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Abstract

Project Code: TRG5380017
Project Title : Development of Co-Electrodeposition of Zinc-Nickel-Tungsten Carbide Composites

Investigator : Dr. Yuttanant Boonyongmaneerat
Metallurgy and Materials Science Research Institute,

Chulalongkorn University
E-mail Address : yuttanant.b@chula.ac.th

Project Period : 24 months

The research investigates the approach to fabricate zinc-nickel-tungsten
carbide (Zn-Ni-WC) composites through the electrochemistry route. The research
starts with the study of the processing and corrosion properties of Zn-Ni, followed by
investigation of Zn-Ni-WC. It is found that the pattern of applied current directly
influences the formation of nanocrystalline grain and the enhancement of nickel
alloyed in the structure. Ultimately, this contributes to the improvement of corrosion
behavior of the materials. The study also shows that Zn-Ni-WC can be produced
with the co-electrodeposition process using reverse pulse waveform. The important
parameter that requires close control during processing is the stirring rate of the
electrolyte. The obtained deposits exhibit fairly uniform distribution of incorporated
WC powders. By introducing relatively large amount of WC, corrosion properties of
the material is however found to degrade. Therefore, the introduction of WC with an
optimum content is crucial for improvement of both mechanical properties, such as

hardness and wear resistance, and corrosion properties of Zn-Ni deposits.

Keywords : Electrodeposition; Zinc-nickel alloys; Composite coatings; Corrosion.
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ANNAILNTANEN ‘Ta@; Zn-Ni-WC 9%

21 Zn-Ni

1) 10300FWI%  Zn-Ni lasnszuaumaguaiounis e lunugianay
(reverse pulse electrodeposition) las&1TaLa electrolyte AldUsznaudas 100 g/l ZnCl,,
200 g/l NiCL.6H,0, 40 g/l HyBO, gminniignauquil 35°C 1 pH 1aaun electrolyte agfl
3.5 TUFATNTOITULDUNEILAS (1.0 LTUALNAT X 2.4 LTUWALNAT) %dgﬂfmiﬁﬁyumuaz
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muquag’ﬁ 20 ms L8z 3 ms NEIAU Iﬁ%anﬁjué’aaﬂﬁaLﬂu A, B, C, D ua¢ E aauaadlu
3197 1

2) NN133LAT1=9 Phase composition, alloy contents LLas surface morphology
el X-ray Diffractrometry (XRD), Energy-Dispersive Spectroscopy (EDS) &2 Scanning
Electron Microscopy (SEM) AUIANRNLATUVIIATEA LU LU A T e X-Ray Integral
Breadth Method  Laz¥inNNTIVMIANENATUIUIATEAU lulATINGTARE Linear Intercept
Method
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Set I (A/cmz) Ni (wt.%) Phase Grain size
A 0 11 Y (330) 13 pm
B 0.04 14 Y (330) 25 nm
C 0.06 17 Y (222) (330) (600) 23 nm
D 0.08 14 Y (330) 26 nm
E 0.1 13 Y (330) (600) 22 nm
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Set E,or [MV(SCE)] loore [WA/CM'] CR [mm/yr]
A -1035 8.0 0.11

B -908 6.0 0.08

C -860 8.9 0.12

D -1014 7.3 0.10

E 671 7.7 0.11

gﬂmwﬁ' 2(b) ULRAIAINVNBVBINITIN polarization THUTIITH Anodic Lhike
above -0.4 mV vs. SCE sa130&unaladn igunmwidnngiiugaansissan Farfiaan
zinc  dissolution ‘ﬁdaNalﬁﬁwaa%umﬁauﬁmwmﬁuﬁmaaﬁmﬁaga GavnldRadey
sansadumuminansouldain 29, 34]  wenaniilédnndnilu 3.5% Nacl
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TR AN UFIUNIUNNTOANT A% [35-37] mﬂgﬂmwﬁ 2(b) AKIAI1 ANWAUNIUANT

o PP g e o . a &, .o & .
AANTaWNAUHINN inhibition effect G]\‘]ﬂf*n']Lﬂ@T%BUWGL@%’H@I%’E%G’]% Zn-Ni ﬂE‘iﬂJ B uaz C

Lﬁﬂﬁ’]ﬂ’n&lL{llqlﬁ]ﬂavl,ﬂ?lﬂx‘iﬂ’?ﬁﬁ,@ﬂia%uaz‘ﬁﬂ‘]:V]ﬂ']itl]ﬁﬂ%LLﬂaGmﬂGﬁNﬁa
£4 v
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3) MIUAIILY Electrochemical Impedance

gﬂm‘wﬁ 3(a) Waz 3(b) WA Bode plots VOITUINWNKINITIANRAILT
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3.2 Zn-Ni-WC
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Abstract

The study investigates the relationship of the reverse pulse electrodeposited zinc-nickel
(Zn-Ni) alloy coatings’ characteristics and their corrosion behaviors in a saline
environment, using in a concert the anodic polarization and electrochemical impedance
analysis. The introduction of anodic pulsation gives deposits of more refined grain sizes
and increased nickel contents, resulting in an improvement of the corrosion resistance.
High anodic current densities employed in the reverse pulse electrodeposition however
modulate crystallographic orientations of the grains, introduce porosity to the structure,

and hence adversely affect the corrosion resistance of the coating deposits.

Keyword - Corrosion; metals and alloys; electrochemical impedance; potentiodynamic;

microstructure

Introduction

Owing to their decent cathodic and barrier protective natures and moderate
processing costs, electrodeposited zinc and zinc alloys are being employed as metallic
coatings for numerous applications, ranging from automotive to electronic parts. Zinc
alloys that comprise metals of the iron group, particularly zinc-nickel (Zn-Ni) with 8-14
wt.% Ni, have received high interest as they exhibit enhanced corrosion resistance over

that of pure Zn, while their electrochemical potentials remain anodic to that of steels [1-



4]. This thus beneficially allows coatings and their underlined substrates to be utilized in
harsher environments, improves service life, and enables a production of thinner coatings
that offer better formability and weldability.

In the past decade, various electrodeposition techniques were developed to
improve the fabrication of Zn-Ni alloy coatings. This includes a range of direct current
electrodeposition processes, conducted with either acidic or alkaline plating baths, which
have been explored to control Zn and Ni contents and corresponding phase structures in
the coatings [5-9]. Pulse electrodeposition later received increasing interest as the
technique provides homogeneous coatings with fine grains and limited amount of defects
[10-12]. Recently, reverse pulse electrodeposition, whereby a current with cathodic and
anodic pulse waveforms is periodically applied to the plating system, was investigated as
an alternative route to produce Zn-Ni alloy coatings [13]. The use of single bath
chemistry coupled with a series of pulsating parameters for tailoring a good range of
compositions (11-100%Ni), phase structures, and morphology has proved the technique
useful for tailoring the alloys’ characteristics.

Although the fabrication processes of Zn-Ni alloy coatings have been intensively
examined, a systematic study that investigates the influence of the alloys’ characteristics
on their corrosion properties remain limited and sometimes unclear. M.A. Pech-Canul et
al. [3] and R. Ramanauskas et al. [4] successively show that Zn-12%Ni withstands red
rust formation almost 2 times better than pure Zn under a salt spray environment, and
exhibit 6 times lower corrosion current density in a chloride solution. The work by E.
Beltowska-Lehman et al. [5] shows that the corrosion resistance of Zn-Ni alloys is

generally improved with increasing Ni contents (2-17%). The authors however also note



that a comparable level of corrosion resistance is evidenced in the coatings of distinct Ni
contents obtained from different electrolyte formulations. They suggest that not only the
Ni content, but phase compositions also influence the alloys’ corrosion properties. These
arguments and observations are also echoed in the studies by T.V. Byk et al. [7] and M.
Gavrila et al. [14]. On the contrary, however, O. Hammami et al. [15] show that the
polarization resistance of Zn-Ni coatings reduces with an increase of Ni content from
10% to 14%. As for pulsed Zn-Ni coating deposits, S.O. Pagotto et al. [10] explore the
corrosion resistance of Zn-Ni coatings prepared by pulsed electrodeposition in
comparison to the continuous current process, and find relatively low corrosion resistance
in the pulsed Zn-Ni deposit, which exhibits fine-grain morphology.

In the present study, for the first time, we establish the relationship of the reverse
pulse electrodeposited Zn-Ni alloy coatings’ characteristics to their corrosion behaviors
in a saline environment.  This is achieved through polarization analysis and
electrochemical impedance spectroscopy, coupled with analysis of the deposits’
microstructure. In addition to gaining an understanding of the properties of the coatings
fabricated by the reverse pulse electrodeposition method, the study is also aimed to shed
lights on the mechanistic views of the effect of composition and microstructure on

corrosion properties of Zn-Ni alloys.



Experimental

Zn-Ni alloy specimens were prepared by the reverse pulse electrodeposition
technique using a plating bath with aqueous bath chemistry: 100 g/l ZnCl,, 200 g/l
NiCl.6H,0, 40 g/l H3sBOs, with pH of 3.5, and the temperature maintained at 35°C.
A copper substrate (1.0x2.4 cm?), polished to a mirror-like finish and activated by 10%
H,SO,4, was a cathode and platinum was used as an anode. Periodic pulse current,
consisting of forward peak current density (Is) of 0.08 A/cm?® and reverse peak current
density (I,) of 0, 0.04, 0.06, 0.08, or 0.1 A/cm? was applied to the electrodes using a
pulse rectifier (Dynatronix, DUPR 10-3-6). The forward and reverse pulse durations (t
and t)) were controlled at 20 ms and 3 ms, respectively. The specimens are termed A, B,
C, D, and E, as specified in Table 1. Phase composition, alloy contents, and surface
morphology of the electrodeposits were characterized with x-ray diffractrometry (XRD),
energy-dispersive spectroscopy (EDS), and scanning electron microscopy (SEM). For
nanocrsytalline deposits, their grain sizes were determined using the x-ray integral
breadth method. The linear intercept method was employed to estimate the grain sizes of
microcrystalline deposits.

The corrosion studies were executed using a pAutolab/FRA2 potentiostat in
aerated 3.5 wt.% NaCl solutions. A saturated calomel electrode (SCE) and platinum
were used as reference and counter electrodes, respectively. The potentiodynamic
polarization tests were conducted from -0.250 to 1.500 V (vs. SCE) about the open circuit
potential at 1 mV/s scan rate. All samples were immersed in the saline solution for 1
hour prior to potentiodynamic testing for stabilization. The Tafel regions £50mV with

respect to the tip of the polarization curves were selected for the evaluation of E.q and



icor Dy Tafel extrapolation. The electrochemical impedance spectroscopy (EIS)
measurements were performed on the specimens that have been submerged in the saline
solution for 1 hour and 24 hours, in the frequency range of 0.01 Hz to 100 KHz with 10
mV peak amplitude about the corrosion potentials. The equivalent circuit simulation

program NOVA 1.7 was employed for EIS data analysis.

Results and Discussion
a. Alloys’ characteristics

The five sets of Zn-Ni specimens (A, B, C, D, and E) were successfully fabricated
with uniform morphology and compositions. The specimens are distinct by the nickel
content, phase structure, and grain size, as summarized in Table 1. Figures 1(a)-(e)

illustrate surface morphology of these specimens.

The specimens in set A which were prepared with non-reversing pulsation
exhibits micron-sized grains with 11 wt.% Ni and a y phase. Through the introduction of
the anodic waveforms, the specimens of sets B, C, D, and E are characterized by nano-
sized grains with Ni content in a 13-17% range. That the grain sizes of these specimens
are lower than that of A should be owed to the re-nucleation of the deposits which is
promoted under the reverse pulse electrodeposition mode [16]. In the specimens of sets
B, C, D, an E, the y phase remains the sole phase. The high Ni specimens (i.e., 17% in
set C) however distinctively show pyramidal texture preference, whereas the other sets
exhibit a typical nodular surface morphology having a preferential (330) crystallographic

orientation. While the structure of most deposits is fairly compact, the specimens in set E



appear somewhat porous. The deposits’ compositions and corresponding phase
structures observed here are controlled mainly by dezincification and nickel dissolution

upon reverse pulsing, as discussed in details in ref.[13].

b. Potentiodynamic polarization study

Figure 2(a) presents the polarization curves of the specimens in various sets. For
the most parts, all specimens exhibit a similar shape of polarization curves, and no
obvious passivation is detected. Table 1l summarizes the corrosion potential, corrosion
current density, and corresponding corrosion rate of the deposits as deduced from the
polarization tests. It can be observed that the corrosion potentials generally increase with
Ni content. Specimen E, however, shows relatively high corrosion potential in spite of its
low Ni content, suggesting the presence of interconnected porosity that may allow the
electrolyte to permeate to the copper substrate. As shown in Table Il, the determined
corrosion rates are on the order of 0.1 mm/yr which appear comparable among the
different groups, with the set-B specimen showing relatively high corrosion resistance.

Figure 2(b) shows a close-up picture of the polarization curves in the highly
anodic region above -0.4 mV vs. SCE. It is evident that the curves exhibit peaks and
valleys in this high potential region. The development of these features may be
rationalized by the preferential zinc dissolution from the alloys which ultimately leads to
the presence of a top layer enriched with Ni that acts as a barrier for further corrosion
attack [10, 15]. Furthermore, it has been noted that in a 3.5% NaCl solution, zinc

hydroxide chloride can be formed and serve as a pseudo-passive layer that provide an



inhibition effect for the deposits [3, 17, 18]. From Fig. 2(b), it can be observed that the
inhibition effect is relatively more pronounced in set-B and set-C specimens, whereas at
the other end, low polarization peaks are observed as expected in the porous set-E
specimen.

To further understand the mechanistic view of the corrosion behaviors of the
deposits and examine the evolution of the corrosion behaviors over time, the non-
destructive EIS measurements were thus performed as discussed in the subsequent

section. Owing to porosity, specimen E was omitted from the EIS measurement.

c. Electrochemical impedance measurements

Figures 3(a) and 3(b) present Bode plots of the specimens measured at the 1% and
24™ hours, showing the magnitude of the impedance with respect to frequency. A similar
shape of Bode plots is observed in all cases, with impedance monotonically decreases
with an increase of frequency. The absolute impedance values of set-A and set-B
specimens (Z* and Z®) appear relatively high, especially over the low and medium
ranges of the frequency. After 24 hours of immersion, the EIS measurements give Bode
plots with shapes conformed to those found at the 1% hour. The magnitude of the
impedance however decreases, suggesting a decrease of corrosion resistance of the
coatings over submersion time. Z” in particular decreases markedly and becomes the
lowest, whereas, Z® remains relatively high. On the other hand, the impedance magnitude

of specimen C (Z°) is somewhat stable over time.



The corresponding Nyquist plots are shown in Figs. 4(a) and 4(b). These sets of
data are analyzed for the equivalent circuit, which is found to compose of a capacitance
(C) connected in parrallel to a charge transfer resistance (R;) and a diffusion control
Warburg element (W). Additionally, the whole unit is connected in series with a solution
resistance (Rs). The schematic view of this equivalent circuit is shown in the inset of
Fig.4. The determined circuit parameters of the 4 sets of the coating specimens are
presented in Table I1I.

At the 1% hour, the Rs values of all specimens are comparable and appear smaller
than R, signifying the conductive nature of the saline solution and that the solution
resistance does not control the corrosion. Instead, the charge transfer resistance and
diffusion-control Warburg impedance dominates at high and low ranges of frequency,
respectively. Relatively low values of R. and relatively large magnitude of admittance of
the Warburg element (Y,) in set-C and set-D specimens contribute to their low
impedance values at all ranges of frequency. Conversely, high R; and low Y, in set-A
and set-B specimens contribute to their comparatively high absolute impedance values.
The capacitance, which represents an electrical double layer on the interface between an
electrode and its surrounding electrolyte, generally appears to be similar among the
different groups of specimens at ~20 uF. The set-C specimen however shows about 3
times higher C than the others, leading to a reduction of its impedance magnitude.

Following 24 hours, the Rs’s remain approximately equivalent to that at the 1% hr
suggesting that no significant change has occurred to the solution. The double layer
capacitance values of all specimens reduce considerably, resulting in a more significant

contribution to corrosion resistance by this circuit element. This suggests that over time



upon immersion, the specimens experience changes in their double layer characteristics,
possibly attributed to a development of a pseudo-passive layer. Nevertheless, since the
absolute impedance magnitudes of the specimens are evidently decreased, the increase of
the double layer impedance appears not as important compared to the modulations of R,
and Y,, which for the most parts are reduced and increased, respectively. This thus
explains the increase of the corrosion rates over time as observed in specimens A, B, and
D. On the other hand, despite an increase of Y, the large decrement of capacitance and a
balanced increase of R; lead to a minimal change of the impedance magnitude of set-C
specimen over time. Compared to all sets of the specimens, with its lowest R, and
highest Y, set-A specimen thus shows the highest decrement of impedance, and

correspondingly, relatively poor corrosion resistance.

d. Effects of deposits’ characteristics on corrosion

From the polarization and EIS analysis coupled with the specimens’
characterization, we may elucidate the corrosion behaviors of the reverse pulse-
electrodeposited specimens as follows.

Comparing set-A and set-B specimens, we can deduce that the corrosion
resistance is enhanced with the increase of Ni content (e.g., from 11% to 14%) and
reduction of grain size, or predpminantly by one of these parameters. The improved
corrosion resistance is achieved through enhancement of the charge transfer resistance
and retardation of diffusion of corrosion products away from the cathode’s surfaces. As

the results from the polarization study suggest, the specimens with refined grain size



facilitates the formation of the pseudo-passive films, which in turn could help enhance
the corrosion resistance of the deposits.

Despite the high Ni content (17%), in the initial stage of corrosion, the y phase
with a pyramidal texture preference found in set-C specimen vyields relatively low
corrosion resistance, compared to a nodular (330) texture. This could be owed to the
relatively low binding energy of atoms aligned in such non-closed pack crystallographic
configuration. At prolonged time, however, a significant improvement of the charge
transfer resistance is evidenced, rendering the corrosion resistance of the pyramidal
deposits fairly stable over time. The rougher surface morphology and relatively high
effective surface area of these deposits may promote a pseudo-passive film formation and
retard the migration of corrosion products, and correspondingly help sustain their
corrosion resistant performances.

The characteristics of the deposits from sets B and D are closely similar in terms
of nickel content, phase composition, and grain size. Nevertheless, the set-B deposits
exhibit better corrosion resistance than the set-D ones. This could be attributed to some
distinction in the distributions of crystallographic orientations of their surface grains.
Furthermore, since the set-D deposits were processed with relatively high anodic currents
that preferentially oxidize zinc, and subsequently nickel, from the deposits, the presence
of submicron-voids and defects, which could serve as local sites that promote corrosion

reactions, can be expected on their surfaces.
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Conclusion

The relationship between the reverse pulse electrodeposited Zn-Ni alloy coatings’
characteristics and their corrosion behaviors in a saline environment has been established
in the study. Deposits with refined nodular grains of y-phase and increased nickel
contents are obtained from the reverse pulse processing. Such materials characteristics
affect the charge transfer resistance and facilitate a formation of the pseudo-passive films,
leading to the enhancement of the corrosion resistance of the alloys. Further increase of
anodic current density upon electrodeposition introduces higher nickel contents and
pyramidal grains, which give rise to relatively low corrosion resistance with a higher
level of stability of the deposits. Ultimately, a high anodic current density leads to a
development of porous structure that does not effectively provide barrier protection to the
underlined substrates.
Acknowledgement
The Thailand Research Fund financially supported this work under contract
TRG5380017. The authors also acknowledges support from Chulalongkorn University
under Special Task Force for Activating Research (STAR) project to the Metallic Surface
Coating Technology for Corrosion Protection (MCTC) research group.

Reference

[1] K.R. Baldwin, M.J. Robinson, and C.J.E. Smith, Corrosion rate measurements of
electrodeposited zinc-nickel alloy coatings. Corrosion Science, 1994. 36(7): p. 1115-
1131.

[2] L. Anicai, M. Siteavu, and E. Grunwald, Corrosion behaviour of zinc and zinc alloy
depositions. Corrosion Prevention and Control, 1992. 39(4): p. 89-93.

[3] M.A. Pech-Canul, R. Ramanauskas, and L. Maldonado, An electrochemical
investigation of passive layers formed on electrodeposited Zn and Zn-alloy coatings in
alkaline solutions. Electrochimica Acta, 1997. 42(2): p. 255-260

[4] R. Ramanauskas, P. Quintana, L. Maldonado, R. Pomés, and M.A. Pech-Canul,

11



Corrosion resistance and microstructure of electrodeposited Zn and Zn alloy coatings.
Surface and Coatings Technology, 1997. 92(1-2): p. 16-21.

[5] E. Beltowska-Lehman, P. Ozga, Z. Swiatek, and C. Lupi, Electrodeposition of Zn-Ni
protective coatings from sulfate—acetate baths. Surface and Coatings Technology, 2002.
151-152: p. 444-448.

[6] R. Rizwan, M. Mehmood, M. Imran, J. Ahmad, M. Aslam, and J.I. Akhter,
Deposition of nanocrystalline zinc-nickel alloys by DC plating in additive free chloride
bath. Materials Transactions, 2007. 48(6): p. 1558-1565.

[7] T.V. Byk, T.V. Gaevskaya, and L.S. Tsybulskaya, Effect of electrodeposition
conditions on the composition, microstructure, and corrosion resistance of Zn-Ni alloy
coatings. Surface and Coatings Technology, 2008. 202: p. 5817-5823.

[8] A. Conde, M.A. Arenas, and J.J. de Damborenea, Electrodeposition of Zn-Ni coatings
as Cd replacement for corrosion protection of high strength steel. Corrosion Science,
2011. 53(4): p. 1489-1497.

[9] S.H. Mosavat, M.E. Bahrololoom, and M.H. Shariat, Electrodeposition of
nanocrystalline Zn-Ni alloy from alkaline glycinate bath containing saccharin as
additive. Applied Surface Science, 2011. 257( 20): p. 8311-8316.

[10] S.O. Pagotto Jr., C.M. de Alvarenga Freire, and M. Ballester, Zn-Ni alloy deposits
obtained by continuous and pulsed electrodeposition processes. Surface and Coatings
Technology, 1999. 122(1): p. 10-13.

[11] H. Ashassi-Sorkhabi, A. Hagrah, N. Parvini-Ahmandi, and J. Manzoori, Zinc-nickel
alloy coatings electrodeposited from a chloride bath using direct and pulse current.
Surface and Coatings Technology, 2001. 140: p. 278-283.

[12] Y.F. Jiang, L.F. Liu, C.Q. Zhai, Y.P. Zhu, and W.J. Ding, Corrosion behavior of
pulse-plated Zn-Ni alloy coatings on AZ91 magnesium alloy in alkaline solutions.

Thin Solid Films, 2005. 484( 1-2): p. 232-237.

[13] Y. Boonyongmaneerat, S. Saenapitak, and K. Saengliettiyut, Reverse pulse
electrodeposition of Zn-Ni alloys from a chloride bath. Journal of Alloys and
Compounds, 2009. 487(1-2): p. 479-482.

12



[14] M. Gavrila, J. P. Millet, H. Mazille, D. Marchandise, and J. M. Cuntz, Corrosion
behaviour of zinc—nickel coatings, electrodeposited on steel. Surface and Coatings
Technology, 2000. 123(2-3): p. 164-172

[15] O. Hammami, L. Dhouibi, and E. Triki, Influence of Zn-Ni alloy electrodeposition
techniques on the coating corrosion behaviour in chloride solution. Surface and Coatings
Technology, 2009. 203( 19): p. 2863-2870

[16] J.Y. Fei and G.D. Wilcox, Electrodeposition of Zn-Co alloys with pulse containing
reverse current, 2005. 50(13): p. 2693-2698.

[17] M. Mouanga, L. Ricq, J. Douglade and P. Bercot, Effects of some additives on the
corrosion behaviour and preferred orientations of zinc obtained by continuous current
deposition. Journal of Applied Electrochemistry, 2009. 37(2): p. 283-289.

[18] N. Boshkov, Galvanic Zn—Mn alloys—electrodeposition, phase composition,
corrosion behaviour and protective ability. Surface and Coatings Technology, 2003.
172(2-3): 217-226.

13



Table and Figure Captions

Table | — The characteristics of the Zn-Ni alloy deposits processed with various reverse

pulse current densities (I;)

Table 11 — The corrosion potentials (Ecorr), corrosion current densities (lcorr), and corrosion

rates (CR) as determined from the potentiodynamic polarization study.

Table 111 — The values of EIS equivalent circuit parameters of sets A-D coating
specimens after being submerged in 3.5% NaCl solutions for 1 hr and 24 hrs.

Figs.1(a)-(e) — Surface morphology of the electrodeposited Zn-Ni alloys of sets A-E,
processed with It = 0.08 A/cm? and I, = (a) 0, (b) 0.04, (c) 0.06, (d) 0.08, and (e) 0.1

Alcm?, respectively.

Fig.2(a)-(b) — Potentiodynamic curves of the Zn-Ni alloy coatings of sets A-E in (a) the
equilibrium corrosion potential vicinity and in (b) the highly anodic region.

Figs.3(a)-(b) — Bode lots of the Zn-Ni alloy coatings of sets A-D after being submerged
in 3.5% NaCl solutions for 1 hr and 24 hrs.

Figs.4(a)-(b) — Nyquist responses of the Zn-Ni alloy coatings of sets A-D after being
submerged in a 3.5% NaCl solution for 1 hr and 24 hrs.
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Set |, [A/cm?]  Ni [wt.%)] Phase Grain size

A 0 11 v (330) 13 um

B 0.04 14 v (330) 25 nm

C 0.06 17 y(222)(330)(600) 23 nm

D 0.08 14 v (330) 26 nm

E 0.1 13 v (330)(600) 22 nm

Set  Egonr [MV(SCE)] oo [pA/CM?]  CR [mm/yr]

A -1035 8.0 0.11

B -908 6.0 0.08

C -860 8.9 0.12

D -1014 7.3 0.10

E -671 7.7 0.11

1st hour 24th hour

Set R, [Q] R.[Q] CIuFl Y,[mMho] R [Q] R.[Q] C[uwF] Y, [mMho]
A 3.97 39.89 23.30 0.0091 291 15.25 0.006 0.055
B 3.83 70.75 13.34 0.0166 4.00 42.17 0.005 0.032
C 3.96 25.11 62.28 0.0359 4.00 42.04 0.011 0.062
D 4.07 23.76 29.07 0.0250 3.10 22.56 0.009 0.033
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