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Abstract: This study investigates the feasibility of a two-step process for the deposition of
wear resistant, nickel-diamond nanocomposite coatings onto steel substrates. The steps
involve the spray deposition onto stainless steel substrates, of nickel nanoparticles (40 - 60
nm diameter) and nanodiamonds (approx. 100 nm diameter). This is followed by the sintering
of the nanoparticle coating using a microwave plasma. The 0.2 - 2 um thick nanocomposite
coatings exhibited very good adhesion on the steel substrates, based on Rockwell C
indentation tests. The morphology and roughness of the coatings was found to be significantly
influenced by the sintering temperature, which was investigated in the range 711 to 885 °C.
The effect of nanodiamond concentration and spray duration were also investigated. Of the
parameters studied, the concentration of nanodiamond in the composite was the dominant
factor controlling the wear performance of the coatings, when assessed based on pin-on-disc
wear tests. Compared to the nickel coating and the steel substrate, the nickel-diamond
nanocomposite coatings exhibited a 126 and 55-fold enhancement respectively, in wear

performance.

Keywords: Nanocomposite coating; Spray deposition; Nanodiamond; Microwave plasma;

Microstructure; Tribology.
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1. Introduction

A number of authors have demonstrated that the incorporation of hard particles into metallic
coatings can yield an enhancement in wear resistance compared with that obtained only with
the metal only layer [1-10]. For example, Gul, et al. [4] reported a two-fold enhancement
wear resistance with the addition of SiC particles (0.1 - 1 um) into a nickel coating. It was
highlighted that the enhanced wear performance was due to the dispersion strengthening
effect of these particles, which impeded dislocations movement in the nickel matrix [4,11].
Compared to other types of particle reinforcement, diamond is of particular interest, due to its
hardness and wear resistance [2,7]. Wang et. al. [7] and Petrova et. al. [12], both reported that
diamond particle (2 — 110 pm) incorporation into a nickel matrix using electroless deposition
technique, yielded enhanced wear resistance. A similar study was carried out on Ni-P-C
composite coatings, into which diamond particles were added [13]. It was found that the
incorporation of smaller diamonds with mean diameters of 3 — 6 um, exhibited superior wear
resistance compared with that obtained for 20 — 40 um diamonds. A further improvement has
been reported by incorporating nanodiamond particles into the metal matrix [10,14,15]. These
particles can be synthesised commercially using detonation or high-pressure-high temperature
(HPHT) technique [16,17]. Wang, et al. [10] for example, prepared nanocrystalline Ni based
composite coatings by incorporating nanodiamond particles (10 nm), obtained using
electrodeposition. These exhibited a wear rate of approximately 1.4 x10* mm3/Nm, compared
with 2.5 x10 mm?Nm for the nickel only layer. It is common practice to deposit a nickel
coating of several micrometre prior to composite deposition, in order to promote adhesion

between coating and substrate [2,12].

An alternative approach, which has been demonstrated to be very effective, is the deposition
of diamond protective coating onto substrates, such as stainless steel; via the chemical vapour
deposition (CVD) route [18-20]. The advantages of CVD diamond protective coatings

include high wear resistance and chemical stability, among others [18]. The two major
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problems encountered in CVD diamond protective coatings are the high carbon diffusion; and
the thermal expansion coefficient (TEC) mismatch between diamond film and stainless steel;
which results in graphitisation and stress, respectively [19-23]. To mitigate these problems, it
is essential to deposit an interlayer between diamond films and the stainless steel to act as
both a diffusion barrier and a TEC intermediary between diamond films and stainless steel
[19,20,22—-24]. However, the preparation of diamond films on stainless steel is still a
challenge because it is possible for diamond films to delaminate even with the use of

interlayers, such as CrN, Cr/Al and Ti/Al [19,25].

In this study the use of a spray deposition technique is investigated in which the metal
nanoparticles and nanodiamonds are deposited from a suspension of this particle mixture in an
organic solvent. The as deposited, loosely bound nanoparticles on steel substrates, are then
sintered in a microwave plasma discharge. This approach has been used previously for the
preparation of both TiO2 and NiO films for use in dye-sensitised solar cells [26-28]. In this
investigation this spray deposition technique followed by microwave plasma sintering, is
evaluated for the first time for the application of nickel-diamond nanocomposite protective
coatings. The effect of sintering temperature, spray duration and nanodiamond concentration
on the morphology, surface roughness, thickness, wear rate and adhesion of the

nanocomposite coatings are evaluated.
2. Materials and Methods
2.1  Substrate Material and Preparation

Stainless steel 18: 8 (Cr:Ni) discs, of diameter 25 mm and thickness 6 mm were used as test
substrates. The discs were ground and polished to a mirror finish using silicon carbide
abrasive paper (grit sizes of 240, 320, 360 and 600), diamond suspension (6 and 3 um) and

colloidal silica. Prior to coating, the steel test coupons were cleaned in an ultrasonic bath



using methanol and deionised water; blow-dried with air. The resulting test substrates

exhibited a roughness (Sa) of 0.01 pm.
2.2 Suspension Materials and Preparation

Nickel nanoparticles (40 - 60 nm) and nanodiamonds ND (100 nm) of HPHT origin were
obtained from Skyspring Nanomaterials, Inc. and Shannon Abrasives Ltd, respectively. These
were mixed with a solvent and sonicated in an ultrasonic bath for 30 minutes prior to spraying
onto the steel substrate. The suspensions were prepared by mixing various ratios of 0.399 g
of nickel-diamond nanoparticle powder with 40 ml of Isopropanol (IPA) from Sigma Aldrich

Ltd.
2.3  Spray Deposition Coating and Sintering Processes

Prior to the deposition process, the suspension was left to stand for five minutes after
sonication. Spray deposition of the nanoparticle layer was carried out using the following
components: an AutoGrav 3-Achsen CNC system, a spray unit which comprised a Burgener
nebuliser (Ari Mist HP), a liquid delivery syringe (SEG 10 ml); a pump system (Aladdin
Single-Syringe Pump) from World Precision Instruments (WPI); and a heating system for
substrate heating prior to deposition. The distance between the nebuliser tip to the substrate
was fixed at 15 mm and the nebuliser scanned across the substrate at a speed of 10 mms™,
with a step interval of 1 mm during the deposition process. Nitrogen operating at 0.552 MPa
was used as the nebulising gas and the suspension flow rate was maintained at 30 pl/min by
the pump system. The region to be coated on the substrate was determined by masking with a
scotch tape (3M). This also enabled the measurement of coating thickness. Prior to nickel-
diamond nanoparticle deposition, the masked substrate was mounted on a heated bed and left
for five minutes in order to maintain the substrate temperature at 50 °C. The heating system
was used to aid in the evaporation of the organic solvent during deposition, to avoid solvent
build-up. The deposited particles were sintered using a microwave Circumferential Antenna
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Plasma (CAP) reactor, as described previously [29]. This hydrogen-nitrogen discharge
operated at a pressure of 1.9 kPa, and frequency of 2.45 GHz. A sintering time of 3 minutes
was used for each sample treatment. Temperature measurements during sintering were carried
out using an LPCO03 ratio pyrometer from Dr. Mergenthaler GmbH & Co. KG, which has an
accuracy of +/- 2 °C in the temperature range investigated. The temperature generated on the
steel substrate by the discharge was found to be in the range of 707 £ 25 to 901 + 28°C,
depending on the microwave plasma processing conditions used. These measurements are the

average of the three sample measurements obtained at each treatment temperature.

Three parameters were investigated namely: the effect of sintering temperature, nanodiamond
concentration and the spray duration (a function of number of passes). The experimental
conditions are presented in Table 1. A minimum of 3 tests were carried out for each data point
investigated. Coating performance was evaluated based on its morphology, roughness,

thickness, adhesion and wear resistance.

Table 1: Spray deposition and sintering conditions investigated.

Effect of Technological Parameters

Nanodiamond Spray Sintering

Concentration Duration Temperature
% Nanodiamond Concentration (wt%) 0-25 15 15
Suspension Concentration (x107°) 9.98 9.98 9.98
(9/mL)
Suspension Flow Rate (uL/min.) 30 30 30
Spray Duration (Minutes) 90 30 - 150 90
Sintering Temperature (°C) 812 812 710 - 885

2.4 Material Characterisation

The morphology of the composite coatings was characterised using FEI Quanta 3D FEG
DualBeam and Hitachi SU8230 scanning electron microscopes (SEM); and a FEI Tecnai F30
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Twin transmission electron microscope (TEM). Cross-section analysis of the coating was
obtained using a focused ion beam (FIB). To facilitate obtaining the FIB cross-sections, a 2 x
30 um, 1 pum thick Platinum (Pt) layer was deposited on the surface. A 30 kV ion beam at a
current of 15 nA was used to cut the initial cross-section in the material; the cross-section
surface was subsequently cleaned at 1 nA and 0.1 nA. Energy-dispersive X-ray spectroscopy
(EDX) was used to obtain elemental data. Coating roughness (Sa) and thickness were
measured using both a Bruker’s NT1100 and NPFLEX 3D optical profilometers in vertical
scanning interferometry (VSI) mode. The phase composition and crystallinity were
determined using Siemens D500 XRD and inVia Micro-Raman confocal spectroscopy system
(Renishaw, Wotton-under-Edge, Gloucestershire, UK). The XRD system operated at 40 kV
and 30 mA at a wavelength of 0.1541 nm (CuKa radiation). The scan wavelength for this
system was in 20 mode with a scanning range from 10° to 100° with steps of 0.02° per
second. Raman scattering was recorded using a laser of wavelength 532 nm with a maximum
laser power of 4.5 W. A 10x objective lens was used to focus the laser beam on the sample
surface for an exposure time of 10 seconds each time. Spectra were calibrated to a silicon shift
at 520 cm™. The detector used was a NIR enhanced Deep Depletion CCD array (1024 x 256
pixels) which was Peltier cooled to -70°C. A 1800 lines/mm grating was used for all the
Raman scans. Point spectra were obtained using the “Extended” scan option in this system,

resulting in spectra in the Raman shift range of 20 - 3202 cm™.

The wear performance of the deposited coatings was assessed using a POD-2 pin-on-disc
system (Teer Coatings Ltd., UK), operating at room temperature under dry condition. The
temperature and humidity were 21 + 2 °C and 44 £ 5 %, respectively. A WC-Co ball with a
diameter of 5 mm was used as a counterpart under a constant load of 1 N. The disc rotated at a
speed of 96 RPM (equivalent to a linear speed of 30 mms™) and a track diameter of 7 mm.
Coating/ ball wear track/ scar profiles were obtained using optical profilometry; and the

material volume loss calculated according to the ASTM-G99 standard [30]. The adhesion of
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nickel-diamond nanocomposite coatings was evaluated using a Rockwell C test method, using
an Indentec Hardness Tester operating at a load of 1471 N using a 120° conical diamond
indenter. Four indents per sample was carried out and the adhesion strength quality
classification determined based on the VDI 3198 guidelines using a Hitachi (TM-1000)

Scanning Electron Microscope (SEM).

3. Results and Discussion

In order to optimise the performance of the deposited coatings the following parameters were
evaluated - microwave plasma sintering temperature, spray duration and nanodiamond
concentration. An initial investigation was carried out to confirm the retention of the
nanodiamond particles in the spray deposited and sintered coatings. The coating adhesion was
also investigated using Rockwell C. Figure 1 shows the morphology of the nanodiamonds and
the nickel nanoparticles used in this study. The average crystallite size of the nanodiamonds
and nickel nanoparticles, as estimated using the Scherrer technique, were 33 and 54 nm,
respectively. The XRD profiles of the two powders are given as supplementary information

(S1).

Nickel
nanoparticles

1.00pm UCD NIMAC

Figure 1: SEM images of the morphology of nanodiamonds and nickel nanoparticles. Scale

bar 1 um.



3.1 Effect of Nanodiamond Concentration

The starting point of this study is to investigate the stability of nanoparticles in alcohol
suspension. The stability of nanodiamond in suspensions is significantly influenced by the
adsorption of organic molecules on the nanoparticles, by Coulomb interactions, electrostatic
or non-electrostatic mechanisms; and has been reported to be dependent on temperature, pH
and concentration of the stabilising agent [31-35]. A preliminary investigation carried out
during this study on nickel and nickel-diamond nanoparticle suspension in isopropanol (IPA)
and methanol showed that the nanoparticles did not agglomerate and/ or settle quickly in
isopropanol but did in methanol. A possible reason for this difference is that for nanodiamond
dispersions in IPA and methanol, the associated zeta potential values are reported to be +39
and +25, respectively [34]. In this work, IPA was used as the stabilising agent and repeat
experiment showed that nickel-diamond nanoparticle suspensions containing 5 to 10%
nanodiamond particles were found to agglomerate and settle to the base of the container, in
approximately 30 minutes. At higher concentrations, however, the nickel-diamond
nanoparticle suspension was found to be stable and was observed to remain so for several

months.

Nanodiamond

Nanopatticle

agglomerates

. ]
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Figure 2: Comparison of the morphology of as-deposited and sintered coatings with 15%
nanodiamond concentration: (A) The as-deposited nanocomposite exhibited agglomeration of
particles, while these were found to consolidate in the case of the sintered composite (B).

Scale bar for A, B & inset 0.5, 2 & 0.5 um, respectively.

Having identified that suspension concentrations with a minimum of 15% nanodiamond
concentration is required to yield a homogenous nanocomposite coating, the next issue
evaluated was the morphology of the as-deposited and sintered coatings. The SEM image
given in Fig. 2 (A) shows the presence of nanoparticle agglomerates in the as-deposited
coatings. These appear to be agglomerates of nickel nanoparticles around those of
nanodiamond. The agglomerated nickel nanoparticles melted and formed sub-micron-scale
consolidated particles upon sintering. The sizes of these consolidated particles appeared to be
influenced by the nanodiamond concentration. As the nanodiamond concentration was
increased from 15 to 20% the sizes of these consolidated particles decreased from 0.95 £ 0.21
to 0.73 £ 0.18 um. A further feature of note is the highly porous nature of the composite
structure (Fig. 3). Visual examination indicated an apparent reduction in porosity as the
nanodiamond concentration in the spray increased. The relatively homogeneous distribution
of porosity in the structure could be attributed to the spray deposition method. The porous
nature of spray-deposited / sintered metal oxide coatings has been reported previously [26—

28].
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Figure 3: FIB cross-sections of typical nickel-diamond nanocomposite coatings showing their
highly porous structure. The samples were deposited from: (A) 20% & (B) 25% nanodiamond

concentrations. Scale bar 1 pm.

In this study, all the spray deposition experiments were carried out over a 90-minute period.
An investigation was carried out to determine how the concentration of nanodiamond used in
the suspension influenced the surface roughness (Sa) and thickness of the coatings obtained
after sintering. The results of this study are given in Fig 4. This demonstrates that at low
nanodiamond concentrations, very thin layer coatings are deposited. Above 15%
nanodiamond concentration, however, there is an increase in both the average surface
roughness and coating thickness, as thicker layers were deposited from the nanoparticle /

solvent suspension.

Considering the original particle size and shape of the nanodiamonds (ND) (100 nm and
irregular (blocky), respectively) shown in Fig. 1 & 2 (A), it is possible that by increasing the
nanodiamond concentration in the coating, the level of shrinkage and pore refinement by
particle rearrangement and necking during microwave plasma sintering could be influenced
by the presence of non-shrinking hard nanodiamond particles.
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Figure 4: Effect of nanodiamond concentration on the surface roughness (Sa) and thickness of

the sintered coatings.

3.2 Effect of Spray Duration

The effect of spray time (dependent on the number of passes of the nebuliser during spray), on
the morphology, surface roughness and thickness of coatings sintered at 812 °C, is evaluated.
The thickness of the layer after spraying (prior to sintering) is given in Fig. 5 and shows
broadly a linear relationship with spray duration. On examining the coatings after subsequent
sintering as shown in Fig. 6, two regimes are observed, firstly for spray durations up to 90
minutes, a high level of densification occurs during sintering. In contrast, after longer spray
periods a significant increase in thickness was observed. A possible explanation for this is that
for the thinner coatings some particle rearrangement may have occurred facilitating a denser

structure.

It is noticeable from Figs. 4, 5 & 6 that there appears to be a broadly linear relationship
between coating thickness and roughness. This correlation was further demonstrated when the
thickness and roughness of a larger range of nanocomposite coatings independent of

experimental conditions were plotted against each other (Fig. 7).
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Figure 5: Effect of spray duration on the average surface roughness (Sa) and thickness of as-

deposited composite layers, prior to sintering.
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Figure 6: Effect of spray duration on the average surface roughness (Sa) and thickness of the

sintered composite coatings.
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Figure 7: Effect of coating thickness on the average surface roughness (Sa) of nickel-diamond
nanocomposites obtained for a range of nanodiamond concentrations and processing

conditions.

3.3 Effect of Sintering Temperature

The effect of microwave plasma sintering temperature on the average surface roughness (Sa)
and thickness of the nickel-diamond nanocomposites coatings (15% nanodiamond
concentration) is shown in Fig. 8. The coating roughness generally decreased with increasing
temperature as did its thickness. This effect is associated with the increased densification of
the composite coatings at higher sintering temperatures [36]. The effect of temperature on
densification can be observed in the TEM images of typical coatings sintered at 711 and 821

°C, it is noticeable that there was a decrease in pore size with increasing temperature (Fig. 9).
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Figure 8: Effect of sintering temperature on the average surface roughness (Sa) and thickness

of nickel-diamond nanocomposite coatings containing 15% nanodiamond.

Figure 9: TEM images of the FIB sections of typical nickel-diamond nanocomposite coatings
containing 15% nanodiamond concentration and sintered at: (A) 711 & (B) 821 °C. A more

highly porous structure is observed in A compared to that observed for B. Scale bar 100 nm.
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Figure 10: Effect of microwave plasma sintering temperature on the morphology of nickel-

diamond nanocomposite coatings: (A) 711 °C; (B) 821 °C. Scale bar 50 um.

Associated with the change in roughness; as demonstrated in Figure 8, there was a notable
change in the morphology of the sintered composite coatings. As shown in Figure 10, the
morphology of the coating sintered at 711 °C exhibited a ‘fibrous-like’ structure which

gradually changed to denser, granular structure at the higher sintering temperature (821 °C).
3.4  Nickel-Diamond Nanocomposite Coating Examination by Raman Spectroscopy

The spray deposited and sintered nickel-diamond (15%) nanocomposite coatings appeared
homogenous and well adherent based on an initial optical microscopy examination. In order
to determine if graphitisation of the nanodiamond had occurred during sintering a Raman
spectroscopy examination was carried out. As demonstrated in Figure 11 the observed bands
are that of diamond (1328 cm™) and graphene-like carbon (GLC) (1578 cm™) [16,37]. A
deconvolution of the bands indicated that the diamond band consists of diamond peak (1328
cm™), which exhibited a small redshift with increasing sintering temperature, as well as

overlapping peaks on the shoulder indicating that the diamonds are nanodiamonds [16,37].
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The band at 1578 cm™ (consisting of overlapping peaks) and those associated with the
diamond band shoulder, is indicative of surface defect modes [16,38], which gradually
increased with increasing sintering temperature. The 2D band at 2680 cm™ comprised a single
low intensity peak for coatings sintered at 711 °C; and subsequently developed shoulder
peaks, as the sintering temperature increased to 821 °C, possibly indicating a slight change in
structure [38]. It has been reported also that the slight redshift of the diamond line (1328 cm™)
from the natural diamond line (approx. 1332 cm™) is indicative of the presence of a slight
tensile residual stress in the diamond coating and could result in coating debonding [25,39—
41]. The potential source of the tensile stress could be the presence of grain boundary,
impurity (graphene-like carbon), and vacancy as concluded by Kim and Yu [42] for CVD
diamond films. However, the results of the indentation test carried on these coating showed
no coating delamination, indicating that the level of stress generated (during deposition and

cooling of coatings after sintering), was not enough to cause failure [25].
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Figure 11: Raman spectra of nanoparticle composite coatings (15 wt% nanodiamond),
obtained after sintering at 711 & 821 °C. Note that the intensity of the diamond and GLC

bands increased with increasing sintering temperature.

3.5  Adhesion and Wear Performance of the Nanocomposite Coatings
3.5.1 Adhesion Performance of Nanocomposite Coatings

A Rockwell C indentation test according to the VDI 3198 standard, was used to determine the
adhesion of the nanocomposite coatings on the steel substrates [43,44]. It was observed that
the microwave plasma sintering temperature, spray deposition time or nanodiamond
concentration, was not found to affect coating adhesion; no crack or/and delamination was
observed. The adhesion strength quality for the coatings based on VDI 3198 standard was
allocated to HF 1. The strong adhesion of the coatings to the steel substrate may be related to
the high surface area of the nanometre sized precursor particles, in addition to the nickel

matrix, which has a thermal expansion coefficient close to that of stainless steel.
3.5.2 Wear Performance of Nanocomposite coatings

The wear performance evaluation of the nanocomposite coatings was investigated using a pin-
on-disc system. The coating after wear testing was evaluated using optical profilometry
(Bruker NPFLEX system) as shown in Fig. 12. Addition of nanodiamond to a nickel matrix
improved the wear performance significantly. For example, a nickel only coating with
thickness of 659 + 37 nm yielded a wear resistance of (4.3 + 0.0) x 10* mm®/Nm, while that
obtained with 15% wt% nanodiamond of the same thickness, was (3.4 + 0.2) x 10 mm3/Nm.

The thickness of the test coatings used in the comparison is as given in Fig. 6.
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Figure 12: A typical wear track of nanocomposite coatings.

Figure 13 shows the effect of nanodiamond concentration in the range 5 to 25 wt%, on the
wear performance of nickel matrix coatings. The thickness of the test coatings is as given in
Fig. 4. The increasing nanodiamond concentration yielded a substantial increase in the wear
performance. Figure 13 also indicates that the coating obtained with the 5 wt% nanodiamond
concentration, was insufficiently robust to withstand shear strain during sliding. Examination
of the wear rates in Fig. 13 demonstrates that the 10% nanodiamond coating exhibits a much
lower level of wear compared with that obtained for the 15% coatings. It is unlikely that this
is due to experimental error as the results as shown are based on a minimum of three test
samples per data point. A possible explanation for this behaviour may lie on the kind of
reinforcing mechanism in the nickel-matrix nanocomposite (MMnC). This can be due to
dispersion and/or particle strengthening mechanisms, which may influence the load bearing

capability of the nickel matrix and diamond nanoparticles [45-47].

In addition to the wear observed for the coated steel substrates, it is important to note that as
the nanodiamond concentration increased, there was an increased level of wear observed on
the pin-on-disc WC balls (Fig. 14). Table 2 compares the wear performance of selected
coatings and the associated WC balls, with and without nanodiamond particles. It is clear

from this that the level of wear of the WC ball increased significantly as the nanodiamond
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concentration increase. For instance, it can be observed that for the 25 wt% nanodiamond

sample, the wear of the WC ball was even greater than that of the nanocomposite coatings.
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Figure 13: Comparison of the effect of nanodiamond (ND) particle addition on the wear

performance of coatings sintered at 812 °C.
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Figure 14: 3D image of the wear scar on the WC balls used for pin-on-disc testing of coatings

containing: (A) 5%; (B) 25% nanodiamonds.
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Table 2: Wear rate of the nickel coating, along with those containing 5 and and 25 wt%

nanodiamond, in addition to the wear rate on the WC balls used for the pin-on-disc testing.

% Nanodiamond Wear Rate (mm3/N m)
Concentration (wt%) Coating Ball
0 (43+0.0)x 10 0.0
5 (23+£0.3)x 107 1.9x 10°
25 (3.4+0.6)x10° 1.2x 107

A literature study was carried out in an attempt to compare the wear performance of the
spray-deposited nickel-diamond nanocomposite coatings with previous studies on nickel-
diamond and TiC/a-C nanocomposites. The results of this comparison are given in Table 3.
The test conditions used for each of the wear tests are different and thus this comparison can
only be considered as semi-quantitative. Nevertheless, it is concluded that the spray deposited
coating exhibits superior performance to that obtained by electrodeposition and is similar in

performance to the TiC/a-C nanocomposite coatings prepared by sputter deposition.

Table 3: Comparison between the wear performance of coatings obtained in this study and

examples quoted from the literature.

This Study Wang, et al. [10]  Kumar, ef al.
[48]
Material Steel Nickel Nickel-diamond  Nickel-diamond TiC/a-C
Substrate  Coating Nanocomposite ~ Nanocomposite Nanocomposite
Deposition - Spray Spray Electrodeposition  Sputter
Technique Deposition ~ Deposition Deposition
WearRate  23x10° 43x10°  42x10 50x10° 40x10"
(mm /Nm) (sintered) (sintered)
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3.5.2.1 Wear mode(s) and mechanism of the nickel-diamond nanocomposite coatings

In order to investigate the wear mode(s) and mechanism(s) involved in the sliding process of
the pin-on-disc system, SEM images of the wear surface of a coating (15% nanodiamond
concentration) sintered at 711 °C are presented in Fig. 15. Figure 15 (A) indicates that the
wear track is composed of a relatively smooth worn surface containing regions of a material
transfer, which has undergone a high level of plastic deformation — an indication of the
presence of a very high shear strain [49,50]. Also, debris materials can be found displaced to
the side of this wear track. The morphology of the relatively smooth worn surface and the
presence of a wear shoulder (light colour region in Fig. 15 (B)), indicates that the surface has
been worn by abrasion [49,51]. A delamination and fracture of the regions in high local stress
in the transfer layer can be observed in Fig. 15 (A & C). High plastic deformation generally
leads to crack initiation, its growth, followed by delamination [52] as shown in Fig. 15 (C).
The presence of a worn surface, plastically deformed transfer layer containing microcracks,
delamination and fracture surface, and a displaced side debris indicates that the general mode
of wear is a combination of abrasive and adhesive wear [53]. The same mode of wear is
observed on the wear scar found on the WC balls, the grooved appearance indicates a
ploughing action of the nanodiamond particles (Fig. 16). The wear scar diameter of the WC
ball used for coatings sintered at 711 °C and at 821 °C were similar (Table 4); and indicates
that the abrasive wear of the WC balls was more influenced by the nanodiamond

concentration in the coating rather than the sintering temperature.
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Figure 15: (A) SEM image of the wear track of the nanocomposite coating (Coating sintered
at 711 °C). Within the track, there is a transfer layer from the WC ball (B); (C) A magnified

image of microcracks.

Figure 16: (A) SEM image of the wear scar on the WC balls used for pin on disc
measurements; (B) Magnified image of the wear region showing the ploughing action of the

nanodiamond particles on the WC grains.

Table 4: Comparison of the wear rate of nanocomposite coatings (15% nanodiamond) sintered

at 711 and 821 °C and their respective pin-on-disc balls.

Microwave Plasma Sintering Wear Rate (mm3 /Nm) (X10_6)
Temperature of Coatings (*C) Nanocomposite Pin-on-disc WC
Coating Ball
711 7.90 9.32
821 5.76 9.02
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(G) - Carbon (H) - Oxygen -

Figure 17: SEM and EDX elemental maps of the wear track of coatings sintered at 711 (A-D)

and 821 °C (E-H). The nanodiamond concentration in both coatings is 15%.

Examination of the wear tracks of coatings sintered at 711 and 821 °C indicated that the
transfer layers found on the wear tracks were composed of complex W-rich oxide scale
containing carbon (Fig. 17). It is possible for W and W-C to be formed during oxidation
reaction of carbon [54], which would account for the W and C-rich debris. The Raman spectra
of the transfer layer on the worn nanocomposite coating as shown in Fig. 17 exhibit bands in
the range of 697 to 964 cm™ (Fig. 18), which indicates the presence of tungsten oxide clusters
and MxO4 [55-59]. The presence of the two oxide phases and the blue-shifted frequency
indicate the distribution of significantly distorted WOs units in the structure [55,56]. The
bands at 1332 and 1592 are consistent with nanodiamond Raman bands as discussed in

section 3.4. Outside the transfer layer region, less oxidation was observed (Fig. 18).

It is concluded from this study that the general wear is a combination of abrasive, adhesive
and oxidative modes. The wear mechanism of both the coating and WC balls is a result of a

combination of two-body (run-in stage) and three-body (steady state stage) modes of wear,
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which occur when particles are constrained initially and then are free to roll and slide without

constraint after fracture [60-62].
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Figure 18: Raman Spectra of transfer layer on the wear track and the region on the wear track
outside the transfer layer on the nanocomposite coating. The nanodiamond concentration of

the coating is 15%.

4. Conclusions

In this paper, a range of wear-resistant nickel-diamond nanocomposite coatings were
fabricated using a two-step approach. This involved the spray deposition of a nickel and
diamond nanoparticle suspension onto stainless steel substrates using a nebuliser and the
subsequent sintering in a microwave plasma system. The spray-deposited and sintered nickel-
diamond nanocomposite coatings were homogenous and well adherent (HF 1). In order to
optimise the performance of the deposited coatings the following parameters were evaluated:
microwave plasma sintering temperature, spray duration and nanodiamond concentration. The
coating evaluation was based on the morphology, adhesion and pin on disc wear performance.

Based on this evaluation, it was concluded that:
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- The stability of nickel-diamond nanoparticle suspension was dependent on the kind of
solvent used and the concentration of nanodiamond particles in the suspension.
Suspensions containing 5 to 10% nanodiamond particles in isopropanol were mostly
unstable whereas at higher concentrations, they remained stable up to several months.

- The morphology of the sintered coating at lower temperatures exhibited a ‘fibrous-
like” structure, which gradually changed to granular structure with increasing sintering
temperature.

- The roughness and thickness of the coatings generally decreased with increasing
sintering temperature. Increasing the nanodiamond concentration to more than 15%
also led to an increased roughness and thickness.

- The addition of nanodiamonds to the nickel yielded a significantly enhanced wear
performance (126-fold improvement). Of the parameters studied, the nanodiamond
concentration was the dominant parameter controlling both coating and pin-on-disc

ball wear rates.

It is concluded from the study that the use of spray-deposited nickel-diamond nanoparticle
suspensions combined with microwave plasma sintering provides a novel route for the

application of wear resistant composite coatings onto metallic substrates.
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