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have been developed.

Composite coatings consisting of a nanocrystalline Ni-W alloy matrix reinforced with ZrO, particles
(average size of 50 nm) were synthesized by electrochemical deposition assisted by an external ultra-
sonic field. The Ni-W/ZrO, coatings were deposited from aqueous sulphate-citrate electrolytes contain-
ing zirconia nanopowder in suspension on steel substrates in a system with a rotating disk electrode
(RDE). The influence of relevant processing parameters (i.e., concentration of zirconia powder in plating
bath, current density, hydrodynamic conditions, ultrasonic field frequency) on the composite character-
istics was discussed. Based on micromechanical (microhardness, Young's modulus) and microstructural
(morphology, phase composition, crystallite size) properties of the coatings, the conditions for electrode-
position of crack-free, homogeneous Ni-W/ZrO, nanocomposites with enhanced functional properties

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for advanced materials with precisely
controlled properties has led to interest in the development of
metal matrix composites (MMCs). These innovative materials pos-
sess almost unlimited possibilities for material engineering, as
their properties can be designed depending on the application
[1]. The properties of MMCs are mainly determined by the combi-
nation of components as well as by their interfacial characteristics.
MMC coatings are usually designed to improve surface tribological
properties, since metals are dispersion hardened by the incorpora-
tion of ceramic particles. Different types of particles with a variety
of properties, e.g., oxides (Al,0s, Zr0O,), carbides (SiC, WC, SiC),
nitrides (SizN4) and borides (TiB,, ZrB,), have been commonly used
to reinforce matrices of microcrystalline metals or alloys [2,3].
Composites with a nanocrystalline metallic matrix are character-
ized by significantly greater hardness and strength than their
microcrystalline counterparts, due to the high grain boundary den-
sities leading to enhanced or novel properties [4]. The selection of a
matrix and ceramic dispersive phase is mainly determined by the
intended use of resulting composites. The chemical composition,
grain size, residual stresses and structural defects are important
for the metallic matrix, whereas ceramic component is character-
ized by type, size, shape, amount and distribution of particles.
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Metal matrix composite materials can be produced by different
technologies [5]. The most widely applied methods for MMC pro-
duction are powder metallurgy, casting techniques, hot pressing,
oxidation, nitridation and thermal spraying. However, high
temperatures, elevated pressures and expensive, complicated
equipment are main disadvantages of these techniques.
Electrodeposition is considered one of the most important tech-
niques for producing nanocomposites, at a low cost and high depo-
sition rate [6].

Electrodeposition (also termed ‘electroplating’ or ‘electrochem-
ical deposition’) involves the deposition of metallic coatings on a
conductive cathode by electrolysis of aqueous electrolyte solu-
tions, at ambient temperature, under normal pressure. Coatings
of nanosized grains can be easy achieved by controlling deposition
parameters [7]. In electrochemical composite deposition, inert
ceramic particles are suspended in the plating bath, and then
embedded during the direct current (DC) electrodeposition of
metal matrix. The incorporation of homogeneously dispersed cera-
mic particles into a metallic matrix leads to the development of
composites with enhanced or totally new engineering properties.
The electrodeposition technique enables the synthesis of a wide
range of metal matrix ceramic composites by the application of
various types of particles, combined with different electrolyte solu-
tions. Hence, in recent years, a rapid increase in interest in metal
matrix nanocomposites produced by electrodeposition has been
observed [3]. The nickel-based alloys are widely applied as com-
posite matrices due to their superior properties [8,9]. For example,
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most metallic microcomponents are currently produced in the
LIGA process, which involves selective electrodeposition of
nanocrystalline Ni into lithographic molds. However, nanostruc-
tured nickel is generally unstable, which may lead to a rapid grain
growth even at low temperatures [9]. Alloying with some metals of
high melting points has been found to improve stability of that sys-
tem [10].

Among these materials, nanocrystalline Ni-W alloys are known
for excellent characteristics, such as stability, high hardness
(including hot hardness), high wear resistance at elevated temper-
atures, high melting point, low coefficient of thermal expansion,
high tensile strength and high corrosion resistance in many aggres-
sive environments [11-13]. Recently, it was found that the incor-
poration of different ceramic particles (e.g., Al,0s, TiO,, SiC, WC,
CeO,, etc.) into Ni-W deposits can improve the tribological and
micromechanical properties of the resulting composites [14-18].
However, composite coatings of a nanostructured Ni-W matrix
reinforced by zirconia (ZrO,) nanoparticles are new materials,
although the possibility of fabrication Ni-W/ZrO, coatings by elec-
trochemical methods has been presented in a recently published
paper [19]. Also, so far only a few publications were devoted to
pure nickel coatings containing ZrO, particles, while zirconia
(extremely refractory material) offers high hardness, high wear
resistance and chemical inertness [20-22]. Indeed, it was reported
that Ni/ZrO, nanocomposite coatings have been successfully pre-
pared under DC electrodeposition and the embedded zirconia par-
ticles have resulted in enhancing the wear and corrosion resistance
of the Ni matrix. Thus, it would be expected that the incorporation
of zirconium oxide as ceramic hard particles into Ni-W alloy
matrix allows composites of outstanding characteristics to be
obtained, taking into account the properties of both components
and their nanocrystalline microstructure. Moreover, the results of
our previous study on electrodeposition and characterization of
Ni/Al,O03 and Ni-W/Al,0; composites showed a significant
improvement of the microhardness and wear resistance as com-
pared to the pure nickel coatings [14,23,24].

The electrodeposition process of composite coatings depends
on many operating parameters. However, three main factors can
be identified as influencing the composite electrodeposition pro-
cess: particle type and concentration in electrolyte solution, the
applied current density, and hydrodynamic condition [25]. Thus,
the present work focuses mainly on the determination of the effect
of these parameters on the electrodeposition process of Ni-W/ZrO,
composites from sulphate-citrate plating bath containing zirconia
nanopowder in suspension in order to find the optimum fabrica-
tion conditions. Microstructural and mechanical characteristics of
the obtained Ni-W/ZrO, composites that were directly related to
the electrodeposition conditions were also determined.

2. Experimental details

Ni-W/ZrO, composite coatings of a thickness about 5-30 um
were electrochemically deposited from aqueous plating solutions
containing analytical grade pure chemicals: 0.1 M NiSO4, 0.2 M
Na;WO0,, 0.5 M Na3Ce¢Hs07, 0.3 M NH,4CI, (5-30 g/L) ZrO, of pH 8
adjusted by an addition of sulphuric acid. The electrolysis was car-
ried out in 0.75 dm? cell at temperature of 60 °C, under a galvano-
static regime (in the current density range of 5-11 A/dm?), in a
system with a rotating disk electrode (RDE) located in an external
ultrasonic generator of variable frequency (35 kHz and 130 kHz)
(Fig. 1).

The ferritic steel disks (0.028 dm?) rotating at 340 rpm, sup-
plied by potentiostat/galvanostat PAR 273A, were used as a cath-
ode. Steel substrates were chemically polished in the solution of
hydrogen peroxide and oxalic acid prior to electrolysis. The
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Fig. 1. The experimental setup with the rotating disc electrode (RDE) in an external
ultrasonic field for composite coatings electrodeposition.

platinum spiral (~0.05 dm?) was used as an anode. After electrol-
ysis the samples were ultrasonically cleaned in ethanol for 1 min
to remove loosely adsorbed particles from the coating surface,
and then dried. The masses of deposits were determined by the
analytical balance KERN ALT 220-5DAM. The coating thicknesses
were estimated based on the deposit weight and the cross-section
observations.

It is well known that the dispersion of ceramic nanoparticles in
a plating bath is a very important stage of the electrodeposition
process that strongly influences the nanocomposite properties
[21,23]. To suppress or prevent agglomeration, prior to plating pro-
cess the zirconia nanoparticles were mechanically dispersed in the
bath using a stirrer (500 rpm) for 24 h. During the last 5 h, the sus-
pension was additionally treated by ultrasounds. In part of the
experiments, the polyelectrolyte PDADMAC [Poly (diallyldimethy-
lammonium chloride)] was used as a dispersant. The zeta potential
and the size distribution of zirconia particles in the plating bath
(diluted hundred times) after mechanical stirring for 24 h before
use were determined by a Zeta Sizer Nano ZS ZEN3500 analyser
(based on the laser light-scattering technique). The X-ray diffrac-
tion technique (Bruker D8 Discover) was used to determine phase
composition and an average grain size of deposits (Cu Ko filtered
radiation). The crystallite size of the coatings was evaluated using
Rietveld algorithms in MAUD software [26]. Structural characteri-
zation of the Ni-W/ZrO, coatings was complemented by SEM (FEI
XL-30 E-SEM) and TEM (TECNAI) microstructural studies. Thin foils
for TEM observations were prepared using focused ion beam (FIB)
technique. Chemical composition of the coatings was determined
by energy dispersive spectroscopy (EDS) analysis in SEM equipped
with an EDAX Genesis 4000 spectrometer, on the cross section
areas of the specimens, and a mean value was calculated from a
minimum of six measurements. The values of microhardness and
Young’s modulus were measured during an indentation test with
a Vickers diamond indenter according to ISO 14577-1 standard
(Micro-Combo-Tester, CSEM Instrument). The adhesion of the
coatings to the substrate has been measured by the micro-scratch
technique using a Rockwell C spherical diamond stylus. The wear
properties of coatings were evaluated using a ball-on-disc appara-
tus with alumina balls of 1 mm in diameter as the counter body.
The investigations were conducted at established test parameters:
wear track of 5 mm diameter, rotation speed of 60 rpm, normal
load of 1 N and 20,000 a total number of cycles. The depth of wear
track (~1 pm) was low compared to coating thickness. After tests,
profiles of the wear tracks were measured with a stylus profilome-
ter, that allowed to calculate the area of worn material. Wear rate
Wy was calculated from the equation: Wy =V/Fy-S, where: V -
worn volume of material, Fy — applied load and S - sliding distance.
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For comparison, metallic Ni-W coatings were also prepared using
the bath of the same chemical composition but without the ZrO,
suspension, under the same electrodeposition conditions.

3. Results and discussion
3.1. Zirconia particle characterization

Zr0,, as an extremely refractory compound, is commonly used
in composites as the second phase due to its high hardness
(13 GPa), high density (6g/cm?), low thermal conductivity
(11 x 1078 K1), wear resistance and an excellent combination of
high fracture toughness (~10 MPa m'/?) and high flexural strength
(~1GPa) as well as high temperature oxidation resistance.
However, these properties vary significantly depending on crystal-
lographic structure. Zirconia is a polymorphic material with three
crystallographic structures: monoclinic (m), tetragonal (t) and
cubic (c). At very high temperatures (>2370 °C), only the cubic
phase exists. At intermediate temperatures (1170-2370 °C), the
tetragonal structure becomes thermodynamically stable. Below
1170 °C, the material transforms to the monoclinic structure [27].
Zirconia stabilized in the tetragonal structure exhibits the ability
to stress-induced transformation toughened, avoiding cracking
and mechanical weakening. The deformation energy of the mate-
rial is absorbed by the phase transformation (t — m), impeding
the crack propagation. The transformation from the tetragonal to
monoclinic phase occurs with a volume expansion (by a 3-5%)
and a shear distortion parallel to the basal plane of t-ZrO,. This
mechanism leads to the high fracture toughness of tetragonal zir-
conia [28]. Some oxide additives, e.g., as the stabilizer Y3* in
Y,03, can suppress t — m transformation of ZrO, and reduce the
transformation temperature. Indeed, an addition of 3 mol% of
Y,03 enables the stabilization of the high-temperature tetragonal
phase at room temperature. Thus, the tetragonal phase reveals
(at ambient temperature) superior mechanical properties, such as
fracture toughness and wear resistance. However, the toughened
zirconia shows a degradation of properties with increasing temper-
ature, and it is generally limited to use below 800 °C.

The commercial zirconium(IV) dioxide nanopowder 3 mol%
Yttria  stabilized (YTZP) (3Y-ZrO,) produced by M/s
Nanostructured and Amorphous Materials, Inc. (USA) (hereafter
referred to as ZrO,) was selected for the deposition of Ni-W alloy
matrix composites. ZrO, powder has been previously characterized
by the XRD and TEM techniques. Fig. 2 shows the X-ray diffraction
pattern of ZrO, powder, whereas Fig. 3 presents the corresponding
TEM image. Detailed XRD studies revealed that the ZrO, powder is

T T T T T T

(@) — ZrO, powder

O ZrO, tetragonal

i < ZrO, monoclinic |

intensity, a.u.
1
1

20 30 40 50 60 70 80 90
2 theta, deg

Fig. 2. X-ray diffraction pattern of the ZrO, nanopowder.

Fig. 3. TEM image of zirconia nanoparticles.

not fully tetragonal but consists of a mixture of the tetragonal,
monoclinic and cubic phases (of the smallest amount). Moreover,
each phase is characterized by a different crystallite size in the
range of 45-145nm (Table 1). An average ZrO, grain diameter
was estimated to about 50 nm based on the isotropic size-strain
model of the Rietveld method analysis. The average particle size
(confirmed by TEM examination) is compatible with that given
by the manufacturer (50 nm).

The TEM image (Fig. 3) shows the ZrO, nanoparticles to be
almost spherical (equiaxed) with diameters in the range of 40-
60 nm. As shown previously for the Ni-W/Al,O3 composite system,
shape and phase compositions of nanoparticles are crucial param-
eters affecting the content and uniform distribution of ceramic
particles much more than their size in the nanometer range
(<100 nm). It was established that in contrast to the multiphase
Al,03 nanoparticles of irregular crystallites, the monophasic o-
Al,053 of spherical shape embedded much more easily and more
uniformly in the nanocrystalline Ni-W alloy matrix, resulting in
an increase of composite ceramic fraction (even 10 times) and a
substantial increase in hardness [14].

3.2. Plating bath characterization

In the process of MMC electrochemical deposition, particle dis-
persed coatings are electroplated on a steel disk cathode substrate
from an aqueous plating bath containing inert ceramic particles (in
suspension) and ions of metals forming the matrix. Ceramic parti-
cles form with the electrolyte solution the heterogeneous, thermo-
dynamically unstable binary system, the durability of which
depends mainly on the type, dimension, shape and concentration
of particles as well as on the nature and ionic strength of the basic
electrolyte. Incorporation of the ceramic particles into a metallic

Table 1

XRD phase analyses and the estimation of the crystallite size in ZrO, powder.
Crystallographic phase Monoclinic Tetragonal Cubic

(m-Zr0;) (t-Zr0,) (c-Zr0y)

Temperature range, °C <1170 1170-2370 2370-2680
Space group P2;/c P4,/nmc Fm3m
Mechanical properties Poor Superior Good
Wt.% in 3Y-ZrO, powder 453+2.0 40.6+2.0 14125
Crystallite size of 3Y-ZrO,, nm 449+6.0 64.5+17.5 145+ 70
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matrix requires the stable suspension of powder in an electrolyte
solution, which is very difficult to obtain, especially for nanoparti-
cles. Moreover, ultrafine particles exhibit a strong tendency to
agglomerate in the galvanic bath due to high surface activity.
Also, the usually high ionic strength of electroplating baths pro-
motes the particle agglomeration, and even at higher ionic strength
or low surface charge, the particles can agglomerate irreversibly
[29,30].

Unique functional properties of MMC coatings depend not only
on the amount of the particles, but more importantly on their size
and uniform distribution in the bulk of the metallic matrix, which
is related to particle characteristics, parameters of the basic elec-
trolyte solution (chemical composition, additive type and concen-
tration), and operating parameters of the electrolysis process. The
agglomeration of particles in the matrix significantly degrades
the mechanical properties of resulting composites, so obtaining a
homogeneous distribution of the ceramic nanophase in coatings
is a fundamental issue for MMC technology. It is well known that
the distribution of nanoparticles in the deposits is closely corre-
lated with dispersion of nanoparticles in the plating bath [16].
Hence, a crucial stage in MMC electrodeposition is the achieve-
ment of a stable, homogeneous dispersion of nanoparticles in solu-
tion. Various physical and chemical methods are used for particle
de-agglomeration [25]. Different additives (anionic, cationic, non-
ionic), such as sodium dodecyl sulphate (SDS) and hydroxypropy-
Icellulose (HPC), have been studied to reduce the particle agglom-
eration [31].

In the deposition process of the Ni-W/ZrO, composite, insol-
uble ZrO, ceramic particles suspended in the multicomponent bath
are embedded in the Ni-W alloy matrix, which is simultaneously
growing on the cathode. Due to ionic nature and a chemical inter-
action with the plating solution, the ZrO, powder undergoes sur-
face modification, and particles dispersed in a solution are
electrically charged. The surface charge affects the distribution of
electrolyte solution ions in the interfacial area, resulting in an
increased concentration of counter ions close to the particle sur-
face. Thus, an electrical double layer is formed at the particle-solu-
tion interface. Obviously, an addition of a surfactant to the plating
bath generally alters the surface charge of the particles. The zeta
(electrokinetic) potential is the main measure of the surface charge
of particles. The value of the zeta potential (surface charge) and the
size distribution of ZrO, particles determined in a diluted bath con-
taining W(VI) and Ni(Il) citrate complex ions are presented in
Table 2.

As shown in Table 2, the zeta potential of ZrO, particles in the
electrolyte solution is highly negative (practically independent of
particle concentration), due to specific adsorption of citrate anions.
However, despite having a zeta potential of about —60 mV, the sus-
pension was found to be unstable (+30 mV being considered a suit-
able threshold value for stability). The effective diameter of ZrO,
particles in the plating bath was determined to be about 170 nm.
To maintain the plating bath stability and to achieve a smaller size
of ZrO, aggregates as well as a shift of the zeta potential towards
positive values, the cationic polyelectrolyte PDADMAC (Poly (dial-
lyldimethylammonium chloride)) was used as a dispersant.

Table 2
Zeta potential (mV) and particle size (nm) for different zirconia concentrations (g/L)
in the plating bath.

ZrO, concentration (g/L) Zeta potential (mV) Particle size (nm)

20 —61.2 170
60 —62.2 170
80 —62.6 190
100 —64.5 170
120 —63.3 150

Polyelectrolytes can easily be adsorbed onto the surface of ZrO,
nanoparticles, providing an organic barrier, which prevents parti-
cle agglomeration in suspension. It was also expected that the pos-
itive surface charge can improve the particle transport towards the
negatively charged cathode by electrophoresis and facilitate the
electrostatic adsorption of suspended particles on a cathode sur-
face, enhancing the particle incorporation into the matrix [2].
Zeta potentials of zirconia particles in the plating solution with
the PDADMAC addition were measured by dynamic light scattering
(DLS) and shown in Fig. 4. As can be seen, with the increasing con-
centration of polyelectrolyte (CgH;gNCl),, an increase of zeta
potential up to +35 mV is observed, due to the adsorption of the
cationic dispersant on the particle surface. The cationic polyelec-
trolyte in the plating bath slightly diminishes the agglomeration
and helps to obtain homogeneous distribution of the particles.
This distribution was about 140 nm, whereas it was almost
170 nm without surfactant. It was also found that introduction of
PDADMAC into the solution improves the bath stability. The parti-
cles remained uniformly distributed without sedimentation during
a few days mainly due to the mutual repulsion and increasing vis-
cosity of the solution [32]. Similarly, it has been reported that poly-
electrolyte dispersant containing aromatic rings (PEDA) to disperse
zirconia nanoparticles in Ni-ZrO, plating bath has been success-
fully applied [21].

The effect of PDADMAC polyelectrolyte on the electrodeposition
of composite coatings was studied at a particle concentration in
electrolyte solution of 5 g/L, current density of 7 A/dm?, under
forced convection conditions corresponding to the rotation of a
steel disk cathode at 340 rpm. The results obtained suggest that
incorporation of ZrO, particles inhibits the deposition process of
Ni-W alloy (forming a matrix of the composite) due to a reduction
of the electroactive surface of the cathode and its polarization
(Table 3). The effect is significantly intensified in the presence of
the polyelectrolyte addition in the plating bath, which additionally
adsorbs on the cathode. The cathodic current efficiency of Ni-W
electrodeposition decreases about three times compared to the
bath without the addition. From the results presented in Table 3,
it is interesting to observe that the amount of embedded ZrO, par-
ticles in the coating slightly diminishes in presence of the addition
of PDADMAC, despite the positive zeta potential. The lack of the
beneficial effect of cationic surfactants on the amount of inert par-
ticles in electrodeposited composites that has been observed for
different systems is contrary to other findings and assumptions
for the promotion of particle co-deposition by surfactants [33].
This effect could indicate either a low impact of electrophoretic
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Fig. 4. Zeta potential of ZrO, particles in increasing concentration of the cationic
polyelectrolyte (CgH1gNCl), (volume of 0.02% solution).
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Table 3
Chemical composition (wt.%) of Ni-W and Ni-W/ZrO, coatings and current efficiency
(%) of alloy matrix deposition.

SYSTEM ADDITION  Ni w 7t0,  Effwi  Effw  Effaioy
(WE%)  (wt%)  (wtd) (%) (%) (%)
Ni-W - 52 48 - 107 93 20
Ni-W/zZro, - 47 477 53 91 89 18
Ni-W/ZrO, PDADMAC 42.2 54.5 33 32 38 7

migration in the zirconia incorporation process or a too high con-
centration of surfactant used, since the excess may adsorb on the
cathode surface, increasing the effective current density. As shown
further (Fig. 11), an increase of the current density results in a
decrease of the particle content in the composite coatings.
Moreover, an excess of surfactant can be incorporated into depos-
its, which generally leads to brittle coatings.

Fig. 5 shows the backscattered SEM (BSE) images of the surface
and a cross section of Ni-W/ZrO, composite coating obtained in
presence of the polyelectrolyte in the plating bath. The zirconia
particles appear black against the grey Ni-W matrix. The compos-
ite coatings were compact and well adhered to the steel substrate
and characterized by a smoother surface compared to the coatings
deposited from the bath without the addition. The ZrO, particles
were found to be distributed more homogeneously in the matrix.

3.3. Effect of ultrasonication

Besides chemical treatment using a suitable surfactant, agglom-
eration of nanoparticles can be avoided to a significant extent by
physical dispersion, including ultrasound (US). Ultrasound is often
applied to prepare a stable suspension of ceramic particles in the
electrolyte solution prior to the composite plating, whereas the
use of US treatment during electrolysis is not common. However,

some reports indicate a beneficial effect of US-assisted
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Fig. 5. SEM image (BSE) of the surface (a) and cross section image with EDX signal
for Zr-L and O-K along the linescan (b) of Ni-W/ZrO, (42 wt.% Ni, 55 wt.% W, 3 wt.%
Zr0O,) composite coating deposited from a plating bath containing 5 g/L ZrO, of pH 8
in the presence of PDADMAC addition (7 A/dm?, 60 °C, 340 rpm).

electrodeposition of composites compared to the conventional
silent procedure [34-36]. The propagation of US waves in the plat-
ing bath generates high pressure, causing stress that promotes the
separation of individual nanoparticles from agglomerates [36].
Moreover, the cavitation effect can enhance the diffusion pro-
cesses, remove the hydrogen bubbles adsorbed on the cathode,
and clean and activate its surface. In most of the work presented
in the literature, a US probe directly immersed into the plating
bath was the source of ultrasonic energy [35,36]. Instead, in the
present study, the cell containing the electrolyte solution was
immersed in an external ultrasonic generator (heated US bath)
with a frequency of 35 kHz and 130 kHz. Ni-W/ZrO, composite
coatings were obtained in the ultrasonic field, as well as in silent
electrodeposition. It was found that under ultrasonic treatment
(at 35 kHz), the ZrO, particle incorporation into the Ni-W matrix
increases significantly. For example, an enhancement of particle
content from 1.7wt% to 4.7wt.% in coatings deposited at
7 A/dm?, from plating solution containing 10 g/L was observed.
At the same time, the tungsten content in Ni-W alloy matrix
decreases about 3 wt.%. Ultrasonication also results in a slight
increase in cathodic current efficiency (about 5%), due to a decrease
of hydrogen incorporation in the coatings. The enrichment of zirco-
nia nanoparticle embedding observed under ultrasonication is
mainly related to two synergic effects, i.e., the acceleration of the
particle transport to the cathode surface and de-agglomeration
(breaking up and preventing the agglomerate formation) [34-36].
It is known that separate individual nanoparticles exhibit greater
opportunity than the agglomerated particle groups to be co-
deposited due to stronger attraction by the electric field, making
effective strong adsorption on the cathode surface [29]. In contrast,
the decrease of the ZrO, content incorporated in the coatings
deposited under the higher US frequency studied (130 kHz) has
been observed. The effect could be compared to excessive bath agi-
tation, which causes the loosely adsorbed nanoparticles to be
removed from the cathode surface before they are co-deposited
[14,24,37,38]. Thus, in further experiments the frequency of
35 kHz was accepted as the most favourable for sufficient nanopar-
ticle incorporation. A similar US frequency for the deposition of
Ni-Co/Al,03 alloy matrix composite has also been chosen [38].

The pure Ni-W metallic coatings electrodeposited under silent
electrodeposition exhibit a regular pyramidal-like surface mor-
phology (Fig. 6a). The introduction of zirconia particles into the
electrolyte solution changes the surface morphology. Indeed, the
composite coatings fabricated without US show incoherent,
globular surface morphology (Fig. 6¢). At higher current density
(11 A/dm?), the coating surface becomes more developed and
larger cauliflower-like structures were formed (Fig. 6e).
Ultrasonication results in a substantial surface modification. The
surface morphologies of all coatings obtained were changed to
more regular, smooth, compact and homogeneous with a reduction
of roughness (Fig. 6b, d and f). Moreover, the composite coatings
obtained with ultrasonication treatment show a uniform chemical
composition across the thickness. The application of US enhances
homogeneous, well-dispersed particle incorporation. TEM observa-
tions confirmed that the presence of ultrasound considerably
reduces the particle agglomeration and promotes a uniform disper-
sion of ZrO, nanoparticles in the Ni-W matrix (Fig. 7a). The Ni-W
matrix was characterized, nanocrystalline grains of an average size
below 10 nm. HRTEM image shows good interconnection between
phases (ceramic particles and the metallic matrix), the lack of voids
and discontinuity at the interface (Fig. 7b).

3.4. Effect of ceramic particle concentration

For a wide range of MMC systems, the inert particle composite
content increases to a certain limiting value reached at higher
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Fig. 6. SEM surface images of coatings electrodeposited under the silent condition (a, c, e) and sonication (b, d, f) as follows: metallic Ni-W (a, b), composite Ni-W/ZrO,
deposited at 7 A/dm? from solution containing zirconia powder of 10 g/L (c, d) and deposited at 11 A/dm? from solution of 5 g/L ZrO, nanoparticles (e, f).

particle bath concentration [33]. The behaviour is related to the
particle adsorption at the cathode surface according to a
Langmuir adsorption isotherm, and corresponds to the first stage
(i.e., the physical loose adsorption) in a successive two-step
adsorption mechanism for incorporation of inert particles during
electrodeposition proposed by Guglielmi [39]. Such dependence
was observed for a Ni-W/ZrO, composite deposited from a citrate
bath containing zirconia in the concentration range of 2.5-5 g/L, in
the presence of sodium dodecyl sulphonate [40]. In contrast, in the
present study, for incorporation of zirconia particles in the Ni-W
matrix, a deviation from the Langmuir adsorption behaviour at
higher particle concentration in the electrolyte bath was observed.
The weight percentage of the ZrO, particles in the composites

increases continuously by raising concentration of zirconia powder
in the plating solution (Fig. 8). At the same time, the tungsten con-
tent in Ni-W/ZrO, coatings decreases gradually from 50 wt.% to
43 wt.% with the increase of zirconia concentration from 5 g/L to
30 ¢g/L in the plating bath. A similar effect was observed for elec-
trodeposited Ni-W/Al,03 and Ni-W/diamond composite coatings
[14,41]. An increase of ZrO, composite content at a high particle
bath concentration may be caused by the impact of hydrodynamics
(RDE under ultrasonicated conditions) or additional particle
adsorption at sites that were not accessible at low particle concen-
tration [33]. Also, a higher concentration of particles in the plating
bath can enhance the adsorption rate on the cathode surface, thus
resulting in a higher content of co-deposited ZrO, nanoparticles
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Fig. 7. TEM (a) and HRTEM (b) images of a cross section of Ni-W/ZrO, coating electrodeposited with ultrasonication (35 kHz) from the plating bath containing 20 g/L zirconia

particles (7 A/dm?, 340 rpm).

10 - g

ZrO, content in composite, wt.%

5 10 15 20 25 30
ZrO, concentration in bath, g/L

Fig. 8. Effect of ZrO, concentration in the plating bath on wt.% incorporation of ZrO,
in the Ni-W/ZrO, composite coatings deposited in ultrasonic field of 35 kHz, at
7 Aj[dm?, 60 °C, in a hydrodynamic condition corresponding to the cathode rotation
speed of 340 rpm.

[16]. A decrease in particle composite content at higher particle
bath concentration, due to settling and agglomeration of the parti-
cles is also reported in the literature [33].

Regardless of the amount of embedded ceramic phase, the
Ni-W/ZrO, composite coatings obtained are of high quality,
homogenous, smooth and compact and adhere well to steel sub-
strates. Fig. 9 shows the SEM images of the surface and cross sec-
tion of the Ni-W/ZrO, composite coatings electrodeposited from
the nickel-tungsten plating bath containing 5 g/L and 30 g/L zirco-
nia particles. As seen, ZrO, particles are uniformly distributed
throughout the Ni-W matrix (from the steel substrate to surface
of the coatings), even for the highest examined concentration of
Zr0, in the bath. Lack of visible aggregates of zirconia particles
was observed. Fig. 10 presents XRD patterns of Ni-W/ZrO, coatings
deposited at different ZrO, particle loadings of the electrolyte solu-
tion. All the as-deposited coatings are characterized by a similar
pattern showing only Ni and ZrO, diffraction peaks (the Fe peaks
originated from the steel substrate).

The most intensive peak, located at 20 = 44°, corresponds to the
Ni (111) reflection. The relative intensity of ZrO, fits well to
the particle content in deposits. XRD analysis reveals also that
the electrodeposited Ni-W matrix is composed of a nanocrystalline

face-centred cubic single phase (supersaturated solid solution of
tungsten in nickel) and embedded zirconia consists of tetragonal
and monoclinic phases. With increasing ZrO, particle content, the
lines of Ni on XRD patterns increasingly broadened and their inten-
sities slightly decreased as the microstructure of Ni-W matrix
becomes more fine grained. Similarly, ZrO, nanoparticles perturb
the growth of the nickel matrix of Ni/ZrO, composites, resulting
in the formation of finer grains [21]. The mean crystallite size
(the size of the coherent domains) of the Ni-W matrix, estimated
using model in Rietveld algorithm (MAUD software [26]), is in
the range below 10 nm, whereas the average zirconia particle sizes
are 45 nm and 50 nm for tetragonal and monoclinic phases, respec-
tively. It should be noted that the average particle size is also con-
firmed by TEM examination.

3.5. Effect of current density

In addition to the particle concentration, the current density is
the most widely investigated parameter in MMC electrodeposition,
wherein the direct current (DC) has most commonly been used.
Current density is a very important operating variable in electro-
chemical technology, since it controls the electrodeposition rate,
current efficiency, the chemical composition and microstructure,
strongly affecting the functional properties of the resulting coat-
ings. For MMCs, two main types of current density dependencies
can be distinguished [33]. The inert particle composite content
with current density either decreases or increases continuously
or exhibits maxima, which is mostly related to the metals deposi-
tion behaviour [3,42]. However, some authors found little or no
influence of current density on the particle incorporation [2].

In the present study, keeping the concentration of the particles
(5 g/L), bath temperature (60 °C) and disk cathode rotation speed
(340 rpm) constant, the current density was investigated in the
range of 5-11 A/dm?. Fig. 11 shows the influence of the current
density on the ZrO, content in Ni-W/ZrO, coatings. As can be seen,
the weight percentage of the co-deposited ZrO, nanoparticles
decreased with an increase in current density (in the tested range).
Similar results were reported for other systems, e.g., Cu-ZrO, com-
posites [43]. At higher current densities, an enhanced deposition of
metals occurs and particle incorporation becomes mainly diffusion
controlled due to less accessibility of ZrO, particles with respect to
the higher deposition rate of Ni-W alloys [44]. Thus, a continu-
ously decreasing particle composite content with increasing cur-
rent density was observed. It should be also noted that the
current efficiency of the coating deposition increases over a range
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Fig. 9. SEM (BSE) image of the surface (a, ¢) and cross section (b, d) of Ni-W/ZrO, composite coatings electrodeposited from the plating bath with ZrO, particle loading of

5 g/L and 30 g/L, respectively (35 kHz, 340 rpm).
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Fig. 10. XRD patterns (Cu Ko line) of metallic Ni-W and composite Ni-W/ZrO,
coatings deposited from the electrolyte baths loaded with different amounts of
Zr0,, at 7 A/dm? (35 kHz, 340 rpm).

of tested current densities from 18% to 37%, at 5A/dm? and
11 A/dm?, respectively. Current efficiency is a part of electrical
charges consumed for the deposition of nickel and tungsten, form-
ing the Ni-W alloy. The remaining difference of the total charge is
utilized for hydrogen evolution (cathodic side reaction). The
change in the plating rate as a function of current density is also
shown in Fig. 11. The plating rate refers to the final thickness of
the composite coatings electroplated during 1h. Fig. 12 shows,
for example, SEM surface images of Ni-W/ZrO, coatings obtained
at two different current densities (5A/dm? and 8 A/dm?).
Homogeneous distribution of zirconia particles within the metallic
matrix in the whole studied DC range was observed (Fig. 12a
and c). However, when higher current densities were applied
(>7 A/dm?), the surface morphology changed from dense and com-
pact to rough and globular, wherein the globule size increases with
a further rise of current density (Fig. 12b and d).

It is known that finer-grained deposits are the result of condi-
tions that favour crystal nuclei formation, such as increasing cur-
rent density. Generally, decreasing crystallite size is the result of
factors that increase the cathode polarization [45]. Thus, with
increasing cathodic current density values, a composite coating
with a smaller grain size matrix should be obtained.

However, practically no impact of the current density on the
further microstructure refinement of Ni-W alloy matrix was
observed. For the range tested (5-11 A/dm?), current density vari-
ation does not affect the peak width of XRD spectra recorded for
composites, as shown in Fig. 13. An increase of DC density value
does not bring about the expected decrease in grain size, while
the dispersion phase addition reduces it slightly (Fig. 10).

ZrO, content, wt.%
y/w ‘ejes Bune|d

4 5 6 7 8 9 10 1 12
Current density, A/dm?

Fig. 11. Effect of the current density on the plating rate (um/h) and the ZrO,
content (wt.%) in Ni-W/ZrO, coatings obtained with 5 g/L particle loading in plating
bath (35 kHz, 340 rpm).
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Fig. 12. SEM surface images (BSE and SE) of Ni-W/ZrO, composite coatings deposited at 5 A/dm? (a, b) and 8 A/dm? (c, d) obtained with 5 g/L particle loading in plating bath.
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Fig. 13. XRD patterns (Cu Ko) of Ni-W/ZrO, composites deposited at different
current densities.

3.6. Mechanical properties

The hardness of composite coatings is mainly determined by
the microstructure of the matrix and properties of reinforced

Table 4

particles in the coatings. The microhardness value and Young's
modulus of the Ni-W/ZrO, composites were measured during an
indentation test with a Vickers diamond indenter according to
ISO 14577-1 standard. Microindentation tests revealed that all
as-deposited composite coatings obtained are characterized by a
very good microhardness, which varied from about 8.5 GPa to
9.0GPa, and a Young's modulus value from 190 to 200 GPa,
depending on ZrO, particle content (Table 4). Moreover, the micro-
hardness of the composite coatings is about 1 GPa higher than
metallic Ni-W coatings. Thus, the ZrO, nanoparticles co-deposited
in the Ni-W alloy matrix can restrain the plastic deformation of the
matrix under loading, mainly due to enhanced dispersion strength-
ening effects. However, as shown in Fig. 14, the coating microhard-
ness slightly decreases with increasing zirconia concentration in
the electrolyte solution (over the tested range of 5-30 g/L). A sim-
ilar effect was also observed for Ni/ZrO, composites deposited
from a Watts type bath containing 10 g/L zirconia particles of
30 nm [20]. Other authors have observed for the Ni-W/ZrO, com-
posites that microhardness of composites increasing with the
increase in weight percentage of ZrO, nanoparticles in the coat-
ings, deposited from a bath of 2.5-5 g/L zirconia concentration
(Table 5) [19]. In practice, the most important parameter deter-
mining the mechanical properties of materials is the plasticity

Chemical composition and micromechanical properties of Ni-W and Ni-W/ZrO, coatings of varying zirconia content (average thickness about 15 um): Hyr - microhardness, E -
elastic modulus, Hip/E - plasticity index, hya.x — maximum penetration depth, W, - wear index.

Zr0, (wt.%) W (wt.%) Hir (GPa) E (GPa) Bmax (nm) Hir/E W,-107% (mm?/Nm)
- 49.6+1.0 7.6+0.40 189+8 525+11 0.040 53+0.8
5.0+0.2 50.1+1.0 9.1+£0.74 19120 49119 0.048 3.8+£0.5
76+0.3 47.2+0.9 8.9+0.52 201+18 488 + 14 0.044 74+15
8.6+0.3 45.3+0.9 8.2+0.60 192+10 509 +19 0.043 7.8+2.1
12505 43.2+09 8.3+0.40 190+ 12 51113 0.044 8.1+22
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index (Hir/E). The Ni-W/ZrO, composite coating with the lowest
particle content (about 5 wt.%) are characterized by the highest
plasticity index and thus the best mechanical properties.

It is known that for metallic nanomaterials, at the smallest grain
size range, the hardness does not increase with a further reduction
in grain size, and the so-called inverse Hall-Petch behaviour is
observed [20]. The ceramic particles in the metal matrix could pre-
vent or suppress grain boundary migration and act as obstacles to
dislocation movement and grain boundary sliding, increasing the
hardness over the limit for the nanocrystalline metals [20].
However, these effects depend primarily on the amount of the par-
ticles, their size and distribution in the metallic matrix and metal-
ceramic interface bonding.

It can be assumed that the zirconia particle-strengthened Ni-W
coatings exhibit an improvement of hardness (compared to metal-
lic coatings) due to grain stabilization and dispersion hardening of
the metal matrix grains. XRD peak broadening of Ni-W/ZrO, com-
posites show that the size of the metal matrix grains was not very
much affected by the co-deposition of an increasing amount of
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© c
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Fig. 14. Vickers microhardness and Young’s modulus of Ni-W/ZrO, nanocomposite
coatings deposited from the electrolyte solution with varying particle
concentration.

ceramic particles. Nevertheless, it should be noted that with
increasing the ZrO, content in composite coatings, a gradual
diminution of tungsten in Ni-W alloy matrix is observed. Indeed,
the tungsten content decreases progressively from 50 wt.% to
43 wt.% with the increase of zirconia concentration in the plating
bath from 5 g/L to 30 g/L (Table 4). This effect may be responsible
for a slight hardness reduction in the resulting composite coatings.
The mechanical properties of composites can also deteriorate due
to a greater hydrogen evolution in the electrodeposition process
(also in the deposits), accompanying the increasing zirconia pow-
der concentration in the bath (polarization effect) [14,19,47]. In
order to avoid the hydrogen defects and their influence on the
composite mechanical properties, an adequate heat treatment is
necessary. As can be seen from the data in Table 4, only the com-
posite coating containing the smallest ZrO, content (5 wt.%) is
characterized by a much higher wear resistance (wear index
3.8 x 10°° mm?/Nm) than Ni-W metallic coating (wear index
5.3 x 107 mm>3/Nm). However, further increase in the ZrO, con-
tent results in decrease in wear resistance of composite coatings.
The effect is mainly due to the significant brittleness of coatings
containing more than 5wt.% ZrO,, which is confirmed by the
images of scratch tracks (Fig. 15). As is clearly visible, the nature
of the deformation changes from plastic deformation to brittle
fracture for composite enriched with zirconia. Moreover, cracking
process is intensified with a further increase in the ZrO, content
as shown by microscratch tests (Rockwell C using a spherical dia-
mond stylus).

4. Conclusions

The electrodeposition conditions for Ni-W/ZrO, nanocompos-
ites have been developed. The Ni-W/ZrO, coatings with
homogeneously dispersed zirconia particles can be produced by
ultrasonication-assisted electrochemical co-deposition from an
aqueous non-toxic (sulphate-citrate) electrolyte solution.
Application of ultrasound promotes uniform particle distribution
in the volume of the composite; however, the best results were
obtained for the lower frequency. All composite coatings obtained
(regardless of the current density and zirconia concentration in the
bath) that were of grey-shiny appearance were crack free, homoge-
nous, compact and well adherent to the steel substrate. The Ni-W

Fig. 15. LM images of scratch track of Ni-W/ZrO, coatings containing 5 wt.% (a), 7.8 wt.% (b) and 12.5 wt.% (c) of ZrO,, respectively (load 30 N).

Table 5
Microhardness of Ni/ZrO, and Ni-W/ZrO, nanocomposite coatings obtained under different conditions.
Composite system  Size of ZrO, crystallites (nm)  Concentration range Phase composition Vickers microhardness, HV ~ References
(g/L)
Ni/ZrO, 4-10 10-50 Mixture of the tetragonal and monoclinic  300-500 [46]
Ni/ZrO, 10-30 10 Not available 350-450 [20]
Ni-W/ZrO, 50 2.5-5 Not available 500-700 [19]

Ni-W/Zr0, 50 5-30

Mixture of the tetragonal and monoclinic

800-850 Present work
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matrix consists of a nanocrystalline face-centred cubic single phase
(supersaturated solid solution of tungsten in nickel) and is charac-
terized by nanocrystalline grains of an average size below 10 nm.
Good interconnection between phases (ceramic particles and the
metallic matrix), the lack of voids and discontinuity at the interface
was observed. These composite coatings exhibit a considerable
enhancement in microhardness in comparison to pure Ni-W and
composite Ni/ZrO, coatings. The Ni-W/ZrO, composites with the
lowest particle content (about 5 wt.%) are characterized by the best
mechanical properties.
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