Experimental Analysis and Modeling for Reciprocating Wear Behavior of
Nanocomposite Coatings

Mian Hammad Nazir', Zulfigar Ahmad Khan'", Adil Saeed, Vasilios Bakolas?, Wolfgang Braun?, Rizwan
Bajwa’

!NanoCorr Energy and Modelling Research Group (NCEM), Bournemouth University Talbot Campus, Poole,
Dorset, BH12 5BB, UK

*Email: zkhan@bournemouth.ac.uk

Advanced Bearing Analysis Schaeffler Technologies AG & Co. KG, 91074 Herzogenaurach, Germany

Abstract

This paper presents the study of wear responses of hanocomposite coatings with a steel ball under oscillating-
reciprocating state. Nanocomposite coatings for this study include: Nickel-Alumina (Ni/Al,Os), Nickel-Silicon
Carbide (Ni/SiC), Nickel-Zirconia (Ni/ZrO,) and Ni/Graphene. Ni/ZrO, exhibited maximum wear rate followed
by Ni/SiC, Ni/Al,O3 and Ni/Graphene respectively which was also assured by Scanning Electron Microscopy
(SEM) micrographs, grain sizes, hardness, porosity, surface stresses, frictional coefficients behaviours and “U-
shaped” wear depth profiles. The “U-shaped” profiles were utilised to calculate the energy distribution (Archard
factor density) along the interface. A novel mechano-wear model incorporating the energy distribution equations
with the mechanics equations was developed for analysing the effects of intrinsic mechanical properties (such as
grain sizes, hardness, porosity, surface stresses of the nanocomposite coatings) on the wear response. The
predictions showed close agreement with the experimental results. In conclusion Ni/Graphene exhibited better
anti-wear properties compared to other nanocomposite coatings. The high anti-wear behaviour of Ni/Graphene
composite is due to enhanced strengthening effects in the presence of graphene. The importance of this work is
evident from various industrial applications which require reliable modelling techniques to predict coatings
failures due to wear. This work will bring significant impact to precision manufacturing, wind turbine industries,
automotive, locomotive and aerospace in overcoming critical wear failures.
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1. Introduction

Research interests in preparation and nanoscale properties of nanocomposite materials with grain size of both
matrix and dispersed nano particles less than 100 nm have increased to address specific demands of high wear
resistance and low friction coefficient for current advanced technological applications, for example automotive,
defence and aerospace [1, 2]. Nowadays, the nanostructured design by dispersion of nano particles into the
matrix has proved to be ground-breaking tool for attaining the enhanced thermal, electrical, optical and
mechanical properties compared to conventional metallic materials [3-5]. Normally, electrodeposition involves
only one-step deposition process under normal room conditions [6]. The well-established technique offers
significant low-cost, reliability and environmental advantages over the previously used evaporation technology
[8]. Electrodeposition of various nickel based nanocomposite coatings have been performed by using various
types of nano particles including Al,O3, SiC, ZrO,, Graphene and TiO, [7-11]. In-depth experimental analyses
on fretting wear of electrodeposited nickel-Al,Os, nickel-SiC, nickel-ZrO, and nickel-Graphene (GPL)
nanocomposite coatings were performed [12, 13] and it was found that nickel-graphene coating showed better
fretting wear resistance. However, little work has been concerned with the development of predictive models for
analysing the fretting wear of nanocomposite coatings.

Fretting wear has been broadly studied in the past few years because of its extreme impact on structural
reliability [14-18]. Fretting wear in various metallic materials and alloys can now be predicted, however
predicting the fretting wear behaviour of nanocomposite coatings needs further research. The prediction of
various intrinsic mechanical parameters for example surface stress, porosity and grain size on the fretting wear
behaviour of nanocomposite coatings has always been a challenge. This is revealed by large number of wear
models and the problems in predicting the fretting wear of nanocomposite coatings with loading parameters like
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pressure and friction coefficient. Latest research shows a growing interest in improved wear formulation [19-
23].

In the present work, novel mechano-wear equations have been developed which integrate the concepts of
Archard theory and mechanics for quantifying eigenstress-dependent fretting wear processes for nanocomposite
coatings. The study utilises gross slip fretting conditions, concentrating on metal interfaces. Such condition
involves damage which is primarily regulated by abrasion. Our group is conducting similar research on
nanocomposite coatings [24-32].

This study is conducted to provide answers to the following key questions within the context of industrial
applications underpinned by multidisciplinary understanding and approach: (i) How the generic wear behaviour
of nanocomposite/steel tribo-couples can be formalised by using a well-known Archard equation integrated with
mechanics equations?, (ii) How can the influences of intrinsic mechanical parameters of the nanocomposite
coatings on the wear response be analysed?, (iii) What measures can be taken to predict the wear depth kinetics,
similarly which intrinsic mechanical properties influence wear depth kinetics the most? and (iv) How can the
reliability of wear predictions be validated by detailed comparison with the experimental findings?

2. Experimental study

2.1. Sample Preparation

Nanocomposite coatings; Ni/Al,Os, Ni/SiC, Ni/ZrO, and Ni/Graphene (GPL) were deposited on steel substrate.
Electrodeposition technique was adopted to deposit coatings on substrate. The thickness of all the coatings was
kept constant as h, = 10 um. All the samples had dimensions as 30mmx10mmx3mm and the substrate
roughness was kept as 0.05 um. Ultrasonic treatment was used for substrate conditioning before coating
deposition.

Nanocomposite coatings were electrodeposited by using the solutions which were composed of Nickel(ll)
Sulfate Hexahydrate (265 g/L), Nickel(Il) chloride (48 g/L) and Boric acid (31 g/L). These solutions were
ultrasonically dispersed with four various types of nanoparticles. The amount of nanoparticles was set as 20 g/L
with sizes as: Nano ZrO, (100 nm), Nano SiC (40-50 nm), Nano Al,O3 (30-40 nm), and Graphene platelets (5-7
nm). For better particle suspension before the coating deposition, the solution was magnetically stirred overnight
and the solutions’ pH value was maintained between 4.0 to 4.5 by NaOH or diluted H,SO4. The
electrodeposition current density and pulse on—off time was set as 5 A/dm® and 30-90 ms respectively. Anode
was made of nickel metal 8.20 mm thick while 80 mm in diameter steel disc acted a cathode.

2.2. Tribo-Testing

Tribological properties of electrodeposited nanocomposite coatings were studied using a modified linearly
reciprocating sliding contact tribometer (Plint TE57/77) as shown in Fig. 1. The tribometer consisted of lower
fixed electrodeposited specimen plate and upper 100Cr6 steel ball (H: 740HV, E: 210GPa and v: 0.3) with R =
4.8 mm radius. All tribo-tests were performed with immersed deionised water lubrication. The normal force P
was set as 15 N. The sliding velocity and frequency were set as 0.05 m/sec and 10 Hz respectively. Constant
sliding amplitudes &, was used. The wear depth profile along x-axis relative to x = 0 was represented as h(x).
The left side displacement relative to x = 0 was —5 whereas the right-side displacement was +d (see Fig. 1). The
selected tribo-conditions guaranteed boundary lubrication regime and complete data retrieval prior to coating
failure. Tribological tests for each type of coatings were repeated at least three times. Note that all the coatings
were polished prior to tribological testing in order to minimise the influence of any bulging particles.

Friction coefficient data was retrieved through COMPEND software with Plint-TE 57/77 tribometer. The failure
mechanism of coatings and elements content in wear tests were studied by using SEM (Scanning Electron
Microscope) and EDS (Energy-dispersive X-ray Spectroscopy) analyses, respectively. The average grain size of
nanocomposite coatings was measured by using an optical microscopy (OM) with application software. The
surface roughness and loss of coating material in wear testing was examined by using a three-dimensional
white-light interferometer and measured wear volume was used to calculate specific wear rate [12].

The internal stresses of coatings pre and post wear tests were measured by using a conventional beam-bending
method [33]. The internal stress in coating was evaluated by using the following equilibrium equation [34]:



0. = 4E3s2D/[312(1 — vo)h,] 1
where E; (200 GPa) is the steel substrate Young’s modulus; s is the steel substrate thickness; v, (0.29) is the
steel substrate Poisson’s ratio; L is the substrate segment length; h, is the coating thickness; and D is the central

deflection. The measured internal stresses of Ni/Al,O5, Ni/SiC, Ni/ZrO, and Ni/GPL are 0.9 GPa, 2.0 GPa, 3.0
GPa and 0.4 GPa respectively. The measured results for all the coatings are shown in Table 1.
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Figure 1. Schematic diagram of reciprocating sliding contact testing [31]. The ball in contact with the
degraded coating having a wear depth of h (x) along x-axis while displacement is shown as - (left of centre)
and +6 (right of centre).

Table 1. Measured properties of all the nanocomposite coatings

No. Ni/Al,Og Ni/SiC Ni/ZrO, Ni/GPL
R, (nm) 0.15+0.12 0.19 £0.08 0.30+0.2 0.07 £0.04
Hardness (GPa) 452 £ 25 410 £ 21 390+ 18 480 £ 24
Internal stress (GPa), o, +0.9 +20 +3.0 +0.4
Tribo-test conditions

Normal force 15N

Sliding speed 0.05 m/sec

Frequency 10 Hz

Stroke length 5mm

Lubrication Deionised water

2.3. Experimental Observations

2.3.1. Surface Morphology of Nanocomposite Coatings

In Table 2, the pre-test SEM micrographs demonstrate the microstructure morphology of electrodeposited
nanocomposite coatings while pre-test EDS results identify the elements and their concentration in all the
coatings. As shown in the top image of pre-test SEM cell of Table 2, all coatings exhibits the typical hexagonal
pyramid grain structure which is consistent with previous investigations by other researchers [35-38].

The pre-test particle size and their distribution was analysed by cross sectional SEM images in Fig. 2 showing
the largest sized particles in Ni/ZrO, and the smallest sized particles, uniformly distributed in huge amount in



Ni/GPL. The more magnified SEM images of coatings surface in Fig. 3 revealed that Ni/ZrO, exhibited largest
pore sizes followed by Ni/SiC and Ni/Al,Os. Ni/GPL however showed pore free surface.

Next the pre-test grain size measurement was performed as shown in Fig. 4. The figure shows that the largest
average grain size was observed in Ni/ZrO, (19.68 + 2 nm) while the smallest average grain size was found in
Ni/GPL (11.21 = 9 nm). Wear properties are significantly influenced by grain structure [39]. The grain size of
Ni/GPL was also observed to be extremely fine which resulted in better wear properties of Ni/GPL compared to
the rest of the coatings.

Post-test SEM micrographs of the worn surface morphologies of nanocomposite coatings after tribo-testing are
shown in Table 2. It can be seen that mainly micro-cutting, micro-delamination and micro-ploughing wear
mechanisms are observed on the worn wear tracks. Micro-cutting is characteristics of plastic deformation [40].
The largest parallel micro-grooves can be seen on the worn surfaces of Ni/ZrO, followed by Ni/SiC indicating
plastic deformation in both as shown in Table 2 (post-test, SEM (b and c). For the case of Ni/Al,O; the wear
mechanism is micro-delamination and for Ni/GPL, the wear mechanism is micro-ploughing as shown in Table 2
(post-test, SEM (a and d). The removal of Ni/Al,O; material due to micro-delamination wear mechanism caused
high friction coefficient value which will be discussed in the coming section (Fig. 11).

Post-Test EDS elemental analyses of worn surfaces are shown in Table 2. The presence of nanoparticles (Al, Si,
Zn and GPL) spectrum peaks confirmed their influence on the tribological properties. The relative stronger peak
of Fe element in Ni/GPL composite indicated that many wear debris from counter steel ball transferred on wear
track due to higher micro hardness of Ni/GPL compared to the rest of the coatings (i.e. Ni/GPL = 480 HV,
Ni/Al,O; = 452 HV, Ni/SiC = 410 HV and Ni/ZrO, = 390 HV). During fretting wear, the counter steel ball
surface showed the highest wear weight loss against Ni/GPL as shown in Fig. 5 (d) compared to the rest (Fig. 5
(a-c)). This clearly indicates the well-matched hardness of Ni/GPL as with the counter steel ball (740 HV)
compared the rest of coatings.

Table 2. Pre and Post exposure SEM and EDS results of nanocomposite coatings
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Figure 2. Pre-test cross-sectional SEM micrographs of incorporated nanoparticle distributions in the
nickel-based composite coatings: (a) Ni/Al,O5 (b) Ni/SiC (c) Ni/ZrO,and (d) Ni/GPL.




Figure 3. SEM images showing porosity in the nickel-based composite coatings: (a) Ni/Al,O3 (b) Ni/SiC
(c) Ni/ZrO, and (d) Ni/GPL.
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Figure 4. Pre-test grain size maps of the (a) Ni/Al,O; (b) Ni/SiC (c) Ni/ZrO,and (d) Ni/GPL



Figure 5. Optical photographs of worn tracks of 100Cr6 steel ball sliding against: (a) Ni/Al,Os (b) Ni/SiC
(c) Ni/ZrO, and (d) Ni/GPL.

2.3.2. Wear Rates, Surface Stress and Frictional Coefficients Behaviours

Fig. 6 presents the wear rate outcomes of all the electrodeposited nanocomposite coatings. A well-known
Archard equation is used to compute the wear rate. For this, wear volume (V) is taken as a function of Archard
factor (3, W). The Archard factor is the product of normal force P_ (N) and the total sliding displacement § (m).
In other words Archard factor is also defined as energy dissipated during fretting cycle.

Fig. 6 shows a rising trend of nanocomposite coatings wear volume (V) with increasing Archard factor ), W for
sliding condition [20, 41]. For these rising trends, the corresponding wear rate coefficients K, are deduced by
using regression [41]:
K = AV _ AV
VT AEwW) T Ak, P b))

Where iis the corresponding fretting cycle.
Table 3 presents the K, values and the corresponding averaged friction coefficients.

As can be seen from Table 3 that Ni/ZrO, composite exhibits the maximum wear rate coefficient. In comparison
to Ni/ZrO, a reduction of 14 % and 43 % was observed in Ni/SiC and Ni/Al,0; composites respectively. When
compared with Ni/GPL a maximum reduction of 48 % was achieved in the wear rate coefficient.

It is interesting to note that Ni/GPL composite showed the best wear resistant properties.
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Figure 6. The wear volume as a function of > W (R = 4.8 mm, deionised water lubricant, f=10Hz, P=15N,
= +25 to £50um, i: 1-10,000).

Table 3. Wear rate coefficient K, (regression lines) and friction coefficient of analysed hanocomposite
coatings against steel ball (4.8 mm radius steel ball, deionised water lubricant, f =10 Hz, P=15N, 3 = +25to
+50um, i: 1-10,000).

Coating | Wear rate coefficients Averaged friction
K, (um® (Nm)™) coefficient i
Ni/Al,O3 81 0.24
Ni/SiC 117 0.15
Ni/ZrO, 185 0.20
Ni/GPL 42 0.16

The wear rates coefficients K, and averaged friction coefficient g (in Table 3) for all nanocomposite coatings
can be compared with the corresponding measured coating hardness (HV). The measured hardness values for all
the coatings are shown in Fig. 7. The hardness measured by using nano-indentation showed highest hardness for
Ni/GPL and lowest for Ni/ZrO, as shown in Fig. 7.

It is evident in Fig. 8 (and also from Archard Wear Law [42]) that the wear rate coefficients K, of all coatings

linearly decreased with increasing hardness i.e. K, a %} while averaged friction coefficient & also showed the
decreasing behaviour except Ni/Al,Os. Ni/Al,0; showed higher averaged friction coefficient due to the
production of wear-debris as a result of micro-delamination which can be clearly seen in AFM images in Fig. 9.

Fig. 9 illustrates that Ni/ZrO, showed severe micro-cutting deformation compared to Ni/SiC which showed less
severe micro-cutting while Ni/Al,0; showed micro-delamination and Ni/GPL showed micro-ploughing
deformation. Relating these deformations (Fig. 9) with their corresponding wear rate coefficients K, (Fig. 8)
establishes that for the case of Ni-based composite coatings, micro-cutting (in Ni/SiC and Ni/ZrO,) corresponds
to the high wear rate coefficients (185 and 117 pm® (Nm) ") with low hardness (390 + 18 and 410 + 21GPa)
while micro-ploughing in Ni/GPL corresponds to lowest wear rate coefficient (42 pm?® (Nm)™") with highest
hardness (480 + 24 GPa) followed by micro-delamination in Ni/Al,O; with wear rate coefficient (81 um®
(Nm)™") and hardness (452 + 25 GPa).
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The addition of both intrinsic stresses (due to grain boundary) and extrinsic stresses (due to thermal mismatch
coefficient of coating and substrate) is responsible for total internal stress in nanocomposite coatings. As the
deposition of coating system was performed under ambient conditions therefore it is likely that extrinsic stresses
are negligible. The results reveal that the tensile stress increases the tendency of crack initiation and propagation
[43]. The experimental conditions are summarised in Table 1 showing that all coatings exhibit tensile stress. The
surface stress of all coatings together with normalised surface contact distance x/ay is shown in Fig. 10. The
dashed lines are the stress distribution without tribo-test.

It can be seen from Fig. 10 that in the Ni/ZrO, with an internal stress of +3.0 GPa, the maximum tensile stress at
the rear contact point (x/ay = —4) increased from 0.6 to 3.8 GPa. This means that the internal tensile stress in
Ni/ZrO, increased the surface tensile stress of Ni/ZrO,. Such behaviour resulted in cracking in the coating
surface which can be seen in the form of severe micro-cutting in Fig. 9. Likewise Ni/SiC showed lower increase
in rear contact stress (2.05 GPa) followed by Ni/Al,O3 (1.5 GPa) and Ni/GPL (0.4 GPa). Relating stress
behaviours of coatings with their grain sizes (in Fig. 4) clearly reflects the fact that the fracture failure (cracking)
of coatings depends on their grain size and increases with increasing grain size. Refined grains account for
higher hardness (e.g. Ni/GPL), better yield strength and ultimate tensile strength which limits fracture failure
and in turn reduces wear deformation [44].
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Figure 10. The surface stress of all coatings along the normalised surface contact distance x/ay

Likewise, the averaged friction coefficients corresponding to wear rates are also shown in Fig. 11. The highest
averaged friction coefficient was observed for Ni/Al,Oz which is related to the micro-delamination behaviour
(Fig. 9) producing wear debris increasing the friction coefficient [45]. Ni/GPL showed the third lowest averaged
friction coefficient p after Ni/ZrO, because the huge amount of graphene in the Ni/GPL (Fig. 2) resulted in the
formation of graphene tribo-film; consequently the averaged friction coefficient was reduced. Ni/SiC showed
the lowest value as SiC reacted with water in sliding and formed soft surface layers of SiO, and its hydride
which significantly reduced the wear rate of Ni/SiC [46]. Fig. 11 shows the friction coefficient p for all the
coatings as a function of Archard factor (3 W) displaying a clear stabilisation in the friction coefficient after
certain point except Ni/Al,Os, the reason for which is the production of wear debris, resisting stabilisation.
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2.3.3. Wear Profiles and Wear Depth Kinetics Profiles

Figures in Table 4 plot the evolution of normalised ‘wear profiles’ (figures on left in each cell) and normalised
‘wear depth kinetics profiles’ (figures on right in each cell) at different stages of degradation for all the coatings.
An even “U-shaped” wear profiles with the centre of the interface located at x = 0 are observed. The highest
depth of wear profile is always located at the centre. As evident from Table 4 that Ni/ZrO, exhibited largest
normalised wear depth (= 1.5) at i =10,000" cycle compared to Ni/SiC (= 0.68), Ni/Al,O; (= 0.34) and Ni/GPL
(= 0.19). The wear profiles for various cycles are the moving mean of analysed interferometric data, for instance
the interferometric wear profile of Ni/Al,O3 at i =10,000 shown in red. The figures on the right in every cell
represent the calculated wear depth Kkinetics h;)(x) at various cycles. The wear depth kinetics profiles were
developed by using the incremental expression taken from [41].

With increasing fretting cycles the normalised wear depth kinetics profiles decrease significantly. It can be seen
that the highest decreasing rate profile was observed for the case of Ni/ZrO, followed by Ni/SiC, Ni/Al,O; and
Ni/GPL. For instance, at i = 8000™ cycle, Ni/ZrO, showed smallest normalised wear depth kinetics (0.09)
compared to Ni/SiC (0.1), Ni/Al,O; (0.19) and Ni/GPL (0.21). Another worth noting point is that the profile
grows in a manner such that it initiates as an elliptical and then decreases to hertzian and lastly becomes a quasi-
flat shaped. The contact edges for i > 8000™ cycle (quasi-flat) indicate the type of wear deformation for instance
severe micro-cutting in Ni/ZrO, and less severe micro-cutting in Ni/SiC is indicated by almost full flat
distribution with heighted contact edges while micro-delamination and micro-ploughing in Ni/Al,O3 and
Ni/GPL respectively is indicated by less heighted contact edges.
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Table 4. The wear depth profiles (left figures in each cell); the calculated wear depth kinetics profiles (right figures in each cell).
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3. A 2-DPredictive Model

The well-known Archard equation is a simple model to describe reciprocating adhesive wear with the available
wear volume V, Archard factor W, the hardness H of the coating and the dimensionless wear rate coefficient K

[42, 47].
V=K

T|E
w

In this section, novel mechano-wear equations for the nanocomposite coating have been developed. This model
is based on the ‘Archard factor density concept’ presented by Khan-Nazir [41]. The model shows the wear depth
h(x) (um) in relation with the Archard factor density W (x) (N m/um?) at different fretting cycles ‘i’ along the
sliding interface x. Fig. 12 shows their profile at various cycles which starts as hertzian and then reduces to
elliptical and finally converges as quasi-flat shaped (as previously shown in Table 4).
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i = 10,000
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Figure 12. The profile growth of normalised wear depth kinetics and Archard factor density starting as
Hertzian and reducing to elliptical and finally converging as quasi-flat shaped at different i fretting cycles [48].

The model predicts the accumulated Archard factor density Y, W (0) by relating h(0) at x/a; = 0 with respect to
corresponding wear depth Kinetics h; (x) (discussed in section 2.3.3 and Table 4). Three hypothesis (Hertzian-
Elliptical-Flat shown in Fig. 12) have been taken to numerically calculate the value of W subject to condition
when the relative sliding ‘3, stays less than the contact radius ‘a’ (i.e. 8¢ < a) for a constant linear normal force
PL.

It is worth noting that the mathematical analysis assumes: gross sliding and half-space contact configurations.

3.1. Hertzian, Elliptical and Flat contact formulation

Initially, Hertzian approximation assumes that no wear has taken place at the interface and both contact
dimension and pressure are retained constant. During the i" cycle the dissipated Archard factor density at x = 0,
which is the interface centre, is constant and is given as [41]:
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It was shown that wear results in major change at the interface along with the extension of contact region.
Therefore the next hypothesis considers the elliptical distribution of the Archard factor density with extended
contact area a;y and is given as [41]:

1
8gi g 893)

Where poy and pog; respectively, are the maximum Hertzian and maximum elliptical pressures. The ay and a;,
respectively are the partial widths of the Hertzian and elliptical contacts respectively.

It has been shown that the Archard factor density becomes quasi-flat shaped beyond some number of cycles
given as [41]:
1

We(0) = T2+ 580, 6

Here, it is assumed that poy = pog and ay = a therefore,

_ _ 2P _ __ 4PLR _ 4RV
Pou = Poe = and ay=ag =—>=— 7

mE* i
Where R is the radius of the ball. The P, is the linear normal force and E* is the equivalent Young modulus
given as.

2 2
1-vy 1-v3

P 1
PL—E and E_?-l-E—z 8

Where P is the normal force applied, L is the contact length of coating and ball, E;, E, and v4, v, are the Young’s
moduli and Poisson ratios of the coating (subscript 1) and the ball (subscript 2) respectively.

3.2. Mechanics formulation

It is worth noting that the coating’s Young’s modulus E; (eg. 8) is linked with the extrinsic residual stress
o (Fig. 13) at the fretting scar’s centre and nano particle size (diameter) D, of coating as [41, 49, 50].

1
2

[ GC(O) ]
[1 yse E1 ks
[ crc(O) ‘ 9

Yse

Where k, = pP™ is the surface permeability of coating with p and m are the material properties; v is the stress
sensitivity coefficient [51]. The extrinsic residual stress o.(0) in the coating at the interface develops when the
coating substrate system with coefficient of thermal mismatch encounters the variation in temperature AT from
the deposition temperature during wear testing.

A classical solution to calculate the extrinsic residual stress in a coating-substrate system at the centre of the
interface is given as [41, 52].
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Where, E; is the elastic modulus of substrate; o and oy are the coefficient of thermal mismatch of coating and
- 2 2 - - - -

substrate respectively; h. (0) is the coating thickness at x = 0; t, = “Eas” + Bihe© jndicates the bending axis
2(E3s + E1h(0))

location [53],

The average maximum grain size D can be calculated by using eq. 9 as [41, 54].

_Dp 1
D —7(0)2+Dp 11

Where O is the grain creep sensitivity coefficient [41]. Post-deformation grain size is referred to as average
maximum grain size while pre-deformation grain size at the time of deposition is referred to as deposit grain
size D,. Eq. 11 is based on the assumption that the particles during wear deformation are inseparable from the
grain boundaries.

Nano composite
coating G °c
\ AT *

Figure 13. The schematic shows the evolution of residual stresses due to thermal mismatch during the
wear process.

The former expressions eg. 4, 5 and 6 represent the local wear depth analysis corresponding to local Archard
factor density W (N m/pum?). It is worth noting that the global wear analysis and the local wear analysis both are
directed by the same physical dimensions. In the case of analysis for global wear the Archard factor W (N m) is
linked with entire wear volume V (m?) of scar while for the case of analysis for local wear the Archard factor
density W (N m/ um?) is only linked with the wear depth h(x) (m) of scar. Therefore for addressing the global
wear analysis, the former expression eq. 4, 5 and 6 can be modified for expressing the local loading factor in
relation with the global Archard factor W.

1
Wiy [ 8g0) IO . (8g()
WH(i):E(i) (0) = WH(I)(O) = WE(i) (0) = W&a(% <1 - (%) ) + arcsin (%)) 12
W) _ W)

WF(i) (0) = 1 3

(2ag)+88(i))L Za(i)L(1+—‘:§EB)

Next by adding Hertzian/elliptical and flat distribution formulations, a dual equation to model the global

Archard factor density evolution from Hertzian /elliptical (eq. 12) to quasi-flat formulation (eq. 13) is given as
[41].
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Less than a threshold wear ag and cycle ig, the Archard factor density is given by Hertzian/elliptical distribution
(eg. 12), however above the threshold value of wear and cycle, the flat distribution is considered (eq.13).

3.3. Prediction of the wear volume, wear rate and friction coefficient

The above equation (eq. 14) is used for analysing the ball/coating contact. For this, accumulated W (N m/ um?)
is compared with the maximum wear depth h(x) (m). This analysis includes equating the evolution of contact
radius. Assuming that the ball is spherical in shape, the contact length S and the wear volume V; are given as
(Fig. 14).

S=2mRh and V=:mh?(3R—h) 15

Where, V is the wear volume in pm?. Solving the above equation leads to:

_ 1 7s? h

v _E(ZnR)ZR(3 _E) 16
Therefore with h << R it is deduced that:

V=_"Lg2 17

4mR
Combined with S = a? modifies to:
R i1

= (3 1
The wear volume relates to ), W as [41].

V=K, YW 19

Where ), W is the accumulated Archard factor (N m).

Figure 14. Schematic of steel ball (cross-section) in contact with the coating.
Lastly, the contact radius as a function of the Archard loading factor is written as:
1
__ (4RKy\z L

a= (—n ) > Wa 20
The above equation only addresses the worn interface, in order to add the contribution of initial Hertzian contact
(when wear has not actually initiated) eq. 20 is finalised by addition of the preliminary Hertzian component a.
At the i cycle, the contact radius a is written as.

1

ag) = AZ WZ

o T 21

Where coefficient A includes the wear rate K, and the contact geometry R.
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The wear rate can be quantified from eq. 19 by relating the wear volume (V) (eqg. 17) with Archard factor (3 W)
(eq. 14). The wear rate coefficient is then given by.

Ky, = — 22

The average friction response can be calculated as [55-61].

_ _Ea
H= 4P18, 23
Where E is the energy dissipated which can be related with the wear volume V as [55-61].
E,=2F 24

a

Where a is the energy wear coefficient (um®J), and B is the residual value (um®). For reliable friction
coefficient results both a and f must be set-up very-accurately either through experimental results or repeated
simulations. In present model these have been calculated from experimental data as-well-as repeated
simulations.

4. Modelling Results and Discussion

MD (Molecular Dynamic) simulations were conducted to study the intrinsic atomic level wear and friction
properties of nanocrystalline coatings. MD simulations for Ni/Al,O3, Ni/SiC, Ni/ZrO, and Ni/GPL
nanocomposite coatings FCC crystals were performed with LAMMPS algorithm [62, 63]. Embedded-atom
technique was utilised to simulate the crystals [64, 65]. All simulations were conducted in a molecular statics
framework and implemented by using the conjugate gradient method [65].

The simulation assumes the nanocomposite coating specimen made of Ni-matrix and the ball made of steel. The
x-axis lies horizontal to the coating surface while y-axis lies perpendicular to the coating surface. The analysis
of atoms along the xy plane for the Ni based composites is performed. The 1600 atoms are arranged in 80
atoms/layer in x dimension in a total 20 layers along y direction. The sample surface is assumed to be well-
defined at atomic level.

By using law of minimum potential energy, the layers of atoms in Ni matrix are attained at the lowest
thermodynamic temperature (i.e. 0 K) for reference in order to arrange the atomic layers by considering thermal
expansion and mean velocity vectors at room temperature. The velocity calculations are performed by using
Newton’s equations of motion and velocity scaling is performed until the system stabilises completely. This
results in the formation of the atomic layer model at room temperature. The average distance between two
adjacent atoms is about 0.21 nm which is normal inter-atomic distance in Ni matrix compounds. In current
study, wear and friction processes without plastic deformation are studied. MD simulations delivered the
material parameters values: @, 3, m and p. Additional material parameters were taken from references
stated in Table 1 and were experimentally confirmed. These parameters mentioned in Table 5 are based on
assumption that the thicknesses of all studied coatings were 10 um (from experiment).

Table 5. Parametric values generated by using MD simulations

Materials v E (GPa) | H (HV) CTE a pm®d | m | p | D, (nm)

(x109K) | (um%J)

Ni/ALO, | 0.28[66] | 275[12] | ~452 | 14.2[66] 0.21 01 |01]|18| 16.08
Ni/SiC | 0.24[66] | 310[12] | ~410 15 [67] 1.7 08 |08]|29| 1865
Ni/zro, | 0.21[68] | 220[12] | ~390 | 15.2[67] 23 04 |04]|35| 1968
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Ni/GPL | 0.19[69] | 240[70] | ~480 | 13.3[67] 11 15 |[15|09| 1121

Steel ball | 0.3[71] | 210[71] 740 11.7 [72] - - - - -

The simulations for wear volumes and friction coefficients for all coatings were performed by using the
parametric values in Table 5 in to the mechano-wear equations as shown in Fig. 15. The predicted wear
volumes and friction coefficients were validated by comparison with the experimental results to validate the
model reliability as shown in Fig. 15 (a) and (b). Both the predicted and experimental results were in close
relation except few data points where model slightly over predicted the predictions, making some points in both
graphs to deviate from the experimental data. For validation, both wear volumes and friction coefficients were
plotted as a function of Archard loading factor. As anticipated, the predicted wear volumes increased linearly
while friction coefficients stabilised following a preliminary increase as a function of Archard loading factor,
same as was observed experimentally.
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Figure 15. The comparison of experimental and predicted (a) wear volumes and (b) friction coefficients
results for validation of the model reliability.

Predicted wear volumes and friction coefficients with varying percentage porosity for Ni/Al,Os;, Ni/SiC,
Ni/ZrO, and Ni/GPL are shown in Fig. 16 (2) and (b). It can be seen from Fig. 16 (a) that the porosity directly
influences the overall wear volume such that 21, 16, 14 and 9 % rise in overall wear volumes of Ni/ZrO,,
Ni/SiC, Ni/Al,O3 and Ni/GPL respectively was observed when the porosity of all coatings was increased from
5% to 25%. The Ni/ZrO, had the highest percentage rise in wear volume (21%) while Ni/GPL had the smallest
rise in wear volume (9%). This is because Ni/ZrO, has the highest deposit grain size D, (19.68 nm) [Table 5].
When the porosity of nanocomposite coatings with larger deposit grain size increases, the grain boundaries
become more disordered compared with the coatings which have smaller deposit grain size [73]. These largely
disordered grain boundaries in a coating result in large wear rate. Based on this it can be seen that the largest
wear volume was found in Ni/ZrO, (21%) which had largest deposit grain size followed by Ni/SiC (16%),
Ni/Al,O3 (14%) and Ni/GPL (9%).

Fig. 16 (b) shows the percentage rise in friction coefficient when the porosity was increased from 5% to 25%.
The plots reveal that Ni/ZrO, showed the highest percentage rise (31%) in friction coefficient followed by
Ni/SiC (14%), Ni/Al,O3 (13%) Ni/GPL (12%). Based on this it can be inferred that friction coefficients of all
coatings are influenced by deposit grain size, as also in the case of wear volumes. The Ni/ZrO,, which had the
highest deposit grain size (19.68 nm) showed the largest percentage rise in fiction coefficient (31%) while
Ni/GPL with the minimum deposit grain size (11.21 nm) showed the smallest percentage rise in fiction
coefficient (12%).
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Figure 16. The predicted (a) wear volumes and (b) friction coefficients for various percentage porosity
values with respect to Archard loading factor.

Fig. 17 (a) plots the effect of increase in deposit grain size on the wear volume of all nanocomposite coatings. It
is observed that with the increase in grain size by 40% for all the coatings, a significant increase in the wear
volume of all the coatings was observed. Large deposit grain size results in significant cracking which
accelerates grain loss during fretting cycles. Contrarily, small deposit grain size with finely distributed network
in the Ni-matrix exhibit far-better inter-granular bonding avoiding grain loss.

22



This is the reason that Ni/Al,Os, Ni/SiC, Ni/ZrO, and Ni/GPL coatings showed very high percentage rise in
wear volume with 40% rise in deposit grain size. It is noteworthy that Ni/ZrO, showed the highest percentage
(51%) rise in wear volume followed by Ni/SiC (50%), Ni/Al,O3 (47%) and Ni/GPL (41%). The reason for the
lowest percentage rise in wear volume of Ni/GPL with increased deposit grain size is linked with the fine grain
compared with the other coatings. The fine texture does not account for much rise in wear volume.

The predictions in Fig. 17 (b) showed that the friction coefficient increased with the 40% increase in deposit
grain size. The highest percentage rise was found for Ni/ZrO, (44%) followed by Ni/SiC (32%), Ni/Al,O;
(17%) and Ni/GPL (12%). The reason for lowest percentage rise in Ni/GPL is linked to the lowest surface
roughness due to fine grains compared to other coatings, as discussed previously.
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Figure 17. The predicted (a) wear volumes and (b) friction coefficients for various deposit grain sizes
with respect to Archard loading factor.

Fig. 18 (a) plots the effects of temperature change from deposition temperature AT on the wear volume of all the
nanocomposite coatings. The change AT results in extrinsic residual stress due to the coating/substrate thermal
mismatch coefficient [74]. The fretting cycles under this behaviour gives higher wear volume. The Ni composite
coatings (o = 13 — 17 x 10 K™) offer higher thermal mismatch coefficient compared to steel substrate (o5 =
12.0 x 10 ® K™ [72], therefore negative temperature change (AT = -50K) results in tensile residual stress in the
coating whereas the positive temperature change (AT= 50K) results in compressive residual stress [75]. The
change in AT from 50K to -50K after }; W > 4000 becomes significant and results in large rise in the wear
volume. It can be seen that Ni/ZrO, showed the highest percentage rise (432%) in wear volume followed by
Ni/SiC (228%), Ni/Al,O5 (255%) and Ni/GPL (184%). The reason for significant change in wear volume of all
the coatings is that under tensile conditions the possibility of crack initiation and propagation in the surface
becomes very high. Another worth noting point is exponential rise when W > 4000, because after this point
the coating thickness h. at the centre of contact becomes very thin. Thin coatings after constant worn-out
develop high residual stress [74].

Fig. 18 (b) shows the variation in the friction coefficients of all the coatings with the change in AT. The change
in AT from 50K to -50K resulted in significant percentage increase in the friction coefficient. The highest
percentage rise was found for Ni/ZrO, (189%) followed by Ni/SiC (185%), Ni/Al,O; (180%) and Ni/GPL
(176%). The variation in residual stress from compressive to tensile corresponding to AT change resulted in
high cracking and wear debris offering high fiction coefficient.

140
NVA|203 AT=50K
120 { — — NI/SIC AT=50K /-
_—— NVZI’OZ AT=50K g’// /74320/0 r|Se
NI/GPL AT=350K
s~ 100 - _ . /
- NIfA|203 AT=-50K
= /i
3 =  NVSIC AT=-50K /T
e 80 i _ /
= - NiZro, AT=-50K , .
g NUGPL AT=-50K / ; 228%rise
- v
(0] 60 )
% / / 255% rise
= , J
9 40 4 / / 184% rise
T /
3 I
= 20 /'/ A S
—‘jj/:z:/ﬁ —_—
T et =
0 s
T T T T . ;

0 2000 4000 6000 8000 10000 12000
Archard loading factor X W (N.m)
(a)

24



1.2
NifAl,O3 AT= 50K
Ni/SiC AT= 50K
101 NiiZrO, AT= 50K ",a189% rise
N/GPL AT= 50K 185% rise
0.8 A Ni/Al,O3 AT=-50K s 180% rise
*;L e NISIC AT=-50K - 176% rise
Q - NiZrO, AT=-50K Pl
4 -
% 0.6 Ni/GPL AT= 50K ..,-' f«"'
8 ! /."'
c .
S 0.4 o i
o, / o
o n-". —
0.0 - (1] Ly
'02 T T T T T
0 2000 4000 6000 8000 10000 12000

Archard loading factor © W (N.m)
(b)

Figure 18. The predicted (a) wear volumes and (b) friction coefficients as a function of temperature
change AT with respect to Archard loading factor.

5. Conclusions

In this work, the wear performance of nanocomposite coatings: Ni/Al,Os;, Ni/SiC, Ni/ZrO, and Ni/Graphene
(GPL) was analysed by comprehensive experimental study which was then utilised to develop novel mechano-
wear predictive equations 19, 22, 23 and 24 which are able to predict the wear reliability of nanocomposite
coatings.

This study concludes the following points:

e Presented study concludes that Ni/ZrO, composite exhibits maximum wear rate followed by Ni/SiC and
Ni/Al,03 and Ni/GPL respectively. This was also assured by “U-shaped” wear profiles for maximum wear
depths (Table 4).

e The wear rates — hardness trend for all nanocomposite coatings subject of this study showed a linear
decrease of wear rate with increasing coating hardness. It was revealed that Ni/ZrO, which had the least
hardness, demonstrated the highest wear rate while Ni/GPL which had the highest hardness showed the
lowest wear rate. This behaviour showed that for nanocomposite coatings wear rate is inversely related to
hardness.

o Likewise, the friction coefficients — hardness trend showed no specific relation between the two, rather
friction coefficient was more influenced by wear debris instead of hardness. It was shown that Ni/Al,O;
revealed the highest friction coefficient due to wear debris as a result of micro-delamination followed by
Ni/ZrO,, Ni/SiC both showing micro-cutting and Ni/GPL showing micro-ploughing.

e The “U-shaped” wear profiles were utilised for calculating the wear depth kinetics profiles for all the
nanocomposite coatings. The evaluation of these profiles showed a decreasing behaviour starting from
Hertzian to elliptical and finally converging to quasi-flat shaped with increasing fretting cycles. The results
revealed the highest decreasing rate profiles were observed for Ni/ZrO, followed by Ni/SiC, Ni/Al,O; and
Ni/GPL.

e The geometric formulations for Hertzian, elliptical and quasi-flat wear depth kinetics profiles were used to
develop a 2-D mechano-wear model (equations 19, 22, 23 and 24) for analysing the energy distribution

25



corresponding to these profiles. The model was used to study the influences of various mechanical
parameters on the wear behaviour of nanocomposite coatings.

The experimental results were used to validate the model predictions showing that the wear rates and
friction coefficients of all nano-coatings of concern increased with increasing grain size due to increasing
eigenstress, porosity and thermal mismatch of nano-coatings.
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