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This study was undertaken in order to obtain and characterize the corrosion resis-
tance of Zn-Ni+Ni composite coatings. The influence of thermal treatment on sur-
face morphology, phase composition, and corrosion resistance of Zn—-Ni+Ni coating
was investigated. The Zn—Ni+Ni coating was deposited under galvanostatic condi-
tions (j=40 mA cm 2). Thermal treatment was carried out in argon atmosphere. The
surface morphology of Zn-Ni+Ni coatings was carried using a scanning electron
microscope (JEOL JSM-6480) and the surface chemical composition was deter-
mined by the EDS method. Structural investigations were conducted by X-ray dif-
fraction method. The studies of electrochemical corrosion resistance were carried
out in a 5% NaCl solution, using potentiodynamic and scanning vibrating electrode
(SVET) methods. On the grounds of corrosion investigations, it was stated that ther-
mal treatment improves both total and localized corrosion resistance of Zn—Ni+Ni
coating in a 5% NaCl water solution. The higher corrosion resistance of the ther-
mally treated Zn—Ni+Ni coating could be attributed to the increase in the amount of
zinc bonded to nickel in the form of Ni,Zn;; and NisZn,; intermetallic phases. The
SVET analysis indicated that thermal treatment of Zn-Ni+Ni coating causes a
decrease in the number of corrosion centers on their surface area.

Keywords: composite coatings; thermal treatment; corrosion resistance

1. Introduction

The interest in zinc and its alloys [1-6] results from good corrosive resistance of these
materials and a search of an alternative to toxic and high-cost cadmium coatings.
Among those materials, zinc—nickel coatings are considered because of their better cor-
rosion resistance and improved mechanical properties (hardness, stamping) in compari-
son with pure zinc. Thus, the Zn—Ni coatings have been applied in the automotive, the
electronic, and the aeronautical industries.[5—7]

Zn—Ni alloy deposition is an anomalous codeposition [7,8] which results in a high
content of zinc. As the zinc could be leached out in aggressive environment, the Zn—Ni
coatings could exhibit a decreased corrosion resistance. Reduction of anomalous depo-
sition effect and an increase in the nickel content in the Zn—Ni coating can be obtained
by an addition of nickel powder to a galvanic bath. In this way, composite coatings
containing nickel powder incorporated into the Zn—Ni matrix may be obtained.
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The composite materials could exhibit properties which are not only a combination
of characteristics of its individual components, but also arise from their interaction on
interfacial borders. Additionally, thermal treatment of such obtained coatings may leads
to the homogenization of their components through the creation of intermetallic com-
pounds or solid solutions. Composite materials characterized by various properties such
as dispersion hardening, high temperature oxidation resistance, excellent wear resis-
tance, and corrosion resistance. Thus, the composite coatings find use in tribology and
as electrode materials for catalysis of electrochemical reactions and for corrosion pro-
tection.

The corrosion resistance research is conducted most often by the classic Stern
method. This method enables to evaluate total corrosion resistance of coatings and pro-
vides only surface-average values of corrosion parameters such as the corrosion poten-
tial, corrosion current density, and the polarization resistance.

The surface of composite coatings is heterogenous. Hence, these corrosion parame-
ters determined for macro- and micro-surface area of the coatings may be different.
Therefore, the Scanning vibrating electrode (SVET) method is one of the most promis-
ing techniques.[9,10] SVET offers the possibility of mapping variations in current den-
sities at the micro-scale over metal surface by measuring potential gradients developed
in the solution due to the ionic flow.

The purpose of this work was to determine an influence of thermal treatment on
morphology, phase composition, and corrosion resistance of Zn—Ni+Ni composite
coating.

2. Experimental

The Zn—Ni+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
(at current density j=0.1 Acm 2 in the hot solution containing 0.8 M C¢H;;0,Na and
4.3 M NaOH).

Prior to deposition, the steel substrate was activated in HCI solution, using cathode
current density j=5mA cm™ 2, for 2 min. The nickel underlayer, obtained from the bath
containing 350 gdm > NiCl,-6H,0 and 111 cm’dm™ HCI, was deposited before
obtaining of Zn-Ni+Ni coating in order to assure adhesion on the Zn—Ni+Ni coating to
the substrate.

Electrolytic Zn-Ni+Ni coating was obtained from the bath of composition (g dm™>):
NiSO4-7H,0 — 50, ZnSO4 7H,0 — 100, Na,SOy4 — 75, (NH4),SO4 — 38 +250 cm® dm
NH4OH + nickel powder (APS 3—7 micron, 99.9% Ni, Alfa Aesar) — 4. The tempera-
ture of the bath was 298 K; the pH was kept in the range of 9.6-10.4. The galvanic
bath was mechanically stirred (400 rpm min~") during the deposition.

Zn—Ni+Ni coating was deposited under galvanostatic conditions at the current den-
sity j=40 mA cm 2. On the ground of preliminary investigations, it was found that this
j value ensured deposition of the coating with good adhesion to the substrate and lack
of cracks.

The coating was deposited on the two-sided cathode. Total geometric surface area
of cathode was 50 cm”. A sheet nickel served as anode.

Electrodeposition of the nickel sublayer and Zn—-Ni+Ni coating was carried out
using a MAG (IMP-BUD 5, Poland) galvanic unit.



Downloaded by [University Town Library of Shenzhen] at 12:47 28 December 2015

Advanced Composite Materials 433

The deposited Zn—Ni+Ni coating was passivated in the solution of composition:
K,Cr,O; - 70 g dm >, H,SO, — 8 g dm>, for 10s.

The thermal treatment of the Zn—Ni+Ni coatings was carried out at a temperature
of 593K for 4 h in protective gas atmosphere (argon).

The surface morphology of Zn—Ni+Ni coatings was carried using a scanning elec-
tron microscope (JEOL JSM-6480) and the surface chemical composition was deter-
mined by the EDS method.

The XRD patterns were measured using the Philips X'Pert PW 3040/60 X-ray dif-
fractometer with the copper radiation (1K,=1.54056 A). A graphite monochromator
was used to select the K, radiation. The content of zinc in nickel in the Ni(Zn) solid
solution was calculated from the Vegard law — where the lattice parameter of the solu-
tion is directly proportional to the atomic percent solute present. Deformation of the
random substitutional solid solution of B and A may be accompanied by either an
increase or a decrease in cell volume depending on whether the B atom is larger or
smaller than the A atom.[11]

The investigations of electrochemical corrosion resistance on the prepared coatings
were carried out at a temperature of 293 K, in 5% NaCl solution potentiodynamic
method. Open-circuit potentials of ad-deposited and annealed Zn—Ni+Ni coatings were
determined for 20 h. A three-electrode electrochemical cell was used. The counter elec-
trode was a Pt gauze. The reference electrode was the saturated calomel electrode. The
working electrode had the surface area of 1 cm”. The values of corrosion potential, cor-
rosion current and polarization resistance were determined on the grounds of the
obtained dependences j=f(E) by the Stern method. The potentiodynamic polarization
curve was registered with rate v=0.060 V min~', in the potential range +0.050 V from
open circuit potential. These measurements were performed using an Autolab® 20 Po-
tentiostat/Galvanostat.

The SVET and SKP measurements were made using a Scanning Electrochemical
Workstation Model 370 (Princeton Applied Research AMETEK). The SVET maps
were registered at the potential of open circuit. The vibrating amplitudes of the scan-
ning probe were adjusted to 30 um. The values of registered potential difference were
calculated on the basis of current density values obtained from a calibration potential —
current curve which was determined for a 5% NaCl water solution.

To investigate the corrosion resistance of the coatings, the salt-spray test was also
applied in 5% NaCl solution at a temperature of 308 K for 96 h (according to PN-EN
ISO 9227), using KOHLER HK 400 salt-spray chamber.

3. Results and discussion

The Zn—-Ni+Ni coating shows good adhesion to the substrate and a lack of cracks, both
before and after thermal treatment. The coating has a rough metallic surface with visi-
ble grains of incorporated nickel powder. The tendency to agglomeration of nickel
grains is observed (Figure 1). Additionally, a decrease in surface development of Zn—
Ni+Ni coating is observed after thermal treatment.

The analysis of surface chemical composition shows that the Zn—Ni+Ni coating
consists of 17.6 £0.4% at. Ni and 82.4 +1.4% at. Zn.

Before annealing, the XRD pattern showed that the structure of the electrodeposited
coating was diphase: Ni(Zn) solid solution and Ni,Zn,; intermetallic phases (Figure 2).

X-ray diffraction patterns recorded after thermal treatment show the presence of dif-
fraction peaks corresponding to Ni,Zn;; intermetallic and Ni(Zn) solid solution phases.



Downloaded by [University Town Library of Shenzhen] at 12:47 28 December 2015

434 K. Wykpis et al.

(b)

Figure 1.  Surface morphology of the Zn—Ni+Ni coating before (a) and after (b) thermal treatment.

However, the zinc content of nickel in the case of Ni(Zn) solid solution (determined
on the basis of the Vegard law) decreases after thermal treatment from about 15 to 1%.
Moreover, the presence of NisZn,; intermetallic phase as a result of the partial decom-
position of the Ni(Zn) solid solution is stated (Figure 2(b)).

These findings suggest that the thermal treatment causes an increase in the amount
of zinc bonded with nickel into intermetallic phase forms.

These phase differences may be the reason for differences of corrosion resistance of
the composite Zn—Ni+Ni coating, as in the case of Zn—Ni coatings.[6,9]

On the grounds of the obtained dependences j=f(E), the values of corrosion param-
eters, i.e. corrosion current (j.), corrosion potential (E..), and polarization resistance
(R,) were determined (Figure 3, Table 1).

It was found that for the annealed Zn—Ni+Ni coating, the value of corrosion current
does not changes but the values of polarization resistance is higher and the corrosion
potential is more positive in comparison with the as-deposited Zn—Ni+Ni coating. It is
suggested that the Zn—Ni+Ni coating after thermal treatment is more corrosion resistant
in a 5% NaCl solution than the Zn—Ni+Ni coating before thermal treatment.

Comparing the corrosion parameters determined for Zn—Ni+Ni composite coatings
and Zn—Ni matrix coatings [12], it is noted that the Zn—Ni+Ni composite coating is
more corrosion resistant than the Zn—Ni coating, even without thermal treatment.
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Figure 2. X-ray diffraction patterns of Zn—Ni+Ni coating before (a) and after (b) thermal treatment.
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Table 1. Corrosion parameters determined from potentiodynamic method.

Kind of coatings E.o/[V] Jeor/[MA cm_z] R,/[kQ sz]
Zn—Ni+Ni before thermal treatment -0.777 0.02 68.20
Zn—-Ni+Ni after thermal treatment —0.725 0.02 338.80

The effect of thermal treatment on the localized corrosion resistance of Zn—Ni+Ni
coating was investigated by SVET technique in a 5% NaCl solution. The obtained
SVET maps (Figure 4) show differences in the distribution of local current density.
These differences concern the size and intensities of the anodic and cathodic sites on
the surface of investigated coatings.

It was found that the surface of the Zn—Ni+Ni coating after thermal treatment char-
acterized by smaller values of local current density and a more symmetric current distri-
bution between cathodic and anodic sites in comparison with the as-deposited coating.
It means that thermal treatment limits number of preferential centers of corrosion attack
on the Zn-Ni+Ni coating surface. Thus thermal treatment improves local corrosion
resistance through the reduction of the local corrosion centers.

On the basis of the computer calculation of topography maps obtained by a Kelvin
probe (not presented here), the surface roughness was estimated as ratio of real surface
area of eclectrode to the geometric one.[13] The ratio is 1.2 and 1.0 for Zn—Ni+Ni

@) i

jIAem™

(b)

JlA cm?

Figure 4. SVET maps of the Zn—Ni+Ni coating before (a) and after (b) thermal treatment.
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coatings before and after thermal treatment, respectively. This may mean that the ther-
mal treatment causes a decrease in surface roughness of the Zn—Ni+Ni coatings.

The results of salt-spray test (Figure 5) exhibit the appearance of white rust corrosion,
which is characteristic for zinc oxidation process. The Zn—Ni+Ni coatings (Figure 5(b))
are covered with a relatively small amount of the corrosion products. The corrosion of
steel substrate was not observed. Therefore, the salt-spray test confirms the good corro-
sion resistance of the thermally treated Zn—Ni+Ni coating. However, it is worth noting
that the process of corrosion proceeds in a similar way as in the case of the Zn—Ni+Ni
coatings without thermal treatment.[13]

(b)

Figure 5.  Surface of the thermal-treated Zn—Ni+Ni coating before (a) and after (b) exposure to
the salt spray.
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4. Conclusion

Based on this research, the possibility of incorporation of nickel powder to the Zn—Ni
matrix from a suspension bath during galvanostatic deposition was demonstrated.

On the grounds of corrosion investigations, it was stated that thermal treatment
improves both total and localized corrosion resistance of Zn—Ni+Ni coating in a 5%
NaCl water solution.

The higher corrosion resistance of the thermally treated Zn—Ni+Ni coating could be
attributed to the increase in the amount of zinc bonded to nickel in the form of Ni,Zn;
and NisZn,; intermetallic phases. As a consequence of this, a decrease in surface devel-
opment of Zn—Ni+Ni coating is observed after thermal treatment.

The SVET analysis indicated that thermal treatment of Zn—Ni+Ni causes a decrease
in the number of corrosion centers on their surface. Thus, the thermally treated Zn—
Ni+Ni coatings are more resistant to corrosion than as deposited one.
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