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Abstract: For the first time, functionally electroless nickel plated ZrO, (NCZ) graded Ni-NCZ composite coating has been
successfully co-electrodeposited from a bath with gradually increasing of stirring rate. Studies showed that co-electrodeposition in a
bath with stirring rate of 250 r/min results in the maximum co-electrodeposited particle content and the best particle distribution. To
produce NCZ graded Ni-NCZ composite coating, the stirring rate was continuously increased from 0 to 250 r/min. The electroplated
coating had a continuous gradient increasing of co-electrodeposited NCZ content from substrate towards the surface. The results
showed that with increasing the co-electrodeposited NCZ particles content in Ni matrix, microhardness increases from interface
towards the surface of the coating. Little crystallite size of Ni matrix and higher co-electrodeposited hard particles content were
recognized as the reasons of microhardness increasing. Bend test revealed that the functionally graded composite coating shows more
excellent adhesion to the substrate compared with the ordinary distributed Ni-NCZ on the same substrate. This result is attributed to
lower mechanical mismatch between coating and substrate in the functionally graded composite coating with respect to the uniformly
distributed one. The results of wear resistance measurements reveal that wear resistance of functionally graded Ni-NCZ is higher

than that of ordinary distributed composite coating.
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1 Introduction

Co-electrodeposition (CED) technique is a low-cost
and low-temperature method suitable for producing
metal matrix composite coatings for diverse purposes
such as wear resistance, corrosion resistance, high-
temperature corrosion protection, oxidation resistance,
self-lubrication and abrasion resistance. These coatings
typically contain oxide particles or carbide particles in
micron, submicron and nano sizes, such as TiO,, Al,O3,
ZrO, and SiC, in an electrodeposited matrix [1-8]. To
achieve desirable properties (such as high microhardness
and corrosion resistance), it is necessary to increase the
amount of uniformly distributed co-deposited particles in
the coating. Higher amounts of co-deposited particles
provide more nucleation sites for Ni clusters and more
change in microstructure, which result in better
properties [9—12].

Ceramic particles, being inert and hard, have been
used more than the other particles in CED but these

particles lower the adhesion of the coating to the
substrate, resulting in lower wear resistance and
delamination and spallation of the coatings. On the other
hand, co-deposited particles lower the grain size of the
matrix so that mechanical mismatch between hard-brittle
coating and soft-ductile substrate increases, leading to
high stress concentration and weakness of the
interface [13—18].

To avoid this deteriorating effect, functionally
graded (FG) coatings are recommended [14,16]. It has
been shown that functional grading of ceramic particles
content in the deposits reduces delamination and
spallation of the coatings [16]. The amount of ceramic
particles can be gradually and functionally varied by
changing the electrodeposition parameters, like current
density, stirring rate, and particle content in the
electrolyte [19—22].

In previous work, it has been shown that using NCZ
particles as second phase in CED of Ni matrix composite
coating enhances the microhardness and corrosion
resistance [23], but to achieve desirable properties, it is

Corresponding author: N. PARVINI AHMADI; Tel: +98-413-3459456; Fax: +98-413-3444333; E-mail: parvini@sut.ac.ir

DOI: 10.1016/81003-6326(18)64639-4



B. BOSTANI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 66—76 67

necessary to increase the amount of co-electrodeposited
NCZ particles in the coating [24]. Ni coating on the
surface of these particles (NCZ) could provide more
nucleation sites for electrodepositing coating so that
smaller grain sizes of electroplated Ni coating could be
achieved. It seems that this little grain size could increase
the mechanical mismatch between composite coating and
the substrate. Our previous works [23] confirmed that the
grain size of electroplate Ni coating is little for Ni-NCZ
composite with respect to Ni—ZrO,. This result shows the
importance of mechanical mismatch between NCZ
containing composite coatings and substrates. Although
excellent corrosion resistance and microhardness have
been obtained for Ni-NCZ composite, only a few
works [23] have been done in the case of this composite
coating probably due to the technical problems in
synthesis of NCZ particles (electroless plating of ZrO,
particles with Ni coating). Hence, for the first time in this
work, functionally NCZ content graded Ni-NCZ
composite coating by continuous variation of stirring rate
is produced; and the adhesion and wear resistance
between this gradient coating and the uniform composite
coating is also compared.

2 Experimental

The ZrO, powder with a particle size of <5 um was
dispersed in an electroless Ni plating bath to be coated
with a layer of electroless Ni coating. Pure Ni and
Ni-NCZ composite coatings were electroplated from a
Watt’s bath. The compositions of the baths and the
conditions of electroless and electroplating procedures
are given in Table 1. To investigate the stirring rate effect
on the co-electrodeposited second phase particles content
in the coating, composite coatings were electroplated in a
bath containing 90 g/LL NCZ powder with various stirring
rates. The stirring rate increased from 100 to 300 r/min
with an increasing interval of 50 r/min. Also, NCZ
content graded Ni-NCZ composite
electroplated in the same condition with continuous
increasing of stirring rate. Coating surface morphologies
were examined by employing scanning electron
microscope (Cam Scan™ model MV2300 SEM operated

coating was

at 30 kV). Chemical composition of the coating was
identified by using an energy dispersive X-ray
spectroscopy (EDX) system (Oxford™) co-worked with
the SEM. Five measurement trials were done and the
results were averaged for each sample. Optical
microscope was used to study particle distribution in the
cross section of the samples. Microhardness assessment
of the coating was performed using Vickers instrument
(LECO™ AT-101) by applying 25 g load in 10 s. Four
microhardness measurements were conducted and results
were then averaged.

The XRD spectra of the samples were recorded, and
(111) peak broadening of fcc nickel was used to
determine the average crystallite size of the nickel
matrix. Equation (1) (Scherrer equation) was used to
calculate the crystallite size.

A
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where L is the crystallite size, 4 is the X-ray wavelength,
p is the effective line broadening and 6 is the Bragg
angle. f was obtained using the full width of the line
measured at half maximum which was then corrected for
instrumental broadening. For this correction, LaBg
standard reference material (SRM 660a) was used.

The three-point bend test was carried out to
compare the adhesion strength of the coatings on the st37
steel under a low strain rate at room temperature. The
specimen sizes were 5 cm x 1.5 cm and the span between
two supporting points was 3.5 cm.

Dry sliding wear tests were performed using a
pin-on-disk wear apparatus at room temperature. The
normal load of 6 N was used and the rotation speed was
50 r/min with a radius of 5 mm for 50 m sliding. Prior to
wear test, all the contact surfaces were cleaned with
acetone and dried. The wear loss and normalized wear
rate were measured by an electric balance with 0.1 mg
accuracy.

3 Results and discussion

3.1 Electrodeposition of ordinary Ni-NCZ (ON-NCZ)
composite coating
In Fig. 1, the EDX mapping of NCZ powder shows

Table. 1 Composition of baths and conditions of electro- and electroless-plating procedures

Condition p(Nickel | p.(Nickel | p(Boric :alcid)/ ' p(Sodiumﬁl p(Sodium dodefl)ll p(SoQium |
sulphate)/(g-L ") chloride)/(g-L ") (g'L) citrate)/(g'L ') sulphate)/(g-L"")  hypophosphite)/(g-L )
Electroplating 250 40 45 50 0.1 -
Electroless 35 - - 15 0.2 20
Condition aceptgi?)(/i(i lgl-rifl) Tempféature/ It’ilrz;tei:l/ll% concenlt)rzrttii;rllf/:(gfl) Cur(r.lil?:ifnEi 2§itY/ pH St(i;r iﬁif?)te/
Electroplating - 54+1 1 90 3 3.8-4 0-300
Electroless 5 87+1 2 60 - 5.5-6 150




68 B. BOSTANI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 66—76

Fig. 1 SEM image (a) and corresponding EDX maps (b, c, d) of surface of NCZ particles

that electroless Ni coating is successfully deposited on
the ZrO, particles surface.

The Zr content of the co-electrodeposited composite
coatings as a function of stirring rate in the electroplating
bath is shown in Fig. 2. It indicates that at a constant
NCZ concentration in the bath, the co-electrodeposited
NCZ particles content increases sharply with increasing
stirring rate up to 250 r/min. As the stirring rate surpasses
250 r/min, the amount of co-electrodeposited NCZ
particles decreases in the coating.

Figure 3 shows the surface morphology of the
samples co-electrodeposited in the baths at stirring rates
0f 200, 250 and 300 r/min. It can be seen that stirring the
bath at a rate of 250 r/min (Fig. 2(b)) results in maximum
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Fig. 2 Relationship between Zr content of composite coatings
and stirring rate in electroplating baths

co-electrodeposition and the best distribution of NCZ
particles in the coating. According to Guglielmi
model [25], formation of composite coating in CED
method has two steps. In the first step, the second-phase
particles will be loosely adsorbed on the cathode surface
by hydrodynamic and electrophoresis forces. In the
second step, the ionic cloud will disappear and the
particles will be strongly adsorbed on the cathode surface.
It can be concluded that the stirring rate of the bath could
have two opposite effects on the co-electrodeposited
particles content. The first one is the positive effect
which increases the content of incorporated particles.
This effect is resulted from hydrodynamic flow. This
flow can convey the particles in the bath to the surface of
the electrodepositing layer and increase the incorporation
of second phase particles in the coating. The second
effect is the negative one which decreases the
co-electrodeposited particles content in the coating.
According to the Guglielmi model, in the first step,
second-phase particles are loosely bonded to the cathode
surface and a strong hydrodynamic flow could break
these weak bonds and decrease the incorporation of the
second phase particles in the coating. In the conditions of
this work, below 250 r/min, the first effect (positive
effect) predominates the second one (negative effect) and
increasing of stirring rate results in more co-
electrodeposition of second phase particles in the coating.
Higher stirring rates cause strong hydrodynamic flows
which make the particles to depart from the surface and
the second effect (negative) becomes predominant so that
the incorporation of particles decreases [26].
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Fig. 3 SEM images of samples electroplated in baths
at different stirring rates: (a) 200 r/min; (b) 250 r/min;
(¢) 300 r/min

Figure 4 shows the XRD patterns for the specimens
electroplated in the baths at stirring rates of 200, 250 and
300 r/min. The relative intensity of NCZ diffraction
peaks increases from the first to the second sample and
then decreases, showing that the amount of NCZ in the

second sample (electroplated in the bath at stirring rate of
250 r/min) is higher than the other samples.
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Fig. 4 XRD patterns of samples electroplated in baths at
different stirring rates: (a) 200 r/min; (b) 250 r/min;
(c) 300 r/min

Variations of Zr content, grain size of Ni and
microhardness of composite coatings at various stirring
rates are given in Table 2. The co-electrodeposited NCZ
particles content increased by increasing stirring rate up
to 250 r/min. This resulted in a finer grain size of Ni
matrix and higher microhardness. Above 250 r/min, any
increase in stirring rate indirectly led to decrease in
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co-electrodeposited NCZ particles content, coarser Ni
grains and lower microhardness.

Table 2 Zr content, crystallite size of Ni and microhardness
values for Ni-NCZ composite coatings electroplated in baths at

various stirring rates

Stirring Ni crystallite Microhardness
1 wW(Zn)/% .
rate/(rm ') size/nm (VH,s)
200 15.32+1 46 700
250 20.03+1 34 739
300 16.13+1 40 705

In previous work [10], it has been reported that the
microhardness of Ni—ZrO, is about HV 600. Higher
microhardness of Ni-NCZ could be due to the higher
amount of co-electrodeposited second phase particles
and smaller Ni matrix crystallite size. Another reason is
the stronger bonds between Ni matrix and second phase
particles in Ni-NCZ with respect to Ni—ZrO,.

The wear track width and friction coefficients of the
samples (resulted from wear tests) are given in Fig. 5.
Figure 5(a) shows that the wear track width of pure Ni is
larger than the composite coatings. Among these four
coatings, the Ni-NCZ coating electroplated at 250 r/min
has the lowest wear track width and the highest friction
coefficient, which is matched by its highest
microhardness.

3.2. Electrodeposition of functionally graded Ni-NCZ

(FGN-NCZ) composite coating

The above-mentioned results revealed the
experimental conditions which resulted in maximum
microhardness in  which  the
electrodeposition of reinforcing particles (NCZ particles)
in the coating remarkably reduces the grain size and this
results in enhancement of microhardness. However,
mechanical mismatch between the hard-brittle coating
and the soft-ductile substrate has been recognized as the
controlling factor for low adhesion and spallation of the
coatings. To resolve this problem, FG composite coatings
were also taken into account. In this way, the lower
content of second phase particles close to the interface
reduced mechanical mismatch and by approaching to the
coating surface, the density of NCZ particles increased
continuously. Technically, control of a parameter
influencing on the co-electrodeposited particle content is
of crucial importance in FG method. The results show
that the stirring rate can be used to control the
incorporated particles content in the coating. To produce
FGN-NCZ composite coating, the stirring rate was
continuously increased from 0 to 250 r/min, while the
dispersed NCZ content in the Ni electroplating bath was
90 g/L.

maximum  co-
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Fig. 5 Wear track width (a) and friction coefficient (b) of

Ni-based coatings after wear tests

The EDX mapping of the cross-section of
FGN-NCZ composite coating is demonstrated in Fig. 6,
which indicates that the amount of second phase is
increased from the interface to the surface. It could thus
be stated that stirring rate of the
electroplating bath is a reliable route to successfully
manufacture functionally graded composite coating.

Cross-sectional images of three electroplated
samples in electrolytes at different stirring rates (200,
250 and 300 r/min) and FGN-NCZ composite coatings
are illustrated in Fig. 7. This indicates that the highest
co-electrodeposited NCZ particles content is achieved
for the sample co-electrodepotited at stirring rate of 250
r/min (Fig. 7(b)). Also, it can be seen from Fig. 7(d) that
in FGN-NCZ coating, NCZ particles are distributed with
lower density in vicinity to the interface to higher density

controlling

levels near the surface, forming a continues gradient
distribution of zirconia within the coating.
3.2.1 Microhardness

In Fig. 8(a), the variations of microhardness in the
cross section of FGN-NCZ coating has been
demonstrated. The size of indentation effects decreases
from interface towards the surface of the coating.
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Fig. 7 OM cross-sectional images of composite coatings at different stirring rates: (a) 200 r/min; (b) 250 r/min; (¢) 300 r/min;

(d) FGN-NCZ

Figure 8(b) shows that microhardness increases
gradually from HV 580 near the interface of the coating
with the substrate to HV 730 near the surface of the
coating. This is related to the simultaneous effect of the
gradual increase in the amount of co-electrodeposited
NCZ particles as well as the decrease in grain size of Ni
matrix in FGN-NCZ coating from its interface with the
substrate towards the surface. It should also be noted that

low microhardness of coating near the interface
decreases the mechanical mismatch between the coating
and its substrate. In this way, adhesion of the coating was
enhanced and also risks of delamination and spallation
decreased. Wear-resistive property of the coating also
increased due to high microhardness near the surface.
3.2.2 Wear

Worn surfaces of the coatings are shown in Fig. 9.
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Fig. 8 Indentation effect of microhardness on cross-section of FGN-NCZ coating (a) and curve of microhardness versus thickness of

FGN-NCZ coating (b)

Fig. 9 SEM images showing worn surfaces of ON-NCZ (a, ¢) and FGN-NCZ (b, d) coatings at different magnifications: (a, b) Low

magnification; (c, d) High magnification

Figures 9(a) and (c) show the wear track of the ON-NCZ
composite coating worn surfaces. With addition of NCZ
particles, the wear changed its mechanism nature from
adhesive to abrasive because of the underlying properties
of the NCZ particles. These particles could be separated
from the matrix during wear applications which resulted
in three body motions. The wear in this composite was

also abrasive because of the lack of plastic region for the
coating but some cracks were observed as marked by
arrows in Fig. 9(c). These cracks formed under high
stress levels during the wear test. The micro-cracks
might be typically the lateral fatigue cracks induced by
tensile and compression stresses on the coating surface in
sliding motions [27]. The propagation of these cracks



B. BOSTANI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 66—76 73

into the coating could be a reason for an earlier material
removal [24]. Furthermore, the crack initiation caused
considerable increase in mass loss of the ON-NCZ
coating in comparison with that of the FGN-NCZ
(Fig. 9). As shown in Figs. 9(b) and (d), the worn surface
of FGN-NCZ coating has covered with a dark
tribological layer excluding cracks. This tribological
oxide layer has acted as a lubricant layer to reduce
friction coefficient between the contact surfaces and
confine the coating wear rate [28]. In the case of hard
and brittle coatings on substrates, significant stress
concentration occurred at the coating—substrate interface
which might be responsible for initiation of macro-cracks
and possible delamination of the ON-NCZ coating.
However, it seemed that the particle gradient and the
grain size in the FGN-NCZ coating towards the substrate
considerably enhance the compatibility between coating
and substrate, in contrast to those of the ON-NCZ
coating. This significantly decreased the stress
concentration at the coating— substrate interface leading
to higher resistance to cracking and delamination.
Moreover, it was believed that the gradient grain size
microstructure of the FGN-NCZ coating enhances the
resistance to the growth of the tribological cracks
from the surface into the coating. Previous works stated
that such microstructure presents higher resistance
against crack initiation and growth than the uniform
coatings [29].

The mass loss of the samples is shown in Fig. 10.
Weighting of the coated samples and the steel pin before
and after the wear test indicated that the minimum mass

10

Mass loss/(10™* g-cm™)

0

ON-NCZ  Pinl FGN-NCZ Pin2
Fig. 10 Mass loss of coatings and corresponding material

removal rate of pins

loss of the coating and maximum mass loss of the
related pin are achieved for the FGN-NCZ coating.
The formation of tribological iron oxide layer on
FGN-NCZ coating is responsible for low mass loss of
this coating.

The EDX maps of the FGN-NCZ wear track
confirmed that the pin was worn during the test. The Fe
element existed inside the track considerably higher than
two unworn sides and also than other coatings as
qualitatively shown in Fig. 11. Table 3 shows a
quantitative measure for the iron oxide remained on the
tribological layer. It appears that material removal takes
place from steel pin during sliding. This material
oxidizes on wear track and forms the iron oxide layer
between contact pairs [28].

b

Fig. 11 SEM image (a) and EDX maps (b, c, d) of wear track on FGN-NCZ coating
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Table 3 EDX analysis results of worn surface of FGN-NCZ
coating

Sample

Without
tribological layer

With tribological layer  47.14  12.33  22.63  17.89

w(Ni)% w(Zt)/% w(Fe)/% w(0)/%

70.51  19.88 0.37 9.24

3.2.3 Adhesion

Figure 12 shows the ON-NCZ and FGN-NCZ
coatings after bending test. It can be seen that the density
and the created crack width in the ON-NCZ coating are
more than FGN-NCZ. This confirms that the FGN-NCZ

Fig. 12 Bending test results: (a) Typical samples after bending
test; (b) Cracked ON-NCZ coating after test; (c¢) Cracked
FGN-NCZ coating after test

coating possesses better adhesion ability and ductility
compared with the ON-NCZ of the same outer surface
hardness. Due to the fact that the coating microhardness
decreased by moving from its surface to the interface as
the result of coarser grain sizes, and the direct
relationship between microhardness and elastic modulus,
the elastic modulus of the FGN-NCZ coating approaches
to that of the substrate. Therefore, the adverse effect of
mechanical mismatch is diminished. The gradual
increase in the microhardness by moving from the
interface towards the surface of the coating accompanied
with reduction in the internal stresses to the lowest
magnitude is originated from the difference in the
mechanical properties [18]. Hence, an advantage of the
gradient composite coating deposit by electrodeposition
is the possibility of decreasing the internal stress. Such a
potential could confer the ability of fatigue-resistive
property to the composite coatings used in industry
especially in high tensile stress [30]. It could improve the
mechanical properties and increase the life time of
FGN-NCZ coated parts in the industry.

4 Conclusions

1) The use of electroless Ni plated ZrO, (NCZ)
powders as second phase particles in the CED of Ni
matrix composite coating results in the formation of
Ni-NCZ (ON-NCZ) composite coating.

2) Stirring rate of the electroplating bath plays an
important role in co-electrodeposition of second phase
particles in composite coatings. For ON-NCZ, the
maximum particle content of NCZ, best particle
distribution and the maximum microhardness are
achieved for electroplated sample in the bath at a stirring
rate of 250 r/min. As well as, the functionally graded
Ni-NCZ (FGN-NCZ) composite coating was success-
fully deposited by gradual increase of stirring rate from 0
to 250 r/min in the bath during electrodeposition.

3) Microhardness uniformly ascended from HV 580
near the substrate/coating interface and finally reached
HV 730 on the surface for FGN-NCZ coating. Such a
raise has been obtained due to simultaneous effects of the
gradual increase in co-electrodeposited NCZ particles
and the decrease in Ni matrix grain size from the
interface towards the surface.

4) FGN-NCZ coating possesses better adhesion
ability and ductility compared with the ON-NCZ coating
of the same outer surface hardness which may be
induced by decrease in mechanical mismatch between
the coating and its substrate in the FGN-NCZ coating.

5) FGN-NCZ coating showed higher wear
resistance than ON-NCZ coating. This was due to the
formation of iron oxide layers and resistance to cracking
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during wear process. The microstructure changes of
FGN-NCZ were recognized as the reason of this
behavior. These changes lead to decrease in stress
concentration and proper adhesion between coating and
substrate at the interface.
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