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THE INFLUENCE OF CURRENT DENSITY OF DEPOSITION
ON PROPERTIES OF Zn-Ni COATINGS

K. WYKPIS, M. POPCZYK, J. NIEDBALA, A. BUDNIOK, E. LAGIEWKA

University of Silesia, Institute of Materials Science, Katowice

Zn—Ni coatings were deposited under galvanostatic conditions at current density in the

range of 20 to 60 mA-cm . The influence of current density of deposition on the surface
morphology, chemical and phase composition and corrosion resistance was investigated.
Structural investigations were performed by the X-ray diffraction (XRD) method. The
surface morphology and chemical composition of deposited coatings were studied using a
scanning electron microscope JEOL JSM-6480. Studies of general electrochemical
corrosion resistance were carried out in the 5% NaCl, using potentiodynamic and electro-
chemical impedance spectroscopy (EIS) methods. Local corrosion resistance was determined
by Scanning Kelvin Probe (SKP) method. On the ground of the research, the possibility of
deposition of Zn—Ni coatings containing 14...18 at.% Ni was shown. It was stated, that
surface morphology, chemical and phase composition of these coatings to a small extent,
depend on the current density of deposition. However, current density of deposition deter-
mines the quantity of zinc which is co-deposited with nickel and is bounded in the form of
an intermetallic compound or a solid solution. Small differences in chemical composition
and the uneven distribution of the Zn(Ni) and Ni,Zn,; phases on coatings surface may cause
differences in the local Kelvin potential. As a result, the Zn—Ni coatings exhibit corrosion
resistance that varies depending on the deposition current density. The optimal values of
current density for the sake of corrosion resistance are found to be j = 30 and 40 mA-cm .

Keywords: electrodeposition, Zn—Ni coatings, corrosion resistance, SKP method.

The interest in zinc and their alloys [1-4] results from the good corrosive resis-
tance of these materials and search of a suitable alternative to toxic cadmium coatings.

It was proved, that corrosion resistance of Zn—Ni coatings depends on their chemi-
cal compositions, morphology of surface and structures [1, 5-8]. These properties are
formed depending on the electrodeposition conditions [6, 8].

Studies of Zn—Ni deposition in electrolytes containing ammonia ions have shown
that normal or anomalous codeposition takes place depending on the value of potential
or cathodic current. As a result Zn—Ni coatings may contain from > 95 wt.% to
15 wt.% Ni [9].

Electrolytic Zn—Ni alloys are characterized by the occurrence of a wider range of
different phases. It was stated that nickel is dominant in a layer adjacent to the sub-
strate, independently on a kind of the substrate. Next, zinc in the nickel solid solution
(a-phase) is created, depending on the deposition current density [8]. Unlike an equi-
librium metallurgical alloy, o- and -phases are not formed in electrolytic Zn—Ni alloy.
Using the potentiodynamic stripping method, potential values of current peaks were
attributed to the values of selective dissolution of particular phases [10]. In this way,
the y-phase i.e. NisZny; and n-phase being 1% nickel in zinc solid solution, are formed.
On the basis of electrochemical investigations it was found that the y-phase is very che-
mically active by the selective dissolution of zinc. The high corrosion resistance and
good mechanical properties of Zn—Ni layers are connected with the presence of the
y-phase i.e. NisZny;.
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The aim of the present work was to obtain of electrolytic Zn—Ni coatings and to
determine of an influence of deposition current density on their chemical compositions,
structure and corrosion resistance.

Experimental. Electrolytic Zn—Ni coating was obtained from the ammonia bath
of composition (g-dmﬁ3): NiSO47H,O — 50; ZnSO47H,O — 100; Na,SO4 — 75;
(NH4),SO, — 38; NH,OH — 250 cm’-dm . The temperature of the bath was 298 K; pH
was kept in the range of 9.6 to 10.4. The process of electrodeposition was carried out in
the galvanostatic conditions at current density in the range of 20 to 60 mA-cm .

The Zn—Ni coating was deposited on austenitic steel (OH18N9). The preparation
of substrate surface consisted of the following steps: cleaning with a detergent solution,
chemical treatment with HCI solution (1:1), rinsing in distilled water and degreasing.

Prior to deposition, the steel substrate was activated in HCI solution, using ca-
thode current density j = 5 mA-cm 2, for 2 min. The nickel underlayers, obtained from
the bath containing 350 g~dm73 NiCl,-6H,0 and 111 cm’-dm™ HCIl, were deposited
before obtaining of the Zn—Ni coatings in order to assure adhesion of the Zn—Ni
coating to the substrate.

The surface morphology and surface chemical composition of deposited coatings
were studied using a scanning electron microscope (JEOL JSM-6480) with EDS
attachment.

The XRD patterns were measured using the Philips X Pert PW 3040/60 X-ray
diffractometer with copper radiation (Ag, = 1.54056 A). A graphite monochromator

was used to select the K, radiation.

The electrochemical corrosion resistance of the prepared coatings was investiga-
ted in a three-electrode cell using the potentiodynamic and electrochemical impedance
spectroscopy (EIS) methods. These measurements were carried out in 5% NaCl solu-
tion, at a temperature of 293 K using AUTOLAB" electrochemical system. The auxi-
liary electrode was a platinum mesh and the reference electrode was the saturated
calomel electrode (SCE). The values of corrosion potential, corrosion current and po-
larization resistance were determined by the Stern method. The electrochemical impe-
dance measurements were performed at the corrosion potential. In these measurements
the amplitude of the ac signal 0.005 V. A frequency range from 10 kHz to 0.1 Hz was
covered with ten points per decade.

The SKP measurements were made using a Scanning Electrochemical Worksta-
tion Model 370 (Princeton Applied Research AMETEK). The SKP scans were made of
300 pm x 300 um area surface. The vibrating amplitudes of the scanning probe were
adjusted to 30 um. The Kelvin probe was placed above the surface of the Zn—Ni
coatings at a height of about 300 um. The topography of Zn—Ni coatings surface was
characterized using Kelvin probe.

The corrosion behaviour of the Zn—Ni coatings was also examined using accelera-
ted corrosion test in a salt chamber (HK 400, KOHLER) according to PN-EN ISO 9227.
These coatings were subject to salt spray (5% NaCl) exposure at 308 K for 96 h.

Results and discussion. All obtained Zn—Ni coatings have a grey and smooth sur-
face. These coatings show good adhesion to the substrate and lack of cracks. Only on
the surface of the coating deposited at j = 60 mA-cm ~ small cracks are observed (Fig. 1).

The results of surface chemical composition analysis show, that the chemical
composition of coatings depends to a small degree on the deposition current density
and is in the range from 14.2+0.4 to 18.0+0.4 at.% Ni. The surface chemical composi-
tion initially decreases and then increases with an increase of deposition current den-
sity. The coating deposited at j = 30 mA-cm ~ is characterized by the least of the nickel
contents e.g. 14.2 at.%.
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Fig. 1. Surface morphology
of Zn—Ni coatings deposited
at the current density J:
a—20 mA~cm’2;
b—30; ¢c—40; d - 50;
e—60 mA-cm .

The X-ray phase analysis showed the differences in phase composition of the
Zn—-Ni coatings depending on the deposition current density (Fig. 2). The presence of
reflexes coming from Zn phase shows only the XRD pattern of Zn—Ni coating deposi-
ted at j = 20 mA-cm ~. All X-ray diffraction patterns show the presence of reflexes cor-
responding to the Zn(Ni) solid solution and Ni,Zn,; intermetallic phases. These phases
are the result of co-deposition of zinc and nickel ions. The zinc content in nickel in the
case of the Ni(Zn) solid solution, determined on the basis of the Vegard law, increases
with an increase in deposition current density from about 23 to 30%. Thus, the current
density influences the amount of zinc connected with nickel in the solid solution or the
intermetallic compound. The differences in the phase composition and a non-uniform
distribution of the Ni(Zn) and Ni,Zn;; phases on the surface of obtained coatings, may
cause the differences in the coatings corrosion resistance.
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Fig. 2. X-ray diffraction pattern of Zn—Ni coating deposited at current density j:
a—20 mA-cm”; b—50 mA-cm >. @ — Zn; ¥ —Ni,Zn,; O — Ni(Zn).

Open circuit potentials of the
coatings were determined for 20 h.
A range of £0.050 V was chosen
from the determined value and a po-
tentiodynamic curve was recorded

Table 1. Corrosion parameters of Zn—Ni
coatings determined by the potentiodynamic
method depending on the current density
of deposition j

J,mA-cm 2| Ecors V | jeor pPA-cm * | R, kQ-cm® with a rate of v = 0.060 V-min .
20 -0.791 0.90 6.81 On the ground of the obtained de-
30 —0.755 0.14 37.41 pendences j = f (E), the values of
40 —0.783 0.22 16.87 corrosion parameters were determi-
50 —0.807 0.81 8.45 ned. It was found that for the Zn—Ni
60 —0.802 0.41 8.84 coating obtained at j = 30 mA-cm~,
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the value of corrosion current is lower and the value of polarization resistance is higher
compared with the other Zn—Ni coatings (Table 1). It is suggested, that the Zn—Ni
coating obtained at j = 30 mA-cm > is more corrosion resistant in 5% NaCl solution
than other Zn—Ni coatings.

Results of EIS investigations are submitted in the form of Nyquist and Bode
diagrams (2" =f(Z'), log |Z] = f (log ) and ® = f(log »)) (Fig. 3-5).
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Fig. 3. Dependences of Z” = f(Z") for the Zn—Ni coatings obtained at the current densities:
j=30 mA-cm™ (/) and 50 mA-cm™ (2) (A, O — experimental points; — — approximation line).

Fig. 4. Dependences of log |Z] = f(log ®) for the Zn—Ni coatings obtained at the current
densities: V —j =20 mA-cm %, A —30; B —40; O — 50; O — 60 mA-cm >
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Impedance measurements display a depressed semicircle on the complex plane
plots. Examples of such plots for two coatings, which are characterized the extreme cor-
rosion resistance (obtained at j = 30 and 50 mA-cmfz) (Table 1) are presented in Fig. 3.
Using the complex nonlinear least-squares (CNLS) fitting program, the real (Z') and
imaginary (Z") components of the impedance, could be analysed. The coating obtained
at j = 30 mA-cm > exhibits the highest values of real and imaginary components. This
means that this coating is most corrosion resistant in the 5% NaCl solution compared
with the other obtained Zn—Ni coatings.

It has been found that the impedance of obtained coatings could be described by
the two-CPE electrode model, which represents the solution resistance, Ry, in series
with two parallel CPE — R, elements (Fig. 6), explains the impedance behavior of the
coating containing pear-shape pores (R,1, Ry» [Q-cmz] are the polarization resistances,
CPE,, CPE, are the constant phase elements, where Zcpg = 1/[T1 (joo)d’] [11, 12]. The
Nyquist plots, presented in Fig. 3, show a good agreement between the experimental
points and approximations.
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CPE, CPE; Fig. 6. Equivalent circuit
— R scheme for the two-CPE
R R, electrode model.

1 P

As a result of approximation of the experimental data, the following parameters
could be obtained: Ry, Ti, 1, Ry, 1>, ¢ and Ry, where T, T, are the capacity parame-
ters and ¢, ¢, are the CPE angles [10, 11]. Sum of R,,; + R, gives a total value of pola-
rization resistance, which is the highest for the Zn—Ni coating obtained at j = 30 mA-cm °
(Table 2). The total values of R, calculated by EIS method are approximately compa-
rable with values of R, obtained using potentiodynamic method and therefore it also
could be a measure of corrosion resistance of coatings. The corrosion resistance of
obtained coatings initially increases and then decreases with an increase in deposition
current density. The maximum of corrosion resistance is observed for the coating depo-
sited at j = 30 mA-cm .

Table 2. Corrosion parameters of Zn—-Ni coatings determined by EIS method
depending on current density of deposition j

mA]-énf2 kg-p 01;112 y b kg-pénz T e Qis;nz
20 0.78 | 0.000092 | 0.53 598 | 0.000172 | 0.72 0.65
30 1.60 | 0.000014 | 0.60 35.88 | 0.000031 | 0.81 0.64
40 1.19 | 0.000024 | 0.66 15.60 | 0.000051 | 0.82 0.68
50 0.85 | 0.000076 | 0.59 7.56 | 0.000126 | 0.79 0.69
60 0.93 | 0.000058 | 0.55 7.94 | 0.000103 | 0.78 0.63

Values of logarithm of impedance module for the obtained coatings are compar-
able in the range of high frequency. These values are the highest in the range of low
frequency for the Zn—Ni coating obtained at the current density of j = 30 mA-cm
(Fig. 4). Values of the phase angle for this coating, in the almost whole range of fre-
quency are the highest and show a wide range of independence of a logarithm of an-
gular frequency in comparison with the other coatings (Fig. 5). Moreover, @ = f (logw)
dependences obtained for the coatings deposited at j = 20, 40, 50 and 60 mA-cm * are
characterized by the presence of two time-constants but for the coating deposited at
j=30 mA-cm ° only one time-constant is observed. Hence, it could be concluded that
in the case of coating obtained at the current density of j = 30 mA-cm > only one phase
corrodes and for the other coatings the corrosion process proceeds in two phases.

Based on these electrochemical investigations it was found that Zn—Ni coating
obtained at j = 30 mA-cm > is more corrosion resistant in 5% NaCl solution than the
other obtained Zn—Ni coatings.

Topography maps of deposited coatings were obtained using a Kelvin probe (Fig. 7).

It was stated that the coatings are characterized by a development area with an
average height of unevenness from about 5 to 8 mm. Coatings deposited at the current
density j = 30 and 40 mA-cm ~ are characterized by smaller development and greater
uniformity of the surface compared with the coatings deposited at j = 20, 50 and
60 mA-cm°. Hence, the smallest number of corrosion centres can be expected for the
Zn-Ni coating deposited at j = 30 and 40 mA-cm .
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Fig. 7. Topography maps
of Zn—Ni coatings deposited
at the current density j
obtained by a Kelvin probe:
a—20 mA-cm; b - 30;
c—40;d-50;

e—60 mA-cm .

The SKP maps obtained for Zn—Ni coatings deposited at current density in the
range of 20 to 60 mA-cm > show the differences in local potentials values (Fig. 8). It
is observed that values of Kelvin potential difference measured at the surface of depo-
sited coatings initially decrease and next increase with an increase in deposition current
density. Recorded local potentials are in the range from AE = 0.3 V to AE=02 V. It
was found that the Zn—Ni coatings deposited at j = 30 and 40 mA-cm ~ are characterri-
zed by the smallest values of local potential and the most uniform their distribution on
the surface (Fig. 8b, c¢). This means that these coatings are more resistant to local cor-
rosion in comparison with coatings deposited at other current densities. This confirms
the good corrosion resistance of these coatings, shown in studies of the total corrosion.
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Fig. 8. SKP potential
/|=o= ' profile of Zn—Ni coatings
| | = 020 deposited at the current
~ densityj: a — 20 mA-cm %
b—30; ¢c—40; d - 50;
e—60 mA-cm .

This correlates well with a small development of the surface of these coatings,
which can lead to a smaller number of favored places of corrosive attack, compared to
other Zn—Ni coatings.
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Zn—Ni coatings obtained in the optimum range of current density were sub-
jected to visual observation before and after the test in a salt chamber. It was found
that the coatings are covered with little corrosion products. This demonstrates the
good corrosion resistance of these coatings to the salt spray (Fig. 9).

Fig. 9. Zn—Ni coating
deposited at j = 40 mA-cm >
before (a) and after (b)
corrosion resistance
investigations
in a salt chamber.

CONCLUSIONS

On the basis of this research, the possibility of galvanostatic deposition of Zn—Ni
coatings containing 14...18 at.% Ni is shown. It is stated, that surface morphology,
chemical and phase composition of these coatings to a small degree depends on the
current density of deposition. However, the current density of deposition determines
the quantity of zinc which is co-deposited with nickel and is bound in the form of an
intermetallic compound or a solid solution.

Small differences in chemical composition and the non-uniform distribution of
Ni (Zn) and Ni,Zn;; phases on the surface of coatings, may cause local variations of
Kelvin potential. As a consequence corrosion resistance of Zn—Ni coatings is varied
depending on the current density. Coatings deposited at the current density j = 30 and
40 mA-cm * are characterized by the smallest values of local potential and the most
uniform distribution on the surface.

On the ground of electrochemical investigations it is found that the Zn—Ni coa-
tings obtained at the j = 30 and 40 mA-cm * are more corrosion resistant in 5% NaCl
solution than the others Zn—Ni coatings. The lower value of corrosion current and also
the higher value of polarization resistance results from above.

Moreover, it can be concluded that parameters calculated by EIS method can be a
measure of corrosion resistance of coatings and results are confirmed by the potentio-
dynamic method.

PE3IOME. TlokpuBH Ha OCHOBi cucTeMu Zn—Ni rajabBaHOCTaTHYHO OCAPKEHO 3a TYCTHHU

ctpyMy j = 20...60 mA-cm °. JIoCIi/DKEHO BILIHB TYCTHHH CTPYMy OCAUKEHHs Ha MOP(hOIOrico
HOBEpXHi, XIMiYHUH Ta (a30BUil CKIal, a TAKOXK KOPO3iiiHy TpUBKIiCTb. /Il CTPYKTypHHUX BHU-
po6 BUKOPUCTaHO peHTreHoaudpaxiiianii metoq (XRD). Mopdotorito moBepxHi Ta XiMiuHMA
CKJIaJl OCA/DKEHOr0 MOKPUBY BHBYAIM Ha CKaHIBHOMY eleKTpoHHOMY Mikpockomni JEOL JSM-6480,
a KOpO3ilHy TPHUBKICTh — Y 5%-My pozurHi NaCl, 3aCTOCOBYI0YM METOH MOTEHIII0MHAMITYHOT
nonspusanii Ta enexkTpoxiMiunoi imnenancHoi cnekrpockomnii (EIS). JlokanbHy KOpo3iliHy TpuB-
KICTh BU3HAYEHO 3a JIOTIOMOT 00 MeToy ckaHiBHOro 30Haa Kenbpina (SKP). [Tokazano Moxiu-
BicTb ocauxkeHHA Zn—Ni i3 14...18 at.% Ni. Becranosneno, mo Mopdosoris noBepxHi, XiMiuHuit
Ta (a3oBUi CKJIa] IMX MOKPUBIB c1ab0 3aJIe:kKaTh BiJf TYCTHHU CTPYMY OCa/DKCHHS, SIKa, OIHAK,
BHM3HAYa€ KiJIbKICTh LIMHKY, IO CIIBOCA/DKYETHCS 3 HIKeJIeM i 3B’sa3aHuil y Gopmi iHTepmeraiiv-
HOI CIIOIyKH 200 TBEpAOro po3urHy. He3HauHi BiIMIHHOCTI y XiMiYHOMY CKJIaJi i HepiBHOMIp-
Hu# po3noain ¢a3 Zn(Ni) ta Ni,Zn;; Ha TOBEPXHi MOKPUBY MOKYTh CHPUYUHUTH BiJMIHHOCTI Y
3HAYECHHSAX JIOKAJIBHOTO moTeHIiany KensBina. B pesynbrari Kopo3iiiHa TPUBKICTb IIOKPHBIB Ha
OocHOBI cucteMu Zn—Ni 3MIHIOETBCS 3aJIEKHO Bl TYCTHHH CTPyMy oOca/pKeHHs. OnTHManbHi
3HA4YCHHS TYCTHHU CTPyMy, 3a SKHX KOpO3iffHa TPHBKICTh NOKPUBIB HANBHINA, CTAHOBIIATH

j=1301i40 mA-cm”.
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PE3IOME. TIokpbITusl Ha OCHOBE CHCTeMbI Zn—Ni TajJlbBAHOCTATUUECKU OCAXKIEHbI IPU

mioTHOCTH TokKa j = 20...60 mA-cm . HccnenoBano BIMsSHUE INIOTHOCTH TOKA OCAXKACHMS Ha
MOP(QOJIOTHI0 TOBEPXHOCTH, XMMUYECKUH U (ha30BbI COCTaB, a TaKK€ KOPPO3HOHHYIO IIPOY-
HOCTB. ISl CTPYKTYpPHBIX OJKCIEPHMEHTOB HCIIOIB30BAaH PEHTTeHOMU(PPAKINOHHBIA METO.
(XRD). Mop@osoruto moBepxXHOCTH M XUMHUYECKHH COCTaB OCAKACHHOI'O MOKPBHITUS HU3ydald
Ha CKaHUPYIOMIeM 3eKTpoHHOM Mukpockore JEOL JSM-6480, a koppo3nOHHYIO ITPOYHOCTH —
B 5%-oM pactBope NaCl, npuMeHsst MEeTObI TOTEHIUOAMHAMUYECKOM MOISIPU3ALMU U JJIEKTPO-
XUMHUYecKoi mmnenancHor cnekrpockornuu (EIS). JlokanesHas KOppo3MOHHAS TIPOYHOCTH OIIpe-
JieJieHa ¢ MOMOIIBI0 MeTona ckaHupyrouiero 3oH1a Kenbuna (SKP). ITokazana BO3MOXHOCTB
ocaxaenns Zn—Ni ¢ 14...18 at.% Ni. BesaBneno, uto MOpdosorust MOBEPXHOCTH, XUMUUYECKUI
1 ()a30BbIl COCTAB ATHX MOKPHITUH c1a00 3aBUCAT OT IUIOTHOCTH TOKA OCAKACHUS, KOTOPasi, TEM
HE MeHee, ONpenessieT KOJMMUeCTBO LUHKA, OCAKJICHHOTO BMECTE C HHUKEJIEM U CBSI3aHHOTO B
(hopMe MHTEPMETANTUYECKOTO COSTUHEHHUS WIIM TBEPAOro pacTBopa. HezHauuTeabHbIC OTINYUS
B XHMHYECKOM COCTaBe W HepaBHOMepHoe pacnpenenenue ¢asz Zn(Ni) u Ni,Zn,; Ha moBepxHOC-
TH TOKPBITUS MOTYT 00YCJIOBUTh OTJMYMS B 3HAUYEHHSIX JIOKAJIbHOTO rnoreHiuaita Kenseuna. B
pe3yJibTaTe KOPPO3UOHHAS! MPOYHOCTh TOKPHITHUI Ha OCHOBE CHCTEMBI Zn—Ni U3MEHSETCs B 3aBU-
CHMOCTH OT IJIOTHOCTH TOKa ocaxaeHus. OnTuManbHble 3HaY€HHs IUIOTHOCTH TOKa, IIPH KOTO-

o . -2
PBIX KOPPO3UOHHAS TIPOYHOCTH OKPBITHI Hanboee BhicoKast, coctaBisitoT j = 30 u 40 mA-cm .
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