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Abstract Pure and composite nickel deposits containing
nano-TiO, particles (d;, = 21 nm) were produced under
direct-DC and pulse current-PC conditions. The influence
of pulse frequency on the codeposition of TiO, particles,
preferred orientation of Ni crystallites and grain size, as
well as microhardness of the composites, was investigated
systematically. Composites prepared in PC regime dis-
played higher incorporation percentage than those obtained
under DC conditions, and the highest incorporation rates
were achieved at pulse frequencies v > 100 Hz. The
application of pulse frequency accompanied by the
embedding of TiO, nanoparticles in the nickel matrix
resulted in a strong influence upon the crystalline orienta-
tion, the grain size and the corresponding microhardness.
All composites exhibited higher microhardness values
compared to the pure deposits, independent of the applied
current conditions. Overall, when ascribing the observed
strengthening effect of composites, not only grain refine-
ment and dispersion strengthening mechanisms but also
preferred crystalline orientation should be taken into
consideration.
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1 Introduction

Electrolytic codeposition is widely used for preparing
metal matrix composite coatings in micro to nanodimen-
sions as a low cost and versatile process [1]. In the last
years, a lot of study has been performed on the TiO, co-
deposition process, with matrices as Cu [2, 3], Ag [2, 3]
and Zn [4, 5]. Specifically, TiO, particle-reinforced Ni
composite electrodeposits exhibit improved mechanical
properties [6—12], accompanied by an interesting photo-
electrochemical [3] and electrocatalytical behaviour [13].
Moreover, literature survey has revealed that the incorpo-
ration of nano-sized TiO, particles into the nickel matrix,
under direct current (DC) electrodeposition, leads to the
formation of finer structures with reduced grain size [12,
14, 15], decreases the residual tensile stresses [12],
increases the hardness [6—12], wear [9-12] and corrosion
resistance [6, 10, 12] of the coatings, compared to pure Ni
electrodeposits, although controversial results have been
reported concerning corrosion resistance [8].

However, only few scientists have examined the textural
modifications induced by the presence of TiO, particles in
the Ni matrix [14, 15], and have attempted to correlate them
with the structural and mechanical properties of the coat-
ings. For example, Lampke et al. have made an effort to
relate the microhardness of Ni/TiO, composites, prepared
under DC conditions, with the observed metal matrix tex-
tures, and concluded that the hardness is highest when the
nickel grains are aligned in a columnar way [8]. Moreover, it
has been demonstrated that the presence of TiO, nano-
particles in the deposits favours the predominance of [100]
texture of the nickel matrix over an extended region of
electrodeposition conditions. In addition, TiO, embedding
leads to the confinement of the [211] and [110] preferred
orientation domains and to the transformation of [210] to a
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random oriented crystalline growth. It has been proposed
that during electrodeposition H* adsorption/desorption
phenomena on the titania surface take place, depending on
the pH of the electrolyte, while inhibition of particular
chemical species (i.e. Ni(OH),, H,4s and H,) is occurring,
resulting to the imposition of specific modes of nickel
crystal growth [14].

Pulse current (PC) deposition is a powerful means of
perturbing the adsorption—desorption phenomena occurring
at the nickel cathode/electrolyte interface (catholyte), and
hence the electrocrystallization process, offering the
opportunity to control the structure and the properties of the
produced deposits [16—18]. The rather complex perturbation
of nickel growth provoked by pulse plating could be sum-
marised as follows: (a) medium perturbations allow the
adsorption/desorption of interfacial inhibitors, such as H, or
Ni(OH),, and (b) large perturbations lead to the appearance
of the [110] mode of growth, which is attributed to a severe
growth inhibition due to the presence of H,q4s [17].

In the case of Ni/particles co-deposition, the application
of pulse current techniques results to the production of
composite coatings with higher percentages of particle
incorporation, reduced grain sizes and a more uniform
distribution of particles in the Ni matrix, than those
attained under DC regime. Pulse plating has yielded many
nickel matrix composites, such as Ni-SiC [19, 20], Ni-
Al,O5 [21, 22], Ni-ZrO, [23], Ni-WC [24] and Ni-dia-
mond [25]. It is worth to be mentioned that relatively less
research study has been done in the field of quantitative
texture analysis of composite nickel electrodeposits under
various PC conditions [11, 19, 24, 26]. Specifically, con-
cerning codeposition of nano-TiO, particles in Ni matrix, it
seems that there is a lack of a systematic study regarding
the influence of the PC parameters on structure, apart from
limited reports that refer to restricted pulse plating condi-
tions [27, 28].

Therefore, in this study, based on a previous report
concerning textural modifications induced by pulse plating
electrolysis of pure nickel [17] and expanding our recent
study on Ni/nano-TiO, composites prepared [14], we
investigate the influence of pulse frequency on the code-
position percentage of nano-TiO, particles, surface mor-
phology, grain size and preferred orientation of Ni matrix
crystallites, and microhardness of the composites. The
electrolysis conditions, like current density and pH value,
were chosen so as to produce composites with three ‘initial’
preferred orientations of nickel matrix ([110], [100] and
random oriented) in the DC regime [14]. The term ‘initial” is
used to emphasise that the selected DC plating conditions
correspond to three different Ni crystalline orientations
exhibiting the highest degree of texture perfection. These
initial orientations will be perturbed progressively by pulse
regime. Furthermore, pure nickel deposits under the same
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experimental conditions and both types of imposed current
(DC and PC) were also produced for comparison, to verify
any possible textural modifications induced by the presence
of titania nano-particles in the matrix.

2 Experimental

Pure Ni and composite Ni-TiO, coatings were electrolyt-
ically deposited under both DC and PC conditions from an
additive-free nickel Watts solution as illustrated in Table 1.
The electrodeposition experiments were performed on
rotating disc electrodes (RDE) with a constant rotation
velocity of 600 rpm. The solution temperature was main-
tained by water circulation thermostat at 50 £ 1 °C. Nickel
plate of 99.9% purity, positioned on the side of the elec-
trolytic cell, was used as anode, while a standard calomel
electrode was used as the reference electrode. The initial
pH of the bath was adjusted to the constant values of 2.0,
3.5 and 4.0. The concentration of particles in the electrolyte
was set at 20 g L™" and the applied peak current density
varied from 1 to 20 A dm™ 2 The corresponding values of
current density and pH were chosen properly to produce
composite coatings with three well developed textures, i.e.
[110], [100] and random [14], as depicted in Table 1. With
the application of the pulse current technique, new
parameters were introduced, namely, the duty cycle (dc),
which was kept constant at 50% and the pulse frequency
(v) that varied between 0.1 and 1,000 Hz. It should be
noticed that dc = T, /(Ty, + Tof), where T, is the time

Table 1 Experimental conditions for the preparation of pure Ni and
Ni/nano-TiO, composite coatings by electrodeposition

Electrolyte composition

NiSO,-6H,0 330 g L7

NiCl,-6H,0 35gL7!

H;BO; 40 g L~!

TiO, powder (d,, = 21 nm) Oand 20 g Lt
Electrodeposition conditions

Temperature (°C) 50+ 1

Substrate Brass disc (diameter 25 mm)
Cathode rotation rate (rpm) 600

Anode Ni foil

Magnetic stirring (rpm) 250

Type of current DC and PC

Duty cycle (dc) 50%

Frequency (v) 0.1, 1, 10, 100 and 1000 Hz

Ton = Togr 5000, 500, 50, 5 and 0.5 ms
pH 4 35 2

Peak current density (A dm™?) 1 5 20
Texture: Ni [110] [100] [210]
Ni/TiO, [110] [100] Random
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period when the pulses are imposed and T, is the relax- 12
ation time. All the experiments were performed using a | |~ DC,pH=4,=1Adm’

. . --@-PC,pH=4,J=1Adm”
Wenking PGS 95 Potentio-Galvanoscan, and a Kethley DC, pH=13.5,4= § A dri® ,
3400 Pulse/Pattern Generator. 109 | —@—pC,pH=353=5Adm" o

The TiO, powder (Degussa P,s) with a mean diameter of "=~ DCpH=2,J=20 Adm S
-E-PC,pH=2,J=20Adm .

21 nm was used as received without any pre-treatment.
Titania particles were maintained in suspension by contin-
uous magnetic stirring of 250 rpm for at least 24 h before
deposition, as well as during the electrolysis process. The
substrates were brass discs with a total surface area of
0.05 dm? that were mechanically polished and chemically
cleaned in an ultrasonic agitated bath before deposition.
After electrolysis, the deposits were ultrasonically cleaned
in distilled water for 10 min to remove any loosely adsorbed
TiO, particles from the surface. The thickness of the pro-
duced coatings was at least 50 um so as to obtain fully
developed preferred orientations and therefore permit their
determination in a comparable and reliable way.

X-ray diffraction analysis was carried out using a Sie-
mens D-5000 diffractometer, with a Cu K, radiation. In
order to describe the structure and estimate quantitatively
the preferred orientation of the nickel deposits, the relative
texture coefficient RTC ;) was calculated [29]. Grain size
of the crystallites was determined using the (200) and (220)
X-ray diffraction peak broadening according to the Sherrer
equation. The full-width-half-maxima of the peaks were
estimated after background correction and subtracting the
instrumental line broadening, as presented elsewhere [29].

Measurements of the Vickers microhardness (HV in GPa)
of pure nickel and Ni/nano-TiO, composite deposits were
performed on their surface, using a Reichert microhardness
tester under 50 g load for 15 s, and the corresponding final
values were determined as the average of 10 measurements.

Scanning electron microscopy technique (SEM; FEI
QUANTA 200) was applied to study the surface structure
and morphology of the Ni/TiO, coatings. The concentra-
tion of TiO, particles on the surface was evaluated using
energy dispersive X-ray spectroscopy (EDS, Oxford
Instruments). The concentration of TiO, codeposited nano-
particles with Ni resulted from the mean value of at least
three measurements along the radius of the disk.

3 Results and discussion

3.1 Effect of pulse frequency on TiO, nano-particles
codeposition percentage

Figure 1 illustrates the incorporation percentages (vol.%)
of TiO, nano-particles in Ni matrix composites, prepared
under both DC and PC conditions, as a function of pulse
frequency at various pH and current density values. It is
obvious that composite electrodeposits prepared under PC

TiO » in deposit/vol. %

T
0.1 1 10 100

Pulse frequency/Hz

T
1000

Fig. 1 Volume percentage of codeposited nano-TiO, particles in
nickel matrix as a function of pulse frequency, under both DC and PC
conditions, at various pH and current density values

conditions have higher incorporation percentages than
those obtained under DC conditions, for all the applied
working conditions (pH, current density). This is in
accordance with relative results regarding Ni/SiC and Ni/
WC composite electrodeposits [19, 24, 26, 30].

Moreover, the volume fraction of TiO, nano-particles in
the composite coatings increases rather gradually as the
pulse frequency is increased and achieves the highest value
at the pulse frequency of 1,000 Hz, regardless of the pH
value or the imposed peak current density. In particular,
the highest percentage of embedded TiO, nano-particles
into the nickel matrix (10.7 &= 1.3 vol.%) is observed at
pH=2, J,=20A dm™? and pulse frequency v =
1,000 Hz (Fig. 1). Under specific electrolysis conditions
(pH, J) an analogous increment of codeposition percentage
with increasing pulse frequency has been observed for Ni/
Al,O5 composite coatings [22, 31], although contradictory
conclusions also exist in literature [21, 32]. Therefore, to
elucidate the correlation between pulse frequency and co-
deposition percentage, this study covers an extended range
of pulse frequencies and electrodeposition parameters.
Thus, it is proved that systematically the highest incorpo-
ration rates are achieved at pulse frequencies v > 100 Hz
under various values of pH and current density.

Given that all pulse plating experiments were conducted
under dc = 50%), it is apparent that the deposition time was
equal to the relaxation time. According to Chen et al. [22],
prolonged relaxation times T, i.e. low pulse frequencies,
are associated with decreased incorporation, since it is
possible that some particles, which were loosely adsorbed
on the cathodic surface could be desorbed due to the
stirring of the suspension during these long T, times.
Consequently, the percentage of incorporated TiO,
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nano-particles increases with increasing the pulse fre-
quency. This experimental finding could also be linked to
the suggestion of Podlaha et al. [33] that the maximum
particle concentration is realised where the deposits’
thickness per cycle approaches the particles diameter size.
Therefore, taking into consideration that the TiO, particles
are in the nanometre scale, small T,, values will favour the
occlusion. Moreover, according to the codeposition model
proposed by Celis et al. [34], a particle will only be irre-
versibly incorporated in the growing metal matrix when a
certain amount of adsorbed ionic species is reduced.
Amongst the parameters that affect the reduction process,
the applied overpotential is one of the predominant ones
[18, 35, 36]. Indeed, in our experimental set-up and at the
highest applied frequency, we have observed a high
instantaneous current spike induced at the beginning of the
T,, period—instead of a regular rectangular pulse—fol-
lowed by a decrease towards a limiting value of peak
current density (J,). This is in accordance with previous
results regarding codeposition of submicron alumina par-
ticles (0.05 um) in Au—-Co matrix under the same pulse
plating conditions [31]. Thus, the higher overvoltage at
1,000 Hz could also result in the enhanced embedding rate
of TiO, nanoparticles in the nickel matrix.

Figure 1 also illustrates the influence of the pH value of
the electrolytic bath on the titania codeposition percentage.
However, the pulse frequency and the type of imposed
current demonstrate the most pronounced effects. At
pH = 3.5, a less prominent improvement of the codepo-
sition percentage in the nickel matrix is observed, when
going from DC to PC plating, compared to the deposits
prepared under other pH values (4 and 2). This finding is
consistent with the results of our previous study concerning
TiO, particles reactivity with H" [14], since the point of
zero charge for this system is at pH = 3.5 and conse-
quently, this specific working condition is unfavourable for
the codeposition of titania nano-particles.

3.2 Effect of pulse frequency on the structure
of pure nickel and Ni/nano-TiO, deposits

3.2.1 Perturbation of [110] initial preferred orientation

Figure 2 demonstrates the quantitative X-ray diffraction
analysis of the raw data for pure and composite electro-
deposits, exhibiting [110] ‘initial’ preferred orientation
under DC conditions, as a function of applied pulse fre-
quency. It is worth to be mentioned that the induced
modifications of [110] preferred orientation by pulse plat-
ing conditions for both pure nickel and composite coatings
have not been investigated thoroughly elsewhere in the
literature. First of all, comparing the deposits prepared
under DC conditions, it is obvious that the embedding of
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the nano-TiO, particles in the nickel matrix is accompanied
by a significant improvement of the quality of [110] pre-
ferred orientation (Fig. 2a). The observed enhancement of
[110] texture in the presence of 20 g L™ titania in the bath
under DC mode is in accordance with our previous results
[14].

Regarding pure nickel deposits (Fig. 2a), the application
of 0.1 Hz pulse frequency leads to the enhancement of
[110] preferred orientation, while for medium pulse fre-
quencies (1 and 10 Hz), the predominance of [211] orien-
tation is revealed. At this point, it should be noticed that the
reinforcement of [211] crystalline orientation is concluded
by the relative increasing of (311) and (111) diffraction line
intensities [29]. However, at higher values of pulse fre-
quency (>100 Hz), a [110] texture reappears. Under such
experimental conditions (pH =4 and J,=1A dm™?),
which are close to the boundaries of textural modification
[110] — [211] as reported in Ref. [14], nickel deposits
with a [211] preferred orientation seem to be favoured at
medium pulse frequencies.

In the case of Ni/nano-TiO, composites, the ‘initial’
[110] orientation of the DC deposit is preserved with high
perfection (Fig. 2a) by increasing values of pulse fre-
quency, except from the value of v = 1,000 Hz, where a
mixed orientation of [110] and [211] texture is apparent.
Comparison of pure and composite coatings reveals that
the most pronounced textural modifications are observed at
medium frequencies, where the presence of TiO, nano-
particles in the deposits induces the [110] Ni crystalline
orientation instead of [211]. This alteration, achieved under
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Fig. 2 Influence of imposed current type on (a) relative texture
coefficient values of (220) diffraction line, and (b) average grain size,
for pure and composite nickel coatings prepared under pH = 4 and
Jo,=1A dm ™2 (Numbers in brackets notify the corresponding nickel
preferred orientation of the coating)
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these specific electrodeposition conditions, could be cor-
related with enhanced concentration of H,g4 in the cathode/
electrolyte interface [37] induced by the presence of
charged titania particles in the catholyte, which in turn
imposes the [110] nickel crystalline orientation against the
other modes of nickel growth.

The observed alternations between the preferred orien-
tations (Fig. 2a), provoked either by the engulfing of the
TiO, nano-particles in the Ni matrix or/and by the different
values of imposed pulse frequency, strongly affect the
average grain size of the nickel crystallites (Fig. 2b). An
almost ‘mirror-like’ behaviour of the quality of preferred
orientation and corresponding average grain size as a
function of applied frequency is apparent. The [110] pre-
ferred orientation is accompanied by the lowest values of
average grain size compared to those exhibiting [211]
texture (Fig. 2b). This finding is consisted with literature
data [14, 17] and indicates that for both kinds of deposits
the preferred orientation of the nickel crystallites and the
average grain size are directly correlated.

Moreover, the application of the highest pulse frequency
value leads to further reduction of the average grain size of
Ni crystallites resulting to the lowest value achieved for
pure and composite deposits, which is approximately the
same for both kinds of deposits (Fig. 2b), though the
highest titania incorporation rate is achieved. Studies
concerning the incorporation of TiO, nanoparticles in
nickel under DC regime have shown that the dispersed
nano-particles either increase the nucleation [6, 12] or
restrain the crystal size rather by inhibiting crystal growth
than by providing new nucleation surfaces [14, 15].
However, it seems that, under these PC conditions, pulse
frequency is the main factor determining the average grain
size of the Ni crystallites, diminishing the influence of the
increased codeposited titania particles. This could be
attributed to the formation of increased number of new
nuclei on the cathode surface due to high overpotential
applied under these pulse plating conditions [18].

3.2.2 Perturbation of [100] ‘initial’ preferred
orientation

Figure 3 represents the quantitative analysis deduced from
X-ray diffraction raw data, illustrating: (a) the alteration
of the quality of [100] ‘initial’ preferred orientation and
(b) the average grain size of pure and composite deposits
prepared under increasing values of pulse frequency.
Comparing deposits prepared under DC conditions, a cer-
tain refinement of the Ni crystals is observed—although the
quality of the [100] orientation is similar—due to the
incorporation of the titania particles in the nickel matrix.
Moreover, all pulse plated deposits exhibit reduced grain
size compared to DC deposits. Especially, at very high

frequencies, the nickel matrix crystals size can be refined to
less than 50 nm.

Regarding pure nickel deposits, the application of
increasing values of pulse frequency results to deposits
characterised by a decreasing perfection of [100] (Fig. 3a)
texture, and consequently to the following sequence of
texture modifications: [100] — [211] — [110]. These
structural modifications are also discernable in SEM sur-
face images of Fig. 4. For example, at medium frequencies
(10 and 100 Hz) crystals oriented through [211] axis are
distinguished, and their size increases as the frequency is
increased (Fig. 4b, c). This increment is expected since the
increase in the quality of the [211] texture (Fig. 3a) is
linked to the formation of larger crystallites, in accordance
with reports regarding pure nickel deposits under PC
conditions [29]. At the highest frequency, the predomi-
nance of [110] preferred orientation is revealed (Fig. 3a),
which is accompanied by the drastic refinement of crys-
tallites reaching the mean grain size of ~30 nm, as
depicted in Figs. 3b and 4d. Overall, electrocrystallization
of nickel is once more proved to be a highly inhibited
process, in which the proper imposition of pulse frequency
leads to the predominance of a crystal orientation, associ-
ated with a specific quality, average grain size and conse-
quently, microhardness value.

Concerning composite electrodeposits, it is observed
that the ‘initial’ [100] preferred orientation of the nickel
crystallites under DC conditions (Fig. 5a) is preserved up
to 100 Hz (Fig. 5b). Surface SEM micrographs illustrate

(a)
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80 1100] 1100Ina [100]
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RTC 300 /%

——Ni/TiO,, DC
—&—Ni/TiO,, PC

O-I T T
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(b).

SO0 oo
400
300
200
100

Mean Grain Size/nm

T T
0.1 1 10 100 1000
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Fig. 3 Influence of imposed current type on (a) relative texture
coefficient values of (200) diffraction line, and (b) average grain size,
of pure and composite nickel coatings prepared under pH = 3.5 and
J,=35A dm™? (Numbers in brackets notify the corresponding nickel
preferred orientation of the coating)
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Fig. 4 SEM surface
micrographs of pure deposits
prepared under: a DC
conditions with a [100]
preferred orientation,

b v = 10 Hz with a [211]
preferred orientation,

¢ v = 100 Hz with a [211]
preferred orientation and

d v = 1,000 Hz with a [110]
preferred orientation. All the
deposits were produced under
the same experimental e .oy,
conditions (pH = 3.5 and
J,=5Adm?)

10.0pm

Fig. 5 SEM surface
micrographs of composite
deposits prepared under: a DC
conditions with a [100]
preferred orientation,

b v = 100 Hz with a [100]
preferred orientation,

¢ v = 1,000 Hz with a [110]
preferred orientation. All the
deposits were produced under
the same experimental
conditions (pH = 3.5 and
J,=5Adm™?
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that the borders of the [100] oriented grains are becoming
fuzzy (Fig. 5a, b) compared to pure Ni coating (Fig. 4a),
due to the embedding of the nanoparticles. At this region of
applied frequencies, the presence of TiO, nano-particles in
the nickel matrix favours the predominance of the [100] in
comparison with pure coatings prepared under the same PC
conditions. This observation is in consistency with data of
DC-plated composites, which demonstrated that titania
incorporation in the matrix favoured the [100] Ni crystal-
line orientation under a proper combination of pH and
current density values [14]. However, the perturbation of
the electrocrystallization process seems to be so intense at
the highest applied frequency, that both kinds of deposits
exhibited crystals oriented through [110] axis. This struc-
tural modification is shown in the surface SEM images of
pure (Fig. 4d) and composite coating (Fig. 5¢). Further-
more, as depicted in Fig. 3b, all Ni/nano-TiO, composite
deposits that exhibit the same kind of preferred orientation
with the corresponding pure ones, are characterised by
reduced average grain size. Concluding, it is revealed that
regardless of the titania particles presence, deposits with
[110] texture demonstrate the lowest values of average
grain size, achieved once more at the highest applied fre-
quency, followed by deposits with [211] texture, while the
largest grains are detected for coatings oriented though
[100] axis.

3.2.3 Perturbation of random ‘initial’ texture
Figure 6 demonstrates the X-ray diffraction patterns of

pure and composite coatings by increasing values of pulse
frequency, at the lowest pH and the highest current density

applied values. Comparing both kinds of deposits prepared
under DC conditions, it is proved that the presence of TiO,
nano-particles favours the growth of randomly oriented Ni
crystallites, in contrast with the corresponding pure deposit
that is oriented through [210] axis. It should be noted that
the [210] orientation is characterised by the significant
enhancement of the intensity of (420) diffraction line
(Fig. 6a). This structural modification is expected at these
specific plating conditions according to the results of our
previous study [14]. In addition, for composite coatings,
the presence of TiO, nanoparticles in the nickel matrix is
also verified by the diffraction lines observed at
20 = 25.3°, 38.6° as depicted in the inset of Fig. 6b, which
cannot be clearly observed otherwise, due to the relatively
high intensity of nickel diffraction peaks.

As illustrated in Figs. 6a and 7a, pure nickel deposits
preserve the [210] texture at low and medium pulse
frequencies (0.1-10 Hz), but at higher frequencies
(100-1,000 Hz) a gradual textural modification from [210]
to [100] is revealed. Such a transition has been associated
with the relief of the cathodic surface from H,4 due to the
abundant hydrogen formation under these plating condi-
tions [17]. By increasing the pulse frequency, the perfec-
tion of [100] texture is increased gradually (Fig. 7a),
resulting to increased average grain size values of the pure
deposits (Fig. 7b). However, it is noteworthy that the
average grain size of the coating characterised by the
highest quality of [100] preferred orientation (obtained at
the highest frequency), is the lowest one (~93 nm)
observed for pure deposits exhibiting the [100] orientation
(Figs. 3b, 7b). Therefore, it is revealed that the application
of specific values of pulse frequency, pH and current

Fig. 6 X-ray diffraction (a)20 40 60 80 100 120 140 160 (b)20 40 60 80 100 120 140 160
patterns of (a) pure Ni and (b) 10000 ' y ' ' ' : i L ' e o ' : i
composite Ni/nano-TiO, o e @m ]
. 5000 . L ! 4
deposits, prepared under both 10000 5 1
types of current and the same 3000 L . L 1 0 L L T M L
experimental conditions 2000 - @0 [100Hz] ] 1500 [100Hz] ]
(pH = 2 and J, = 20 A dm?), 3 1000 | l 1 ‘:zz r ]
showing the textural ) L L ! . 2 r 1 o s l . ]
modifications imposed by Z 1000 z 1500 [ ]
increasing pulse frequency £ 420] £ 1000 [ .
compared to DC deposit = o ) . s . . E sof l ]
exhibiting [210] as an ‘initial’ £ [112] g 0 L L J R L L J
preferred orientation g 1000 - 1 € 2000 @ .
& @on| 3 ]
o— St
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Fig. 7 Influence of imposed current type on (a) relative texture
coefficient values of (200) diffraction line and (b) average grain size
of pure and composite nickel coatings prepared under pH = 2 and
J,=20A dm™? (Numbers in brackets notify the corresponding
nickel preferred orientation of the coating)

density could lead to considerable grain refinement
amongst deposits exhibiting [100] texture.

Regarding composite deposits, as the imposed pulse
frequency increases, the texture progressively changes
from the ‘initial’ random one to [100] (Fig. 6b) and, con-
sequently, the quality of (200) diffraction line progres-
sively increases (Fig. 7a). In addition, the same behaviour
is observed for the corresponding average grain size
(Fig. 7b). At v = 1000 Hz applied frequency, a strong
[100] preferred orientation is imposed and the highest
crystallite size is observed. However, all composites
exhibit lower grain size values in comparison with the
corresponding pure deposits, indicating once more that the
presence of nanoparticles in the matrix induces grain
refinement. Furthermore, all deposits randomly oriented
are more microcrystalline than those oriented through
[210] and [100] axis (Fig. 7b).

Concerning pure Ni coatings, taking into consideration
all the above mentioned results, it is obvious that by
increasing the values of pulse frequency, a series of
structural modifications takes place regardless of the DC
‘initial’ orientation. However, under the most perturbed
conditions, the transition from [211] to [110] preferred
orientation was observed. Thus, the [110] mode of growth
is stable over a restricted area, where pulse frequency is
higher than 100 Hz. Nevertheless, this is not the case for
deposits prepared under high value of peak current density
(20 A dm~?) and low pH value (2), where the [100] ori-
entation is the predominant one at the most perturbed
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conditions. This could be possibly correlated with the fact
that, according to the texture diagram for pure coatings
[14], these specific experimental conditions (pH and cur-
rent density) are close to the boundaries of the textural
modification between [210] and [100]. Thus, increased
values of pulse frequency could be related to simultaneous
diminution of the amplitudes of the electrode potential
[36], which in turn could be connected with a shift of the
applied current density to lower values that favour the
transition to [100] crystalline orientation. It is should be
mentioned that the transition of [100] — [110] is not
observed under these specific pulse plating conditions,
since it has been detected under more perturbed electro-
deposition conditions, as reported in Ref. [17], realised by
the application of lower values of duty cycle.

On the other hand, composites prepared under pulse
plating conditions tend to preserve or improve the ‘initial’
orientation, although relative high perturbations are
induced. A possible interpretation of the these experimental
findings could be proposed, taking into consideration also
the results of our previous report under DC conditions [14],
where it was noted that H adsorption/desorption phe-
nomena on the titania surface take place depending on the
electrolysis parameters and finally associated with specific
modes of nickel crystal growth. Hence, the application of
low and medium values of pulse frequency in the presence
of titania nanoparticles in the cathode/electrolyte interface
seems to intervene the electrocrystallization process by
either enhancing adsorption/desorption of H,ys on the
titania surface [14], which finally impose the [110] texture
[37], or by hindering the chemical species reactivity related
to hydrogen codeposition and consequently, favouring the
[100] mode of growth.

However, this specific influence of titania nanoparticles
upon the Ni electrocrystallization and thus, on the preferred
orientation seems to be restricted at the highest applied
frequency, since both pure and composites exhibit the same
structural characteristics. Therefore, under the most intense
pulse perturbations, even though the highest incorporation
rates are observed, pulse frequency appears to be the pre-
dominant factor governing nickel textural development
against the effect of adsorption/desorption phenomena
occurring on the titania particles in the catholyte area.
Thus, it is quite possible that the concentration of the
inhibiting species on the TiO, particles, at these short T,
and T, values, could be reduced by two synergistic
actions: (a) an enhanced reduction of the ionic species,
provoked by the high instantaneous overpotential during
the short on-time [34], and simultaneously (b) a restriction
of the adsorption of the inhibiting species due to the short
Tofr value, which in turn could inhibit the nickel crystal
growth in composites.
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3.3 Effect of pulse frequency on microhardness

It is well-established that composite coatings microhard-
ness is strongly affected by the volume fraction of the
particles codeposited with the metal matrix and, thus many
efforts have been made to correlate the amount of code-
posited particles with the electrodeposition parameters,
such as pH, current density, etc. [38]. However, the cor-
relation of the structural modifications, induced either by
pulse parameters or/and particles incorporation, with the
observed mechanical properties of the composite deposits
(i.e. microhardness) has been the subject of few studies,
like those concerning Ni/SiC [19, 26], and Ni/Al,O3
composites [22, 32]. Therefore, the microhardness of the
coatings will be assessed from the viewpoint of crystal
orientation, grain size, type of imposed current and nano-
particles codeposition percentage.

The microhardness values as a function of imposed
current type and pulse frequency, for both types of
deposits, are illustrated in Fig. 8, under the highest and
lowest values of applied current density and pH. It is
obvious that independent of the applied type of current, all
Ni/nano-TiO, composite coatings exhibit higher microh-
ardness values compared to the pure nickel coatings. All
the aforementioned experimental data in Figs. 2 and 7
indicate that the titania incorporation in the nickel matrix
significantly influences the crystalline orientation and
refine the average grain size. Consequently, this behaviour
results to the enhancement of the microhardness.

Figure 8a demonstrates the variation of microhardness
for pure and composites prepared under the highest pH and
the lowest applied current density value. The lowest values
of microhardness for pure deposits are expected at medium
to low pulse frequencies, since the application of these PC
conditions provokes the textural modification from
[110] — [211] (Fig. 2a), accompanied by higher average
grain sizes (Fig. 2b). On the other hand, composites under
PC conditions up to 100 Hz demonstrate no significant
variation of microhardness that could be associated with:
(i) the stabilization of the same [110] preferred orientation
(Fig. 2a), (ii) the narrow range of grain size in the nano-
metre scale (25-32 nm; Fig. 2b), and (iii) the almost
unchangeable codeposition titania rate (Fig. 1) achieved
under these PC conditions. The highest microhardness
value is attained at the highest frequency, where the highest
incorporation percentage is observed (Fig. 1). It should be
noticed that although the same average grain size for both
kinds of deposits is achieved (Fig. 2b), it is revealed that
the leading factor for determining microhardness value is
the presence of codeposited nanoparticles in the matrix.
Several studies have shown that specific PC conditions
result to more uniform nanoparticles distribution in the
metallic matrix, thus this considerable hardness increase
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Fig. 8 Variation of microhardness values as a function of pulse
frequency for pure and composite coatings prepared under
(a) pH=4, J,=1A dm™> and (b) pH=2, J, =20 A dm>
(Numbers in brackets notify the corresponding nickel preferred
orientation of the coating)

may be linked to a dispersion hardening mechanism [19,
26, 32].

The hardness variation, under the lowest pH and the
highest applied current density value for both pure and
composite deposits, is presented in Fig. 8b. Microhardness
values of pure deposits are almost independent of applied
pulse frequency up to 100 Hz, associated with small
modifications of the [210] preferred orientation quality
(Fig. 7a) and corresponding average grain size (Fig. 7b).
However, the increasing intensity of the ‘soft’ [100] mode
of crystalline growth and the simultaneous increasing of
grain size, results to a considerable decrease of microh-
ardness. This behaviour is expected, given that amongst the
observed nickel preferred crystal orientations, the [100]
texture is known to be the ‘free mode of growth’ for
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electrodeposited Ni, presenting few structural defects,
maximum ductility and low values of grain size, tensile
strength, yield strength and microhardness [17, 29, 39]. In
contrast, composites exhibit ameliorated microhardness
values, which increase with increasing pulse frequency as
the deposits preserve their random texture, with similar
microcrystalline structures (Fig. 7b) and increased incor-
poration rates (Fig. 1). Nonetheless, the microhardness is
reduced drastically at v = 1000 Hz to values close to the
corresponding for pure coatings, although the highest
incorporation rate is observed. It is noteworthy that similar
microhardness variations have been reported for Ni/nano-
Al,O3 composites prepared under similar pulse plating
conditions [22]. In both composite systems, this behaviour
could be attributed to the increasing perfection of [100]
orientation. Therefore, these results imply that pulse fre-
quency and particles presence in the matrix could influence
the microhardness through a synergistic mechanism. In
fact, the application of pulse frequency seems to influence
the hardness of composite coatings by: (a) provoking
changes in the microstructural properties of the deposits,
i.e. mode of crystal growth, quality of preferred orientation,
crystalline defects, grain size, and (b) affecting the amount
of titania incorporated into the nickel matrix, which indi-
rectly has an effect upon the microstructure and thus, on
the microhardness.

In an attempt to elucidate further the hardening mech-
anism of pulse plated composite nickel coatings, the mi-
crohardness values of deposits exhibiting three different
textures ([110], [100], random) have been plotted as a
function of: (a) codeposition percentage and (b) reciprocal
square root of average grain size (Fig. 9). Composite
deposits with preferred crystalline orientation [100] show
the lowest values of microhardness and exhibit the highest
average grain size values amongst the other deposits
(Fig. 9b). It is worth to mention that although the TiO,
codeposition percentage was doubled (~11 vol.%) at
v = 1000 Hz, pH =2 and J, =20 A dmfz, the corre-
sponding hardness does not show any significant
improvement. On the other hand, randomly oriented com-
posites present considerable increase of microhardness in a
narrow grain size (Fig. 9b) and codeposition range
(Fig. 9a). However, composites oriented through [110] axis
demonstrate enhanced microhardness compared to [100]
oriented ones, as well as the lowest mean crystallite sizes
amongst the other deposits achieved at a broad range of
titania incorporation percentage.

In general, the strengthening mechanisms of polycrys-
talline metals and composites can be described as follows:
(i) grain refinement strengthening from Hall-Petch rela-
tionship; (ii) dispersion strengthening due to Orowan
mechanism and (iii) crystal orientation [40]. Overall,
experimental data of this study reveal that it is crucial to
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Fig. 9 Variation of composites microhardness values with various
textures as a function of (a) volume percentage of codeposited nano-
TiO, particles in nickel matrix and (b) a2 (d = average grain size)

taken into consideration the preferred crystalline orienta-
tion in order to define if there is a direct correlation
between codeposition rate and microhardness (Fig. 9a). For
instance, the alteration of titania nanoparticles incorpora-
tion in the nickel matrix reveals a negligible effect on the
microhardness for composites oriented through [100] axis,
but an almost linear relationship with microhardness for
those coatings exhibiting random and [110] textures. In
addition, the dependence of hardness values on the mean
grain size (Fig. 9b) indicate that for ascribing the
strengthening effect of composites both grain refinement
and dispersion strengthening mechanisms should be taken
into account for a given preferred orientation.

4 Conclusions

Pulse electrodeposition, under specific electrolysis condi-
tions (pH, J;,), was performed so as to study the perturba-
tions induced by pulse frequency on Ni/nano-TiO, coatings
with three well-developed textures ([110], [100], random).
Pure nickel deposits were also produced for comparison, to
elucidate the effect of pulse frequency on codeposition
percentage, structural characteristics and microhardness
values of the deposits.
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Concerning perturbations on the ‘initial’ textures of pure
Ni coatings, a series of structural modifications took place
by increasing the pulse frequency, regardless of the DC
‘initial” orientation. Specifically, at medium perturbations
the [211] preferred orientation was favoured, while at
frequencies higher than 100 Hz, the [110] mode of growth
was stabilised. On the other hand, composites prepared
under the same PC conditions tended to preserve or even
improve the ‘initial’ orientations ([110] or [100]). An
interpretation of the experimental findings could be based
on possible adsorption/desorption phenomena occurring on
the surface of TiO, particles, present in the cathode/elec-
trolyte interface, resulting to the imposition of specific
modes of crystal growth. However, this influence of titania
nanoparticles upon the Ni electrocrystallization seemed
to be restricted at the highest applied frequency
v = 1,000 Hz, due to the reduced concentration of chem-
ical species adsorbed on the nanoparticles surface, pro-
voked by the applied short T,, and T, values.

As far as codeposition rate is concerned, it has been
proven that composites prepared in the PC regime have
higher incorporation percentages than those obtained under
DC conditions, and systematically the highest incorpora-
tion rates were achieved at pulse frequencies v > 100 Hz.
Moreover, it has been revealed that the nickel average
grain size for both pure and composite coatings is directly
associated with the induced nickel crystalline orientation,
where deposits oriented through [110] axis exhibited the
lowest mean grain size when compared to the other pre-
ferred orientations.

Overall, the experimental data revealed that the
application of pulse frequency affected the microhardness
of composites by provoking microstructural changes in
the deposits, expressed through alterations of crystal
growth, quality of preferred orientation and grain size, as
well as by varying the amount of codeposited titania
nanoparticles with the nickel matrix. All Ni/nano-TiO,
composite coatings exhibited higher microhardness val-
ues compared to the pure nickel deposits, regardless the
applied type current. It has been shown that to ascribe
the observed strengthening effect of Ni/nano-TiO, com-
posites, it is crucial to taken into consideration the
preferred crystalline orientation of the coatings in com-
bination with grain refinement and dispersion strength-
ening mechanisms.

In conclusion, electrocrystallization of nickel in the
presence of titania nanoparticles in the catholyte is once
more proved to be a highly inhibited process, in which the
proper imposition of pulse frequency leads to specific
range of codeposition percentage and the predominance of
a crystal orientation, associated with a specific quality,
average grain size, and consequently, microhardness value
of the Ni/TiO, composites.
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