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Zn-Ni alloys were electroplated on a Fe plate with a thickness of 40 um at 500 A‘m 2 and 293 K in
unagitated zincate solutions. The reaction product of epichlorohydrin and imidazole (IME) was added to
the solution as a brightener at concentrations of 0-5 mL dm™. The corrosion resistance of the obtained
Zn-Ni alloy films was investigated from the polarization curve in 3 mass% NaCl solution before and after
the corrosion treatment (formation of corrosion products) for 48 hours. Before the corrosion treatment, the
corrosion current density of plated films rarely changed, regardless of the addition of IME into the zincate
solution, because the reduction reaction of dissolved oxygen rarely changed. However, in films plated from
the solution containing IME, the anode reaction was suppressed, and the corrosion potential shifted
toward the noble direction. The suppression of the anode reaction with an addition of IME into the plating
solution is attributed to the increase in y-phase in the plated films. After the corrosion treatment, Zn chlo-
ride hydroxide of the corrosion product uniformly formed on the surface when increasing the concentra-
tion of IME. The reduction reaction of dissolved oxygen was suppressed by increasing the concentration
of IME, resulting in a decrease in corrosion current density.

KEY WORDS: electroplating; zinc-nickel alloy; corrosion; corrosion current density; corrosion potential; cor-

rosion product; polarization curve; brightener; zincate solution; zincate.

1. Introduction

Zn—Ni alloy-electroplated steel sheets have been widely
used in automotive parts, home electrical appliances, and
building materials due to their superior corrosion resistance
compared to that of Zn-plated steel sheets.'™ Zn-Ni alloy
electrodeposition is generally performed in sulfate and chlo-
ride solutions, but the zincate solution is a desirable alter-
native for electrodeposition on small components.”'? In
Zn—Ni alloy deposition in a zincate solution, the brightener
is generally added to the solution. The relationship between
the final product’s appearance quality and the brightener has
been studied,”®?? but the effect of the brightener in solution
on the corrosion resistance of deposited films has not been
extensively studied.

Zn-Ni alloy-plated films obtained from zincate solutions
containing two kinds of brighteners (polyethylene glycol
and vanillin, piperonal, or coumarin) have been reported to
exhibit excellent corrosion resistance in Na,SO. aqueous
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solution and superior performance compared to a bright-
ener-free solution.” Zn-Ni alloy-plated films obtained
from sulfate solutions containing the condensation product
of salicylaldehyde and cysteine hydrochloride®” or vanillin
and glycine® as brighteners are reported to improve the
corrosion resistance in an environment containing Cl~ ions.
However, the reported corrosion resistance was examined
immediately after immersion in a solution. Thus, the corro-
sion resistance after corrosion products have formed on the
surface of plated films is unknown.

In an environment containing Cl~ ions, the corrosion
resistance of Zn—-Ni alloy-plated films is greater than
that of Zn-plated films. This is due to the formation of
a corrosion product composed of Zn chloride hydroxide
(ZnCl,-4Zn(OH),) which has a large film resistance.?’ >
Regarding the Zn—Ni alloy-plated films obtained from
zincate solutions, the formation of Zn chloride hydroxide
was reportedly promoted with brighteners in an environ-
ment containing C1~ ions.*® However, the effect of various
brighteners on the formation of Zn chloride hydroxide, as
well as the process details, are unknown.

© 2023 The Iron and Steel Institute of Japan. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs license (https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Solution composition and electrolysis condition.

ZnO (mol-dm ) 0.15 Current density (A-m ) 500

NiSO,6H,0 (mol-dm 3) 0.016 Temperature (K) 293

N(CH,CH,OH); (mol-dm %) 0.34 Thickness of deposits (1m) 40

NaOH (mol-dm 3) 2.5 Cathode Fe (1x2 cm?)

IME (mldm™3) 0,1,3.5 | Anode Pt (1x2 cm?)

Quiescent bath
Therefore, the authors selected the epichlorohydrin and Table 2. Zn-Ni films subjected to a corrosion test.
¥m1dazole (IME) reaction product as a brlgk.ltener, which IME in plating solution (ml-dm ) o 1 3 s
is reported to have a gloss effect on Zn—Ni alloy-plated
. . . 1 — N1 0,
films obtained from zincate solutions.***> The effect of the Ni content of Zn—Ni films (mass%) 50 39 39 338
brightener added to the electrolysis solution on the corrosion Thickness of Zn—Ni films (um) 40
resistance of Zn—Ni alloy-plated films was investigated. In
this study, the surface of the obtained Zn—Ni alloy-plated
films was corrosion treated in a NaCl aqueous solution B ]
which is a representative corrosion environment containing OH ——
Cl™ ions. The corrosion resistance in 3 mass% NaCl solu-
. . L. N——o
tion was evaluated using the polarization curve before and N\/
after the corrosion treatment.
2. Experimental Cr
.. . . — —n
Table 1 shows the composition of the zincate solution Fig. 1. Structural formula of the reaction product of epichlorohy-

and the electrolysis conditions used for the production of
Zn-Ni alloy-plated films. The electrolytic solutions were
prepared by dissolving reagent-grade ZnO (0.15 mol-dm ~?),
NiSO46H,0 (0.016 mol-dm?), N(CH,CH,OH); (0.34
mol-dm?), and NaOH (2.5 mol-dm ®) in distilled and
deionized water at room temperature. The reaction product
of epichlorohydrin and imidazole (IME) was prepared as
previously reported.***> IME was added into an electrolytic
solution in amounts of 0, 1, 3, and 5 mL-dm . The struc-
tural formula of IME is shown in Fig. 1. Electrolysis was
performed using the constant current electrolysis method
without stirring at a current density of 500 A-m 2 and solu-
tion temperature of 293 K. Fe was used as the substrate. The
amount of electricity was fixed to obtain a film thickness of
40 um. In this study, to evaluate the corrosion resistance of
plated films only, and to prevent the effect of the substrate
from impacting the results, the film thickness was set to
40 um. The details of the produced sample material are
shown in Table 2. The Ni content in plated films obtained
with an addition of 0, 1, 3, and 5 mL-dm > of IME was 5.0,
3.9, 3.9, and 3.8 mass%, respectively.

The corrosion treatment was performed by immersing the
samples into an oxygen-saturated 3 mass% NaCl aqueous
solution at 298 K. The immersing durations were 24, 48,
and 168 hours. Before and after the corrosion treatment,
the corrosion resistance of the plated films was evaluated
by measuring the polarization curve. The polarization curves
were measured from a less noble potential than the corrosion
potential (i.e., in the anodic-potential direction) using the
potential sweep method at 10 mV-s ™! in 3% NaCl solution
at 313 K. Regarding the sample materials before the cor-
rosion treatment, the anodic current density at a constant
potential of —0.8 V was also measured to evaluate the dis-
solution reaction of the plated films. The standard electrode

© 2023 ISIJ

drin and imidazole (IME).

potential, £°, of Zn and Ni is —0.76 and —0.25 V vs SHE,
respectively.

The surface morphology of the plated films before and
after the corrosion treatment was observed with scanning
electron microscopy (SEM). Composition analysis of the
sample after corrosion treatment was performed using
energy-dispersive X-ray spectroscopy (EDX). The phase of
the plated film was identified via an X-ray diffractometer
(Cu-Ke, tube voltage of 40 kV, tube current of 15 mA).

To quantify the C co-deposited on the plated films before
corrosion treatment, the content of C was measured using
high-frequency glow discharge optical emission spectrom-
etry (rf~GDOES). The plated films for measurement were
obtained at 500 A-m ? and 5 x 10* C-m 2 on a Cu sub-
strate. The contents of C, Zn, Ni, and Cu in the plated films
were measured by rf-GDOES under the following condi-
tions: analysis diameter: ¢2 mm, argon pressure: 600 Pa,
power: 40 W, pulse frequency: 2 000 Hz, duty cycle: 0.125.

3. Results

3.1. Structure of Zn—-Ni Alloy-plated Films

Figure 2 shows the appearance of the Zn—Ni alloy-plated
films obtained at 500 A-m ? from a zincate solution at
293 K containing various concentrations of IME. The plated
film obtained from the IME-free solution (a) was gray and
matte, while those obtained from the solutions containing 1
and 3 mL-dm * of IME ((b) and (c), respectively) showed
some gloss. With the addition of 5 mL-dm * of IME (d), the
plated films were silvery and significantly glossy.

Figure 3 shows the SEM images of the surface of the
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Fig. 2. Appearance of Zn—Ni alloy films deposited with a thickness of 40 um at 500 A'm 2 in solutions containing vari-
ous amounts of IME. [(a) IME-free, (b) IME 1 mL-dm~3, (c) IME 3 mL-dm~3, (d) IME 5 mL-dm~3]. (Online

version in color.)

20pm

Fig. 3. SEM images of the Zn—Ni alloy films deposited with a thickness of 40 um at 500 A-m 2 in solutions containing
various amounts of IME. [(a) IME-free, (b) IME 1 mL-dm~3, (¢) IME 3 mL-dm 3, (d) IME 5 mL-dm .

Zn—Ni alloy-plated films. The plated films obtained from
the IME-free solution (a) showed morphology indicating
the vertical growth of the trigonal pyramid. In the plated
films obtained from solutions containing 1 and 3 mL-dm *
of IME ((b) and (c), respectively), the plated crystals disap-
peared, and roundish aggregated crystals composed of fine
crystals were formed. With the addition of 5 mL-dm > of
IME (d), the surface was smooth and the gaps between the
aggregated crystals were coated with the plating films.
Figure 4 shows the X-ray diffraction patterns of the Zn—
Ni alloy-plated films. The peak resulting from the Fe sub-
strate was not detected, regardless of the presence of IME.
Only the peaks related to the 17-Zn phase, in which an Ni
solid solution in Zn was formed, and the y-phase (Ni>Zn;;)
of the intermetallic compounds was detected. The main
peak was observed at a diffraction angle of 43.0°, but the
diffraction angles of 17-Zn phase and yphase were 43.2° and

42.8°, respectively; therefore, the n-Zn phase and y-phase
could not be identified from the main peak. However, from
the diffraction peaks at 56.2° and 68.1°, y~-phase was thought
to generally increase with increasing concentration of IME
in the electrolytic solution.

3.2. Effect of IME on the Corrosion Resistance of Zn—
Ni Alloy-plated Films
3.2.1. Corrosion Resistance Immediately after the Produc-
tion of the Plated Films

Figure 5 shows the polarization curves of Zn—Ni
alloy-plated films in 3 mass% NaCl solution without
corrosion treatment. From the reduction current density
at —1.00 V, the reduction reaction of dissolved oxygen
(O2+2H,0+4e —40H"), which is the cathodic reaction of
corrosion, was found to be nearly the same among the four
types of plated films, indicating scarce changes with and

© 2023 ISIJ
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Fig. 4. X-ray diffraction patterns of the Zn—Ni alloy films deposited with a thickness of 40 um at 500 A-m~? in solutions
containing various amounts of IME. [(a) IME-free, (b) IME 1 mL-dm~3, (c) IME 3 mL-dm3, (d) IME
5 mL-dm~3]. (e Zn[n] PDF # 87-0713 and % Ni,Zn;[7] PDF # 65-5310).
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Fig. 5. Polarization curves in 3 mass% NaCl solution for corro-

sion product-free deposits obtained with a thicknesses of
40 um at 500 A'‘m 2 in the solutions containing various
amounts of IME. [(a) IME-free, (b) IME 1 ml - dm 3, (c)
IME 3 ml - dm 3, (d) IME 5 ml - dm *]. (Online version in
color.)

without IME. That is, the IME added into the electrolytic
solution when producing the plated films negligibly affected
the corrosion current density (corrosion rate) of the plated
films in NaCl solution.

The corrosion potential of the plated films obtained from
the IME-free solution was approximately —0.86 V, while
those of alloy films obtained from the solutions containing
IME were nobler. In this study, the corrosion potential was

© 2023 ISIJ
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Fig. 6. Anode current density at —0.8 V in 3 mass% NaCl solu-

tion for corrosion product-free deposits obtained with a
thicknesses of 40 um at 500 A-m~? in the solutions with
and without IME. [(a) IME-free, (b) IME 5 ml - dm .
(Online version in color.)

not spontaneous-potential during immersion but was defined
as the potential at which the current density became zero in
the polarization curve measured using LSV. Focusing on
the anodic polarization curves when shifting the potential
toward the anodic direction (i.e., nobler than the corrosion
potential), the oxidation reaction (Zn—Zn?*+2e” around
corrosion potential) in the plated films obtained from solu-
tions containing IME was suppressed. Since the oxygen
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reduction of the cathodic reaction reaches the diffusion limit
of oxygen and it rarely depends on the electrode potential,
the change in corrosion potential is attributed to the change
in the polarization of the anodic reaction.

Figure 6 shows the anodic current density at a con-
stant potential of —0.8 V of Zn—Ni alloy-plated films in
3 mass% NaCl solution without corrosion treatment. The
anodic current density, which shows the dissolution rate of
Zn—Ni alloy-plated films, increased with time regardless of
the presence of IME. The anodic current density decreased
with increasing concentrations of IME, except for in the
initial stage. The anodic current density at constant potential
reflects the polarization curve of the anodic reaction, show-
ing that the anodic reaction of corrosion is suppressed by
increasing the concentration of IME from 0-5 mL-dm °.
The plated films obtained in this study were composed of
two phases of 1-Zn phase and y-phase (NioZn;;) (Fig. 4).
The increase in anodic current density with time, shown in
Fig. 6, is attributed to the increase in the true surface area
when dissolving the plated films and an increase in 7-Zn
phase, which is easy to dissolve within the plated films.

3.2.2. Corrosion Resistance after Corrosion Treatment in
NaCl Solution

Figure 7 shows the appearance of the Zn—Ni alloy-plated

films formed at 500 A-m 2 and 298 K in zincate solutions

containing various concentrations of IME after immersion

in 3 mass% NaCl solution for 48 and 168 hours. After

(b)

48h

168h

1 ml'dm=3 3 ml-dm>3

48 hours of immersion, no red rust, only white rust was
observed regardless of whether IME was present. The white
rust was larger in plated films from the IME-free solution (a)
than those from solutions containing IME ((b),(c),(d)). Any
difference in white rust between the plated films obtained
from solutions containing 1, 3, and 5 mL-dm * of IME was
scarcely observed. However, after 168 hours of immersion,
red rust was observed on all samples. The surface area of
red rust was the largest on the plated films obtained from
the IME-free solution (a), and decreased with increasing
concentrations of IME ((f),(g),(h)).

Figure 8 shows the polarization measurement after the
formation of corrosion products by immersing the Zn—Ni
alloy films in 3 mass% NaCl solution for 48 hours. After
48 hours, no red rust was observed and the Fe of the sub-
strate was not exposed (Fig. 7). The equilibrium potential
of the reduction reaction of Zn(OH); in corrosion products
(Zn(OH),+2e—Zn+20H") is —0.85 V at a pH of 7; there-
fore, at a potential region less noble than —0.85 V, the
reduction reaction of Zn(OH), may occur along with the
reduction of resolved oxygen. Thus, the reduction reaction
of dissolved oxygen was evaluated in a potential region
nobler than —0.85 V.

In plated films obtained from the solutions containing
IME ((b),(c),(d)), the reduction current density of dissolved
oxygen significantly decreased compared to that of the IME-
free solution (a). Since the reduction reaction of dissolved
oxygen is thought to reach the diffusion limit of oxygen at

O %

Smm

Fig.7. Appearance after being immersed in 3 mass% NaCl solution for either 48 or 168 h of Zn—Ni alloy films depos-
ited with a thicknesses of 40 um at 500 A-m~2 in the solutions containing various amounts of IME. [(a) IME-
free, 48 h, (b) IME 1 ml-dm ™3, 48 h, (c) IME 3 ml-dm 3, 48 h, (d) IME 5 ml-dm 3, 48 h, (¢) IME-free, 168 h, (f)
IME 1 ml-dm 3, 168 h, (g) IME 3 ml-dm >, 168 h, (h) IME 5 ml-dm >, 168 h]. (Online version in color.)

© 2023 ISIJ
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the potential region measured in this study, the corrosion
resistance was better in plated films obtained from the solu-
tions containing IME. The corrosion rate was thus smaller
in plated films obtained from the solutions containing IME.

The corrosion potential of plated films obtained from
the IME-free solution was —0.8 V. The corrosion potential
shifted toward the noble direction with increasing concen-
trations of IME in the electrolytic solution for plating and
became —0.48 V with an addition of 5 mL-dm * of IME.
The dissolution reaction of plated films, or the anodic reac-
tion, was more suppressed with IME than without. The
degree of suppression increased with increasing concentra-
tions of IME. In the Tafel region of the anodic reaction, a

10
10°

107!
1072
1073
107

E 10mV-s!

10°F  (a) IME Oml
107°6F (b) IME 1ml
(¢) IME 3ml (©
1077F  (d) IME 5ml (d)
_8 1 1 L L 1 1 1

1.2 11 1.0 -09 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

Current Density, J/A-m™

Potential, E/V vs. NHE

Fig. 8. Polarization curves after being immersed in 3 mass%
NaCl solution for 48 h of deposits obtained with a thick-
nesses of 40 um at 500 A'‘m 2 in the solutions containing
various amounts of IME. [(a) IME-free, (b) IME 1 ml -
dm 3, (¢) IME 3 ml - dm 3, (d) IME 5 ml - dm*]. (Online
version in color.)

linear relationship was observed in the polarization curve,
and Tafel’s gradient was smaller with 1 mL-dm * of IME
(a) than that without IME (a), but it scarcely changed when
increasing the concentration of IME ((c),(d)). The shift in
the corrosion potential of plated films toward the noble
direction with increasing concentrations of IME is attributed
to the suppression of the anodic reaction with IME.

Comparing the polarization curves after immersion for 48
hours in NaCl solution (Fig. 8) to that without immersion
(Fig. 5), the current density for the reduction reaction of
dissolved oxygen was smaller with 48 hours of immersion
regardless of whether IME was added to the plating solu-
tion. That is, the corrosion rate was smaller with 48 hours
of corrosion treatment. The corrosion potential was nobler
with 48 hours of corrosion treatment, and the degree of
shift in the corrosion potential toward the noble direction
increased with increasing concentrations of IME. Compar-
ing the anodic polarization of plated films with 48 hours
of corrosion treatment obtained from solutions containing
IME to that without corrosion treatment, the polarization
resistance, d£/di, in the Tafel region was larger with 48
hours of corrosion treatment.

3.3. Structure of Corrosion Products after 24 and 48
Hours of Immersion in NaCl Solution
3.3.1. Analysis of Samples after 24 Hours of Corrosion
Treatment

Figure 9 shows the surface SEM images of the Zn—Ni
alloy films after 24 hours of immersion in 3 mass% NaCl
solution. The plated films obtained from the IME-free
solution (a) comprised massive crystals, which the platelet
crystals aggregated, and showed a gap between the mas-
sive crystals. The center of the massive crystals was small,
but the platelet crystals grew large at the edge of the mas-
sive crystals. In the plated films obtained from the solu-
tion containing 1 mL-dm > of IME (b), the thickness of

Fig.9. SEM images after being immersed in 3 mass% NaCl solution for 24 h of deposits obtained with a thicknesses of
40 um at 500 A-m~? in the solutions containing various amounts of IME. [(a) IME-free, (b) IME 1 ml-dm~3, (c)

IME 3 ml-dm 3, (d) IME 5 ml-dm 3.

© 2023 ISIJ 1902
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platelet crystals somewhat increased, and the gap between
the massive crystals decreased. With increasing IME to
3 mL-dm * (c), the platelet crystals that largely grew inclin-
ing were mainly present. When further increasing the IME
to 5 mL-dm * (d), the entire surface was uniformly covered
by the platelet crystals.

Figure 10 shows the X-ray diffraction patterns of the
Zn—-Ni alloy-plated films after 24 hours of immersion in 3
mass% NaCl solution. In the plated films obtained from the
IME-free solution (a), the main peaks resulted from the n-Zn
phase and y phase (intermetallic compound of Ni»Zn,;) of
the plated films, but other diffraction peaks resulting from
Zn chloride hydroxide (ZnCl,-4Zn(OH),) and Zn(OH), of
the corrosion products of the plated films were detected. The
diffraction patterns of the Zn—Ni alloy-plated films obtained
from the solutions containing 1, 3, and 5 mL-dm * of IME
((b),(c),(d)) showed almost the same trend as that from the
IME-free solution. Although the analysis depth of XRD
differs depending on the sample, measurement wavelength,
and diffraction angle, it is several hundred nm to several
tens of um for inorganic substances.’® In this study, the
outermost surface mainly comprised Zn chloride hydroxide
and Zn(OH),, but Zn and Zn—Ni alloy seemed to remain on
the inside. From the results mentioned above, it was found

that Zn chloride hydroxide and Zn(OH), of the corrosion
products of the Zn—Ni alloy-plated films formed regardless
of whether IME was added to the plating solution after 24
hours of immersion in 3 mass% NaCl solution.

Figure 11 shows the SEM images and point analysis by
EDX of Zn—Ni films obtained from the IME-free solution
after 24 hours of immersion in 3 mass% NaCl solution.
At the center of the massive crystals ((b) in Fig. 11(a)),
Zn, O, and CI were detected, but the peak of Cl was small
(Fig. 11(b)). In the area of the platelet crystals ((c) in Fig.
11(a)), which were seen at the edge of the massive crystals,
Zn, O, and Cl were detected (Fig. 11(c)). When the Zn—Ni
alloy-plated films were immersed in the NaCl solution,
the formation of Zn chloride hydroxide (ZnCl,-4Zn(OH),)
is expected as a corrosion product,””*” and Zn chloride
hydroxide was reported to be the platelet crystals.’” In this
study, since the peak resulting from Zn chloride hydroxide
in the X-ray diffraction patterns of the Zn—Ni alloy-plated
films was detected after 24 hours of immersion in 3 mass%
NaCl solution (Fig. 10), and Zn, O, and Cl were detected
in the EDX analysis (Fig. 11(c)), the platelet crystals ((c) in
Fig. 11(a)) which were seen at the edge of massive crystals
were thought to be Zn chloride hydroxide. Since the peak
of Cl was small at the center of the massive crystals ((b)
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Fig. 10. X-ray diffraction patterns after being immersed in 3 mass% NaCl solution for 24 h of deposits obtained with a

thicknesses of 40 um at 500 A-m 2 in the solutions containing various amounts of IME. [(a) IME-free, (b) IME
1 ml-dm 3, (c) IME 3 ml-dm 3, (d) IME 5 ml-dm~3]. (e Zn[n] PDF # 87-0713, % Ni»Zn,[}] PDF # 65-5310, #
ZnCl,-4Zn(OH), PDF # 07-0155, ¢ Zn(OH), PDF # 41-1359).
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Fig. 11. SEM image and EDX spectra after being immersed in 3 mass% NaCl solution for 24 h of deposits obtained

with a thicknesses of 40 um at 500 A-m 2 in the IME-free solution. [(a) SEM image, (b) EDX spectrum of (b),
(c) EDX spectrum of (c)]. (Online version in color.)

Fig. 12.

3pm

SEM images after being immersed in 3 mass% NaCl solution for 48 h of deposits obtained with a thicknesses of

40 um at 500 A‘m 2 in the solutions containing various amounts of IME. [(a) IME-free, (b) IME 1 ml-dm 3, (c)

IME 3 ml-dm 3, (d) IME 5 ml-dm ].

in Fig. 11(a)), the corrosion products mainly composed of
Zn(OH), were thought to be formed. From the results men-
tioned above, the platelet crystals (Fig. 9) seen in the Zn—Ni
alloy-plated films after 24 hours of immersion in 3 mass%
NaCl solution were concluded to be Zn chloride hydroxide.

© 2023 ISIJ

3.3.2. Analysis of Samples after 48 Hours of Corrosion
Treatment

Figure 12 shows the surface SEM images of the Zn—Ni

alloy-plated films after 48 hours of immersion in 3 mass%

NaCl solution. The plated films obtained from IME-free

solution (a) comprised massive crystals, which the platelet

crystals aggregated, and a large gap between the massive
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crystals was seen. In the plated films obtained from the
solution containing 1 mL-dm* of IME (b), the platelet
crystals were formed on the entire surface and a large gap
disappeared, but a large number of concavities were seen
between platelet crystals. With increasing IME to 3 and
5 mL-dm* ((c) and (d), respectively), the surface cover-
age by the platelet crystals increased and the size of the
concavities between the platelet crystals decreased. From
the analysis results after 24 hours of corrosion treatment in
NaCl solution, the platelet crystals (Fig. 12) which existed
at the surface, were determined to be Zn chloride hydroxide.

4. Discussion

4.1. Corrosion Resistance Immediately after Produc-
tion of the Plated Films

The corrosion resistance of Zn—Ni alloy-plated films
obtained from the solutions containing IME is discussed
below. Immediately after the production of the plated films,
the corrosion current density of Zn—Ni alloy-plated films
without corrosion products was almost the same regardless
of whether IME was added to the plating solution (Fig. 5).
The schematic diagram of the inner polarization curve of the
Zn—Ni alloy-plated films considered from Fig. 5 is shown
in Fig. 13. The corrosion rate in 3 mass% NaCl solution is
controlled by the reduction reaction of dissolved oxygen,
that is, by the reduction rate of oxygen. The reduction reac-
tion of dissolved oxygen becomes a diffusion limitation of
oxygen. Without corrosion products, the current density
for the reduction reaction of dissolved oxygen was almost
identical regardless of whether IME was added to the plating
solution. As a result, the corrosion current density was not

E*9(0,/OH"
(O,/OH) 1 0, +2H,0 + 4e—40H-
) Zn—7Zn* +2¢
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= w8
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Fig. 13. Schematic diagram of internal polarization curves of cor-
rosion product-free deposits obtained in solutions con-
taining various amounts of IME. (Online version in
color.)

affected by the IME addition. However, the anode reaction
of the Zn—Ni alloy-plated films without corrosion products
(dissolution reaction of plated films) was more suppressed
with plated films obtained from IME-containing solutions.
As a result, the corrosion potential shifted toward the noble
direction with the addition of IME.

When increasing the concentration of IME in the plating
solution, the yphase (NiZn;;) of the intermetallic com-
pound increased in the plated films (Fig. 4). According to
the binary equilibrium diagram of the Zn—Ni system,*® the
stable region of the yphase at room temperature existed
at a Ni content of 12.8-16.5 mass%. In electrodeposition,
an increase in the overpotential for crystallization (i.e., the
suppression of the crystallization process) is reported to
produce films of the nonequilibrium phase (high-temper-
ature phase), similar to a rapid quenching alloy because
the reduced adatoms are crystallized in a supersaturation
state.® The brightener is reported to suppress the crys-
tallization process in addition to the charge-transfer pro-
cess.*” In this study, since the crystallization overpotential
for deposition increased with the IME of the brightener,
the reduced adatoms of Zn and Ni (Zn,g and Ni,g) were
supersaturated. Thus, the j~phase appeared to be formed
in a Ni content region different from that expected from
the equilibrium diagram. The reason why the }~phase was
formed in a Ni content region lower than that of the stable
¥-phase region is thought to be because the Zn formed a
solid solution with the y~phase, but the details are unknown.
The yphase of Zn—Ni alloy-plated films is reported to be
thermodynamically more stable and difficult to corrode than
the 7-Zn phase.*” From the results mentioned above, in the
plated films obtained from the IME-containing solution, the
dissolution reaction of plated films seems to be suppressed
due to an increase in the J~phase.

4.2. Corrosion Resistance after the Formation of Cor-
rosion Products with 48 Hours of Immersion in
NaCl Solution

The corrosion current density of Zn—Ni alloy-plated films
after the formation of corrosion products with 48 hours of
immersion in 3 mass% NaCl solution was evidently smaller
with the addition of IME to the plating solution (Fig. 8). The
schematic diagram of the inner polarization curve of the
Zn—Ni alloy-plated films considered from Fig. 8 is shown
in Fig. 14. The decrease in corrosion current density with
the addition of IME in the plating solution is caused by the
suppression of the reduction reaction of dissolved oxygen.
The anode reaction of the Zn—Ni alloy-plated films with
corrosion products (dissolution reaction of plated films)
was more significantly suppressed with the addition of IME
to the plating solution. As a result, the corrosion potential
largely shifted toward the noble direction with the addition
of IME to the plating solution.

With IME added to the plating solution, the surface mor-
phology of the Zn chloride hydroxide (ZnCl,-4Zn(OH),)
of the corrosion product changed. Zn chloride hydroxide
was uniformly formed on the surface with an increasing
concentration of IME (Figs. 9, 12). The reason why the
reduction reaction of dissolved oxygen and the dissolution
reaction of the plated films obtained from IME-containing
solutions was suppressed is attributed to the Zn chloride

© 2023 ISIJ
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hydroxide of the corrosion product being uniformly formed
on the surface.

To evaluate the amount of C co-deposited, the Zn—Ni
alloy-plated films obtained at 500 A-m~Zand 5 x 10* C'm 2
on a Cu substrate were analyzed with rf-GDOES. The result
is shown in Fig. 15. In Zn—Ni alloy-plated films obtained
from the IME-free solution (Fig. 15(a)), C was co-deposited
in the plated films, which is attributed to the triethanolamine
added as a complex agent with Ni** ions. The C content in
plated films obtained from the IME-containing solutions
were evidently higher than that without IME (Figs. 15(b),
15(c)), indicating the co-deposition of a component of the
IME.

The reason why the corrosion products in the Zn—Ni
alloy-plated films obtained from the IME-containing solu-
tions were uniformly formed on the surface was thought to
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be because the surface of the plated films became smooth
with the addition of IME (Fig. 2), the anode reaction
(dissolution reaction of plated films) was suppressed due
to an increase in the y-phase in the plated films and the
co-deposition of a component of the IME, but details are
unknown.

5. Conclusion

The corrosion resistance of Zn—Ni alloy-plated films
obtained from the solution containing the reaction product
of epichlorohydrin and imidazole (IME) was evaluated
using the polarization curve in 3 mass% NaCl solution.
Immediately after the formation of the plated films, the
reduction reaction of dissolved oxygen rarely changed
regardless of whether IME was added to the zincate solu-
tion. As a result, the effect of IME on the corrosion current
density of the plated films was not observed. However, in
films plated from the solution containing IME, the anode
reaction or dissolution reaction of films was suppressed,
resulting in a shift toward the noble direction of the corro-
sion potential. With increasing concentrations of IME in the
plating solution, the degree of anode reaction suppression
and the shift of corrosion potential toward the noble direc-
tion increased. The suppression of the dissolution reaction
of the plated films with the addition of IME is attributed to
the increase in the y-phase within the plated films.

After the formation of corrosion products on plated films
obtained from IME-containing solutions with 48 hours of
immersion in 3 mass% NaCl solution, the reduction reac-
tion of dissolved oxygen was suppressed with increasing
concentrations of IME in the plating solution, resulting in a
decrease in corrosion current density. With increasing con-
centrations of IME added to the plating solution, the surface
morphology of the Zn chloride hydroxide (ZnCl,-4Zn(OH),)
of the corrosion products changed and Zn chloride hydrox-
ide was uniformly formed on the surface. This seemed to
cause the suppression of the reduction reaction of dissolved
oxygen.
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