspond to the those
analyzed in this work. The other differences between the two
coatings are the types of defect in the coating layers. The (Al,Fe)-
based fine particles known as a top-dross (Fig. 3d), and the
vertical cracks from mostly & phase to steel substrate (Fig. 3h)
are the characteristic defects in the Gl and GA coating layers,
respectively.

Electrochemical potentiodynamic polarization behaviors

Figure 4a presents the electrochemical potentiodynamic polariza-
tion curves of CR_N steel (i.e,, bare steel), and Gl and GA-coated
steel samples, obtained in a 3.5% NaCl + 0.3% NH4SCN solution.
As expected, Gl and GA-coated steel samples had much lower
corrosion potential than CR_N steel. Although the polarization
behaviors between the two coating layers show a similar trend,
the corrosion potential of the GA coating layer composed of
Zn-Fe intermetallic phases was slightly higher than that of the Gl
coating layer consisting of only pure Zn. When the GA coating is
corroded, the order of exposure to the corrosive environments
would be the outermost {, middle §, and bottom I phase.

Fig. 1 Microstructural analysis of steel substrate. a—c EBSD image quality map, inverse pole figure map, and phase colored map,

respectively. d FE-SEM observation.
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Fig. 2 Analysis of precipitates in steel substrate. a TEM-dark field image, which were obtained by the replica extraction method. b, ¢ TEM
observations (bright-field image) with EDS mapping of precipitates with the size in the range of 50-100 nm, and <20 nm, respectively.
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Fig. 3 FE-SEM images showing the microstructures of the coating layers. a, b Surface and cross-section morphologies of Gl, respectively.
¢, d Magnified images of b. e, f Surface and cross-section morphologies of GA, respectively. g, h Magnified images of f.

Table 3. EDS quantitative analysis at each point marked on Fig. 3.
Fe (wt.%) Zn (wt.%)

CH+1 7.0 93.0

S (+2) 12.8 87.2

I (+3) 23.6 76.4

Considering that the electrochemical potentials of the phases
increase in the order of {, §, and I' owing to their Fe contents, the
corrosion potential becomes nobler as corrosion of the GA coating
progresses. The corrosion behavior of multi-layered GA-coated
steel, mentioned above, can also be validated through the
electrochemical stripping test results, as shown in Figs. 5-7. The
potential transition curve of Gl-coated steel, obtained in a 3.4 M
NaCl 4 0.3 M ZnSO, solution, showed only two plateau potential
regions, marked with red boxes and signs (a and b), corresponding
to n-Zn phase and substrate, respectively. In contrast, several
plateau points, marked with red boxes and signs (a, b, ¢, and d) in
Fig. 5b, during the increase in potential by the dissolution of each
phase composed of GA- coated steel. From the metallographic
observations at points (a—d) in Fig. 5b, shown in Fig. 6, the
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plateaus a, b, ¢, and d were attributed to the exposure to { phase,
6 phase, I phase, and substrate, respectively. It also showed that
the corrosion potential, measured after the stripping test at
respective potential steps (a, b, ¢, and d) marked on Fig. 5b
became nobler (Fig. 7).

Electrochemical hydrogen permeation behaviors

The hydrogen permeation behaviors under applied cathodic
current in the charging side are presented in Fig. 8a. Theoretically,
a constant amount of hydrogen can be introduced by excluding
any corrosion and scale forming processes. The current densities
measured in the detection side (i.e., permeation flux) of Gl and GA-
coated samples were significantly smaller and the break-through
time to diffuse was considerably longer compared to the case of
CR_N steel. Nevertheless, comparatively higher permeation flux
and much shorter break-through time were obtained in the GA-
coated steel.

In contrast to the permeation results given above, it is
interesting to note that, in the absence of an externally applied
current, only Gl-coated steel exhibits abrupt increases in permea-
tion current in significantly large quantities (Fig. 8b), suggesting
that hydrogen evolution and absorption were enhanced much
more on the steel substrate with the corroded Gl coating. In a
similar context, the galvanic current flow from the coatings to bare
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Fig. 4 Electrochemical corrosion behaviors. a Potentiodynamic polarization curves obtained in a 3.5% NaCl + 0.3% NH4SCN solution.
b Numerical curve-fitting to a.
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Fig. 5 Potential transition curves obtained from electrochemical stripping test in a 3.4 M NaCl + 0.3 M ZnSO, solution. a, b Gl and GA,
respectively.

Fig. 6 Surface morphologies of GA sample during electrochemical stripping test in a 3.4 M NaCl + 0.3 M ZnSO, solution. a-d FE-SEM
observations at respective potential steps marked on Fig. 5b.

steel, and permeation flux of hydrogen reduced cathodically on
the bare steel surface, under the simple immersion corrosion
condition (described schematically in Fig. 8c), were much higher in
the case of Gl coating, as shown in Fig. 8d.

Corrosion with coating dissolution behaviors

To clarify the permeation behaviors in an absence of cathodic
polarization condition, a more precise understanding of the
corrosion progresses involving the dissolution behaviors of the
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sacrificial coating is required. The changes in the cross-section
morphologies of the two coated steel samples with increasing
immersion in a neutral aqueous environment (i.e., 3.5% NaCl +
0.3% NH,SCN solution) suggest clear differences in coating
damage between the two coating layers, as shown in Fig. 9. At
the early stages of immersion for 24 h, the outermost { phase in
the GA coating layer dissolved rapidly. It appears also that the pre-
existing cracks and pores, which are found mostly in the 6 phase,
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Fig. 7 Potentiodynamic polarization curves of the GA-coated
steel in a 3.5% NaCl+ 0.3% NH,SCN Solution. Measured after
electrochemical stripping test in a 34M NaCl+03M ZnSO,
solution at respective potential steps marked on Fig. 5b.
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may serve as a penetration path for corrosive species, even into
the steel substrate. The reactive areas may increase gradually due
to the broadening of the existing cracks and the development of
new cracks.

On the other hand, there was no preferential dissolution at
certain areas in the Gl coating layer at the early stages of
immersion. On the outer part of the Gl coating layer, some
localized crack-like attacks appear gradually with increasing
immersion time to 24 h. As assumed from the magnified inset
figure, the grain boundary of the coating layer is the main
propagation path of the crack-like corrosion attack. Subsequently,
the dissolution rate of the coating layer may be so severe that the
area of the substrate without a coating layer, which can be
exposed to the outer environment, becomes comparatively larger.
It seems that some parts of the coating were detached from the
steel substrate with continued corrosion attacks along the grain
boundary. These morphological differences between the two
coating layers can also be demonstrated by surface analysis of the
corroded coating layers employing a three-dimensional surface
profiler, as shown in Fig. 10. Owing to the local detachment of the
coating layer, the value of R,, measured in the GA-coated steel
sample, was much higher than that in Gl-coated steel.

Cracking susceptibility

The resistance to hydrogen-assisted cracking failures caused by
aqueous corrosion between the two coated steel samples was
compared by a four-point bent beam test conducted in a neutral
aqueous environment (i.e., 3.5% NaCl + 0.3% NH;SCN solution).
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Fig. 8 Electrochemical and simple corrosion induced hydrogen permeation behaviors. a, b Electrochemical permeation curves obtained
using the typical permeation apparatus with and without the application of cathodic current in the charging side, respectively. ¢ Brief sketch
showing the principle of the hydrogen permeation measurements using the modified permeation apparatus with the galvanic corrosion cell
in the charging side. d Hydrogen permeation current densities and galvanic current densities measured in detection side and galvanic

corrosion side, respectively, of the modified permeation apparatus.
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Fig. 9 Change in the cross-section morphologies with increasing immersion times. a-d Gl-coated steel. e-h GA-coated steel. a, e three h.
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Fig. 10 Three-dimensional surface roughness measurements with increasing immersion times. a-d Gl-coated steel. e-h GA-coated steel.

a,e24h.b,f72h.c, d, g, h 168h.

As shown in Fig. 11, in contrast to GA-coated steel samples,
Gl-coated steel samples failed within a day of immersion. Unlike
the typical dimple fracture obtained normally in the open air,
quasi-cleavage with an intergranular fracture pattern was
observed in the fracture surface of the Gl-coated steel sample,
as shown in Fig. 11¢, d.

DISCUSSION

The higher strength of >1500 MPa of the steel substrate could be
attributed mainly to the effective strengthening via fine pre-
cipitates below 100 nm distributed uniformly throughout the
matrix. In particular, among the two types precipitates, finer
precipitates, (Ti-Mo)C,N, characterized in this work, are generally
considered more effective in impeding the movement of
dislocations®>?%, which can be the primary strengthening
mechanism of ultra-high-strength steels. The effects of the partial
substitution of Mo for Ti in the TiC lattice on the nucleation and

npj Materials Degradation (2022) 31

coarsening kinetics of MC carbide and the strengthening of steel
are also reported elsewhere?’.

Regarding the electrochemical corrosion behaviors, the anodic
regions of the curves involve generally metal dissolution (i.e, M —
M"* 4+ ne”, where M can be steel or Zn-based coating) on the
electrode surface. Hence, the anodic reaction is controlled by a
charge transfer process, which can be simulated by pure Tafel
behavior, as described in Eq. (1).

E—Ey = B,log <i) Q)]

where E, Ey,, B, i, and iy are the electrode potential in Vscg,
standard electrode potential in Vscg, anodic Tafel slope in V
decade™ ', current density in A cm 2 and exchange current
density in A cm™2, respectively.

In contrast, there could be two possible cathodic reactions
involved in the neutral agueous system, depending on the potential
regions. One is the reduction of oxygen (O, + 2H,0 + 4e~ — 40H "),
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Fig. 11 Surface view of test samples after four-point bent beam test, and fracture surface observations. a, b Gl and GA-coated steel
samples, respectively. ¢ FE-SEM image showing the fracture surface of the Gl-coated steel. d Magnification of the boxed region marked on c.
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Fig. 13 Galvanic corrosion and hydrogen permeation behaviors using the modified permeation apparatus. a Galvanic corrosion current
densities between the bare steel and stripped GA samples, obtained at respective potential steps (marked as a-c on Fig. 5b) in an
electrochemical stripping test in a 3.4 M NaCl + 0.3 M ZnSO, solution. b Hydrogen permeation current densities measured in the detection
side of bare steel as a result of a.
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Table 4. Various corrosion parameter values obtained by numerical curve-fitting to potentiodynamic polarization data of the tested samples.
iO_Hzo (A Cmiz) Ba,steel/coating (V dec”) BC,HZO (V dec”) ilin_Oz (A Cmiz) icorr (A cmiz) Ecorr (VSCE)
CR_N 1.0x1077 0.06 0.15 1.85x 107> 2.13x10°° —0.710
Gl 88x10°8 0.05 0.22 1.00x 10~ 1.29%x 107° -1.116
GA 9.5x 1078 0.15 0.20 1.20x 107 1.82x10°° —1.084

which is controlled by mixed charge transfer and mass transfer.
The other is the reduction of water molecules (2H,0 + 2e~ — H, +
20H7), controlled only by charge transfer due to the unlimited
number of water molecules on the electrode interface. Hence, the
net current density for O, reduction can be derived theoretically
using Eq. (2)%.
1 1 1

—=—+— (2)
’Oz Ic_t Im_t

where io,, ic+, and in_¢ are the net O, reduction current density,
charge transfer current density, and mass transfer current density,
respectively.

The charge transfer current density can be obtained from the
conventional Tafel behavior, as described in Eq. (1). On the other
hand, the concentration of O, in the bulk solution, diffusion
coefficient of O,, and thickness of the diffusion boundary layer can
also be considered for the mass transfer current density. These
parameters, adopted in our numerical analysis, were obtained
from the previous work by L. Chen et al.?,

As noted above, the reduction of H,O can only be controlled by
charge transfer, and was interpreted from the conventional Tafel
behavior described in Eq. (1).

Consequently, the corrosion potential and corrosion current
density were determined by the charge balance theory, as
described below.

icorr = e = iOz + inO (3)

where g, io,, and in,0 are the anodic steel dissolution current
density, O, reduction current density, and H,O reduction current
density, respectively.

From the numerical curve-fitting to the polarization data, which
was conducted based on mixed potential theory and charge
balance equation, the results for CR_N are presented in Fig. 4b as a
representative. The fitted parameters for CR_N and two coatings
are listed in Table 4. Overall, the theoretical curve based on the
numerical model showed good agreement with the experimental
curve. The cathodic curve could be classified into three regions (A,
B, and C) with a negative shift of potential. In the A region, the
reduction of dissolved O, at the electrode/solution interface,
which is controlled by charge transfer, would be the dominant
reaction. From the limiting current features (i.e., diffusion-limited
current) in the B region, the reduction of dissolved O, is controlled
primarily by O, diffusion. With further decreases in potential (C
region), the reduction of H,0 becomes the dominant reaction, and
hydrogen can be evolved on the electrode surface.

Although the polarization behaviors between the two coating
layers show a similar trend, the dissolution of multi-layered GA
coating can lead to the increase in corrosion potential gradually as
corrosion progresses, which is in contrast to the Gl coating with
only a n-Zn single-phase. This can have significant meaning in that
the driving force for hydrogen evolution would be lowered.
Theoretically, it is considered that the amount of hydrogen
permeated through the Zn/Zn alloyed coatings without defects
can be negligible because of the slow kinetics of hydrogen
generation on the coating surface’®2'?° and the significantly low
diffusion coefficient of hydrogen atoms in the coating layer'92°3°,
This theoretical approach, however, has no practical meaning, and
the danger of hydrogen-assisted failures could increase substan-
tially when the coating layer has pre-existing defects or pores. In
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particular, when the galvanic couple between the coating layer
and steel substrate is formed by local damage/dissolution of the
coating layer during corrosion, the exposed steel substrate can be
forced to be polarized cathodically to a less noble potential near
the corrosion potential of the phase in the coating layer. This
suggests that the exposed substrate can serve as cathodic sites
where hydrogen is generated by the reduction of H,0. As higher
cathodic polarization is applied to the steel substrate, more
hydrogen can be generated by the reduction of H,O (Fig. 4b).
These also suggest that the driving force for hydrogen generation
on the exposed steel substrate near the damaged Gl coating layer
could be higher compared to the case of GA-coated steel. Hence,
under an assumption that the surface area ratios between the
coatings and their substrates are the same, the galvanic couple
between GA coating and substrate can have the smaller cathodic
polarization applied to the substrate, as shown in Fig. 12a. When a
further increase in corrosion potential of the GA coating with
corrosion progresses, the dominant reduction reaction would be
the reduction of dissolved O,, not the reduction of H,O. The
increased cathodic currents under applied polarization cathodi-
cally to the steel substrate were determined, as shown in Fig. 12b.
Nevertheless, the increased current density cannot be considered
the amount of hydrogen absorbed directly because of the partial
recombination of hydrogen (H+ H — H,) on the surface. There-
fore, the hydrogen permeation behaviors of the two coated steel
samples under the corrosion process in the charging side should
be analyzed further.

Under applied cathodic overpotential condition, the hydrogen
permeation fluxes of the two coated steel samples were
significantly lower than that of CR_N steel, owing to the much
slower diffusion kinetics of atomic hydrogen in the Zn and Zn-Fe
layers. The hydrogen diffusivity values in the Gl and GA coating
layers calculated by the following Eq. (4)*' based on the 2nd
permeation fluxes were 2.2760 x 10~ m?2s~" and 1.6053 x 1013
m?s~, respectively, which were much higher than the previously
reported ones in Zn (~10""" m?s™")3!" and Zn-Fe intermetallic
layer (4.0457 x 10~ '*m? s~ )%,

L

L L Lo @)
D1 DZ Dapp

where L; and L, are the thicknesses of substrate and coating,
respectively, and D;, D,, and D,q, are the apparent hydrogen
diffusivities in the substrate, coating, and coated substrate,
respectively. D; and D,p, were determined experimentally using
the time-lag method.

Theoretically, the hydrogen permeation behaviors of metallic
materials under applied cathodic polarization depend greatly on
the crystal structure of materials and their metallurgical defects.
Hence, the faster diffusion kinetics of hydrogen in the two coating
layers compared to those reported previously may be due to the
presence of metallurgical defects in the coating layers. In
particular, comparatively higher permeation flux and shorter
break-through time of GA-coated sample than those of GI-
coated sample can be understood by the fact that the hydrogen
atoms absorbed in GA-coated steel are preferentially penetrated
through the pre-existing defects in the coating layer. In contrast to
the Gl coating layer, the multi-layered intermetallic phases in the
GA coating layer are more brittle with Vickers hardness of
>250 Hy*2. Hence, the cracks can be more likely to occur in the GA
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coating layer during the skin pass milling conducted after the
galvanizing process. As shown in Fig. 3h, the 6 phase in the GA
coating layer has several pre-existing cracks. The surface of pre-
existing cracks can act as a high diffusion path for atomic
hydrogen, resulting in an increase in the hydrogen diffusion
kinetics and higher permeation flux.

Under no applied cathodic polarization condition, however,
only Gl-coated steel exhibits the abrupt increase in permeation
current density in large quantities (Fig. 8b). This suggests that
hydrogen evolution and absorption were enhanced much more
on the steel substrate with the corroded Gl coating. Compared
to a previous study>® that reported the level of hydrogen uptake
at the cut-edges or scratches in Gl-coated steel, the permeation
current density presented in this study appeared to be higher.
The cause of this difference can be considered with respect to
the following two factors. The smaller surface area of the
exposed steel in an advanced state of corrosion, as in this study,
can provide less alkaline conditions, resulting in higher
hydrogen activity. The other is that using a recombination
inhibitor (i.e, NH4SCN) in this study can further increase the
hydrogen absorption in Gl-coated steel. In the absence of a
recombination inhibitor, the permeation current density of Gl
was much lower, as shown in Supplementary Fig. 1. Never-
theless, the overall trend of permeation current density was
similar. Both cases showed an abrupt increase in current density
after the long incubation times in the advanced state of
corrosion. On the other hand, the permeation current density
of GA in the advanced state of corrosion in the absence of a
recombination inhibitor was not measured in the preliminary
test, which may be ascribed to the extremely low current level
that is difficult to measure using the permeation technique with
the Devanathan-Stachurski (DS) cell. In contrast to the Gl
coating, much faster diffusion kinetics of hydrogen in smaller
quantities was obtained in GA-coated steel in the presence of
NH4SCN (Fig. 8b). Under the corrosion condition, hydrogen
penetration behaviors are controlled primarily by the corrosion-
induced damage pattern of the coating layer. In the case of GA-
coated steel, § and I intermetallic phases and the steel substrate
are connected electrically, they corrode together. Specifically,
the I' phase can dissolve prior to the 6 phase due to the larger
potential difference between the I phase and the substrate, as
reported previously?®. Therefore, it is expected that the driving
force for hydrogen evolution by the H,O reduction on GA-
coated steel becomes smaller as corrosion proceeds (i.e., smaller
cathodic overpotential applied by the galvanic couple between
the T phase and steel substrate). This can also be further
validated by the experimental result (Fig. 13) that the galvanic
current flow from each phase in GA coating, obtained by
stripping method, to bare steel, and the permeation flux of
hydrogen reduced cathodically on the bare steel was decreased
in the order of ¢, §, and I, which is in accordance with the order
of the potential difference. The much smaller permeation flux
maintained in the GA-coated steel samples, as presented in
Fig. 8b and d, can be understood in this regard. On the other
hand, both electrochemical analysis and metallographical
observation indicated that much faster dissolution rate of the
Gl coating layer and local detachment of the coating layer by
aqueous corrosion leaves a broader area of the exposed
substrate in Gl-coated steel. Moreover, the comparatively larger
cathodic polarization can be applied to the exposed substrate
near the Zn layer (i.e, a higher hydrogen evolution by H,0O
reduction), as evidenced by the higher galvanic current flow
from the Gl coating to bare steel (Fig. 8d). These result in the
abrupt increase in permeation current density in large quantities
of Gl-coated steel sample. Regarding the rapid decrease in
permeation current densities, shown in Fig. 8d, there are several
possible explanations. The quick initial decrease after reaching
the maximum current density is most likely due to an increase in
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pH on the steel surface via the reduction reactions and to the
inhibitive effect by the Zn cations®***°. The gradual decrease in
current density after longer times in permeation could be
resulted from both the decrease in the Zn coating present on
the sacrificial anode used polarizes the steel, and the formation
of corrosion products on the corroding Zn coating. Based on the
results and discussion given above, the mechanistic differences
in the corrosion damages and resulting hydrogen penetration
behaviors between the two coated steel samples are illustrated
schematically in Fig. 14.

Compared to the corrosion behaviors of GA-coated steel, the
preferential corrosion attacks along the grain boundary and much
broader corrosion damage in the Gl coating layer can lead to a
much larger quantity of hydrogen absorbed and permeated in the
steel substrate, resulting in higher susceptibility to the hydrogen-
assisted cracking failures. The higher susceptibility to the
intergranular cracking of Gl-coated steel was evidenced experi-
mentally by a four-point bent beam test conducted in a neutral
aqueous environment. The hydrogen contents in as-galvanized
samples, measured by thermal desorption method, were quite
small (<5 ppb), and the difference between the two coated steels
was insignificant. In addition, the steel substrate without the Zn-
based coatings did not fail in the bent beam test. These suggest
that the steel matrix can be embirittled and failed primarily by
abundant atomic hydrogen, which had been absorbed on the
exposed steel substrate during corrosion of the coating layer.
Moreover, the locally concentrated hydrogen at corrosion-induced
damaged areas (i.e., Gl case) can be more critical to this hydrogen-
induced cracking failure than the globally dispersed ones at
numerous pre-existing cracks in the coating layer (i.e., GA case).
Compared to simple immersion, the bent beam could provide
more severe conditions in terms of corrosion damage in the
coating layer and hydrogen absorption in the steel substrate3¢-38,
which may facilitate cracking failure. Nevertheless, the GA-coated
steel samples did not fail after five days of immersion. This
suggests that applying the GA coating to ultra-high-strength
steels can be considered more positively in terms of hydrogen-
assisted failures occurring in an advanced state of corrosion,
though the Gl coating is known to provide better sacrificial
protection, particularly at cut-edges or scratches.

In summary, this work provided significant insights into the
hydrogen evolution, absorption, and cracking behaviors of Gl and
GA coatings on ultra-high-strength steel surfaces during the
surface degradation of the coatings in a neutral aqueous
environment. When the coating layer was undamaged, the
amount of hydrogen absorbed on the surface and permeated
through the coating and substrate was negligible because of the
much slower kinetics of hydrogen diffusion in the coating layer.
On the other hand, the amount increased significantly when the
steel substrate was exposed to the outer environment by
sacrificial dissolution of the coating layer. The higher absorption
rate of hydrogen was more pronounced in corroded Gl-coated
steel caused by the comparatively larger cathodic polarization
applied to the exposed substrate near the Zn layer, and a more
severe form of coating dissolution (i.e, a broader area of the
exposed substrate) by aqueous corrosion. In contrast, the
corrosive species can only penetrate through the pre-existing
cracks and pores in the Fe-Zn intermetallic phase (i.e,, mostly, &
phase) of the GA coating, and the driving force for hydrogen
evolution by H,0 reduction on GA-coated steel becomes smaller.
The much broader corrosion damage in the Gl coating layer forms
a galvanic couple between the coating layer and exposed
substrate, leading to a much larger quantity of absorbed and
permeated hydrogen in the steel substrate. This increases the
susceptibility to the hydrogen-assisted intergranular cracking with
a quasi-cleavage pattern in a neutral corrosive environment.
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Fig. 14 Schematic diagrams of the corrosion and hydrogen penetration mechanisms. a, b Gl and GA-coated steels, respectively.
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Fig. 15 Schematic diagram of the permeation apparatus. a Typical permeation apparatus (hydrogen charging cell + hydrogen detection
cell). b Modified permeation apparatus (galvanic corrosion cell + hydrogen detection cell).

METHODS

Sample preparation and microstructural examination

To produce steel substrates, the steel samples were heated to
1150-1300°C for 2 h, and hot and cold-rolled to a 1.2 mm thickness.
The steel sheets were then austenitized at 780-840 °C for 200-400 s and
cooled rapidly to ambient temperature. After mechanical polishing
with a final polishing step of 0.04 um, the microstructure of the steel
sample was examined by field-emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and electron back-
scatter diffraction (EBSD) analysis with an acceleration voltage, beam
current, and step size of 20kV, 1nA, and 40 nm, respectively. In
addition, the fine precipitates were analyzed by TEM using an extraction
replica sample.

The surface and cross-section morphologies of the Gl and GA layers
formed on the steel substrate were observed by FE-SEM. Prior to the cross-
section observations, the samples were mounted with an epoxy resin and
polished to 0.5 um with an oil-based diamond suspension. The samples
were then cleaned ultrasonically in ethanol and dried.

npj Materials Degradation (2022) 31

Electrochemical potentiodynamic polarization test and
numerical curve-fitting

The electrochemical experiments were carried out using a conventional
three-electrode cell consisting of a sample, a Pt grid, and a saturated
calomel electrode (SCE), which served as a working, counter, and reference
electrode, respectively. Before the experiments, the steel samples were
ground to 2000 grit sand-paper, cleaned ultrasonically in ethanol, and
dried. The coating samples were cleaned ultrasonically in ethanol and
dried without pre-grinding. The potentiodynamic polarization test was
conducted in a 3.5% NaCl + 0.3% NH,4SCN solution (pH: 6.78) at 25 °C. The
potential was applied and scanned potentiodynamically at a scan rate of
0.2mVs~' from —500mV to +250 mV vs. the open circuit potential. The
polarization behaviors were analyzed by a numerical model based on the
mixed potential theory under the assumptions that the current distribution
is uniform over the sample surface, and the kinetic/transport parameters
are uniform all over the system. From the theoretical model based on the
mixed potential theory, several reaction parameters (i.e., exchange current
density, Tafel constants, limiting current density, corrosion current density,
and corrosion potential) were determined quantitatively by curve-fitting to
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the polarization data. Moreover, under the conditions of galvanic couple
formation, in which the steel substrate is exposed to the corrosive
environment due to corrosion damage of the coating layers, the extents of
cathodic overpotential and increased cathodic current density on steel
were also obtained.

Electrochemical stripping experiment

An electrochemical stripping experiment for the two coated steel samples
was carried out by applying a constant current density of 2mAcm~2 in a
34M NaCl+ 0.3 M ZnSO, solution (pH: 4) at room temperature, and a
potential transition curves with immersion time were obtained. The
solution used was chosen in reference to a previous study>®.

Electrochemical permeation experiments

The hydrogen absorption and permeation behaviors were evaluated using
an electrochemical permeation experiment, which were carried out using a
Devanathan-Stachurski cell*® designed in reference to ISO 17081*'. Figure
15a illustrates a schematic diagram of the permeation apparatus,
consisting of the two glass-type cells (charging and detection cells). The
coated samples on one or both sides were removed by mechanical
polishing. While polishing on one side of the sample, the other side was
covered with lacquer to prevent corrosion. After polishing, lacquer was
removed ultrasonically in acetone. An ~100 nm thin palladium layer was
then deposited electrochemically on the side from which the coating has
been removed. The electrodeposition conditions can be referred to
previous study*?*3, The permeation cell was assembled with the prepared
sample. The detection side was filled with a deaerated 0.1 M NaOH
solution, and a potential of +270 mVsce was applied and maintained
during the permeation experiment. This potential allows the oxidation of
the atomic hydrogen that diffused through the sample. Once the
background current density reached a steady-state below 0.1 yAcm™2
the charging cell was filled with a 3.5% NaCl + 0.3% NH4SCN solution. The
sample was then polarized galvanostatically with a cathodic current
density of 1 mA cm™2 for constant hydrogen charging.

Because the permeation experiment under the applied cathodic current
provides the ideal condition (i.e., a constant hydrogen influx by excluding
the corrosion reaction in the charging side), the permeation experiment
was also conducted without an external current input in the charging side.
The coated sample surface was exposed naturally to the corrosive solution
(i.e., @ 3.5% NaCl). For the ease of measuring the permeation current, the
small amount of NH,SCN (0.3%) which can promote hydrogen absorption
was also added in the solution.

Moreover, for a further mechanistic study on the hydrogen absorption
and permeation behaviors of the coated steel sample, the charging side of
the permeation apparatus was modified to measure the galvanic current
flow between the coating layer and bare steel (i.e., both coating layers
removed), which was designed in reference to the work reported by
Kitahara et al.*4. For this experiment, the bare steel was located in the center
of the permeation cell, and the coating layer was connected to the counter
electrode via a zero ammeter to measure the galvanic current density, iga),
during the sacrificial dissolution of the coating layer. Figure 15b presents a
brief sketch of the modified permeation apparatus. The other experimental
conditions were the same as described above.

Surface and cross-section morphologies observation after the
immersion test

An immersion test of the two coated steel samples was conducted in a
3.5% NaCl + 0.3% NH4SCN solution for 168 h. The surface and cross-section
morphologies were observed by FE-SEM at 3, 24, 72, and 168 h. For the
cross-section observations, the corroded samples were mounted with an
epoxy resin and polished to 0.5 pm with an oil-based diamond suspension.
The samples were then cleaned ultrasonically in ethanol and kept in a
vacuum desiccator until the FE-SEM observations.

Surface analysis using a three-dimensional surface profiler

Three-dimensional laser scanning with a confocal microscope (3D LSCM,
VK-X1000, Keyence, Osaka, Japan) was conducted to analyze the surface
characteristics of the two coating samples after immersion in a 3.5% NaCl
4 0.3% NH,4SCN for 24, 72, and 168 h. Immediately after immersion, the
samples were cleaned ultrasonically in ethanol and kept in a vacuum
desiccator until surface analysis. The average surface roughness (R,) for the
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two coating samples, which had been corroded for 168 h, was obtained
from the surface analysis results.

Four-point bent beam test

The susceptibility of the two coated steel samples to hydrogen-assisted
cracking was assessed using a four-point bent beam test in the same
solution as the immersion test for 120 h, which was in reference to ASTM
G39*. The applied stress in the bent beam test was kept at 100% of the
yield strength (YS) of the steel sample. For the failed sample, the fracture
surface was observed using FE-SEM.

DATA AVAILABILITY

The data that support the plots and other findings of the current study are available
from the corresponding author upon reasonable request.
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