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HIGHLIGHTS

o The friction behaviour of nano-composite coatings using oscillating-reciprocating condition has been simulated.

e Pre and Pro-test comparison of Nickel/Graphene and pure-Nickel coatings is conducted using characterisation techniques.

e Four types of tests were performed to compare the COF of Nickel/Graphene and pure-Nickel coatings.

e The post-tests revealed that Ni exhibited higher COF compared to Nickel/Graphene.

o A novel 2-D predictive model integrating the wear concepts with the microstructural and lubrication concepts is developed.

ARTICLE INFO ABSTRACT

Keywords: A comprehensive study of nanocomposite coating friction behaviour in oscillating-reciprocating simulations with
Coefficient of friction steel balls is presented. Graphene/Nickel (Ni/GPL) and pure Nickel (Ni) coatings have been studied. SEM, EDS,
Coating

and AFM analyses of coatings pre-test were performed to characterise the coatings in addition to tests to compare
the coefficients of friction ‘COF’ between pure Ni and Ni/GPL. Based on microscopic characterisation of wear
tracks, wear on counter carbon steel balls, and “U-shaped” wear depth profiles of wear tracks, it was determined
that Ni had a higher coefficient of friction than Ni/GPL. A novel 2-D predictive numerical model was developed
to examine the wear of nanocomposite coatings that integrates the microstructural and lubrication concepts.
Predictions from newly developed model and the experimental results are in close agreement. While significant
research has been conducted to understand the frictional performance of nanocomposite coatings, a novel and
reliable predictive model is still needed for analyzing nanocomposite coatings COF in the context of design. The
research will impact the automotive, aerospace, renewable energy, high-end manufacturing, and renewable
energy sectors.

Nickel graphene
Nickel
Predictive model

optical and mechanical properties [3-5]. A well-established low-cost,

1. Introduction reliable and environmentally friendly method for the fabrication of
nanocomposite coatings is electrodeposition, which normally involves

During the past recent years, significant body of research has been electroless pulse coating deposition technique at ambient conditions [6,
performed in development and enhancing sub-micron properties of 7]. Various nano particles have been used for electrodeposition
nanocomposites with extremely small grain size (<50 nm). The reason including Aluminium oxide, Silicon Carbide, Zirconium dioxide, Gra-
for substantial research in this area is to address the low friction and phene and Titanium dioxide [7-11]. Recent studies have found that the
high wear resistance requirement of various industrial sectors [1,2]. frictional performance of electrodeposited nickel Graphene (Ni/GPL)
Compared to conventional metallic materials, the addition of nano ~ Was better as compared to nickel- Aluminium oxide, nickel- Silicon
constituents in the metal matrix greatly enhances thermal, electrical, Carbide, nickel- Zirconium dioxide [12,13]. A high volume of
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Nomenclature

u Sliding velocity (pm/s)

n Viscosity of bulk lubricant Ns/m?
Vw Wear volume (pm3)

>~ WqDissipated friction energy (Nm)»_ Wg,Energy distribution
(Nm/m?)hgjie Dissipated friction energy (Nm)}_ Wan
Energy distribution (Nm/m?)h,ji. Thickness of the oil in
vicinity of the contact (pm)

N Coefficient of friction

ay Half width of the Hertzian contact (pm)

ag) Half width of the contact at the ith fretting cycle (um)

h(x) Wear depth at the xposition of the interface (2D contact)
(pm)

hg (x)  Wear depth at the x position of the interface (2D contact) at
the ith fretting cycle (um)

Ky Archard wear coefficient related to the wear volume
analysis (pm3 (N m)™)

L Axial length of the ball/coating contact (pm)

N Fretting cycle related to the coating failure

P Normal force (N)

Pg Normal force during the ith fretting cycle (N)

PL Normal force per unit of axial length (2D contact) (N/mm)
P Mean pressure (MPa)

So Residual displacement (pm)

8 Displacement amplitudes (pm)

8¢ Sliding distance (pm)

Q Friction force (N)

D,Grain size at the time of coating deposition (ym)Dy,.xGrain size
after wear deformation (pm)k,Surface permeability of
coatingp and m Grain size at the time of coating
deposition (pm)Dy,,Grain size after wear deformation
(pm)k,Surface permeability of coatingb and mMaterial
properties

v Stress sensitivity coefficientAbbreviations
CTE Coefficient of thermal elastic mismatch
SD Starvation degree

experimental research has been conducted for in-depth understating in
terms of comparison of frictional performance of various nanocomposite
coatings. But less effort has been put in the development of predictive
models to investigate nanocomposite coatings Coefficient of Friction
(COF).

For the past few years, COF has been the focus of research in the area
of structural reliability [14-16]. It is now possible to predict the COF in
various metallic materials and alloys. Predicting the COF of nano-
composite coatings is still a challenge due to its dependence on multiple
cross-disciplinary parameters including: i) wear parameters, ii) intrinsic
microstructural parameters such as porosity, surface stress, grain size
and iii) lubrication parameters. Recent study shows a rising attentive-
ness in enhanced wear and frictional modelling [17-21].

In this research, a 2D predictive model has been developed for
nanocomposite coatings which incorporate the fretting wear, micro-
structural and lubrication concepts for computing the Eigen stress-
dependent oil-bath fretting wear procedures. The gross slip fretting
conditions focusing on metal interfaces have been used which include
failure, mainly due to abrasion. Similar research on nanocomposite
coatings has been conducted in our centre [13,22-36]. This research
answers the following vital questions using the concept of
cross-disciplinary approaches. (i) How the standard frictional perfor-
mance of nanocomposite coating and steel tribo-pairs can be charac-
terised by fretting wear equations integrated with microstructural and
lubrication formulae ? (ii) What measures can be taken to investigate the
effects of essential microstructural parameters of the nanocomposite
coatings on the COF ? (iii) What actions are required to predict the COF,
similarly which intrinsic microstructural parameters influence COF the
most ? and (iv) What procedures can be adopted to justify the reliability
of COF predictions ?

2. Experiment
2.1. Sample preparation

Pulse electrodeposition method was used to deposit nanocomposite
Ni/GPL coating of 0.04 pm surface roughness and 10 pm thickness on to
a steel disc sample of 30 mm by 10 mm by 3 mm. For repeatability, three
samples were used in each test. Proper surface conditioning using ul-
trasonic treatment was performed on each sample before the deposition
of coating. For electrodeposition, the bath solution was prepared with
NiSO4(H,0)e of 210 g/L, NiCl: of 52 g/L and H3BO3 of 32 g/L. The
Graphene nanoparticles were used with concentration of 15 g/L and

particle size of 8-9 nm. To avoid agglomeration, ultrasonic dispersion
method was used to disperse nanoparticles in a bath solution. To ensure
that the particles were homogeneously suspended in the bath solution,
the magnetic stirrer was continuously used for 15 h before the start of
experiment. The pH of solution was maintained in between 2.5 and 3.0
by using NaOH and diluted H2SO4. The following attributes are kept
unchanged through the experiment: current density as 7 A/dm?, on-off
pulse time to 20-80 ms and with a duty cycle as 25%. Pure nickel and
Steel disc were used as anode and cathode respectively.

2.2. COF tests method

COF tests of Ni/GPL samples were conducted by using precise
reciprocating sliding wear Tribometer (Fig. 1). A horizontal displacer
persuaded reciprocating motion at 10 Hz of constant frequency and 0.1
m/s of sliding velocity. For simulating the ball-on-disk using oil lubri-
cation condition, the counter 100Cr6 steel ball (H: 520HV, E: 210 GPa,
v: 0.31 with a radius R = 22.5 mm) was used in tribo-contact with a
lower fixed Ni/GPL sample. Prior to testing, the Ni/GPL samples were
conditioned with acetone. Next the zero-reference of normal force was
computed. The samples were than subjected to the oil into bath till a thin
film was generated on the bottom flat sample. The required force was
applied on to sample after introducing it to point contact.

For comparative study, the friction behaviour of pure Nickel (Ni)
coating under various test conditions (Table 1) was also examined. The
intention of choosing Nickel coating for comparative study is, that its
substantial use in various industries such as bearing and its enhanced
frictional properties relative to some wear-resistant materials [37].

The experiments were conducted at 40 °C using two different vis-
cosity oils (mineral) i.e.10 cSt and 70 cSt. Base oils without any additives
were used, to make sure that they perform the same, once the system
approaches the stable-state between the replenishment stage and
removal stage of the oil from the contact. During the whole period of
test, the coated samples were completely immersed in about 2 mm layer
of oil. The frictional force (Q) and displacement amplitude (5) were
continuously logged while maintaining the normal force (P) constant.
The frictional force was used to compute the COF as a function of
number of cycles. The fretting test programmes were performed in
accordance with the conditions mentioned in Table 1 and every test was
duplicated in order to confirm accuracy. All tests were conducted in a
sealed chamber with well-controlled temperature and relative humidity
as mentioned in Table 1.

The system compliance of the tribometer was carefully considered in
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Steel ball

Nanocomposite coating

Normal Force P

1l

T2
RH : 40%

Friction force Q

measurement N

Table 1
COF test conditions for fretting test under oil bath lubrication condition.

Variable Parameters

Test Lubricant viscosity (n) 10 cSt 70 cSt
1
Test Displacement +60 pm +80 pm +100 +120
2 amplitudes (8) pm pm
Test Maximum linear force 10N 40 N
3 ®
Test Grain sizes (D) 10.08 £+ 6  23.08 +
4 nm 4 nm
Constant Parameters
Relative Humidity 40% +

(RH) 5%

Temperature (T) 23°C+
3°C

Maximum number of 70,000

cycles (N)

Frequency S5Hz

Counter steel ball 22.5 mm

radius (R)

order to get reliable displacement values at the interface. Therefore, for
same displacement 8, various different interface sliding could be pro-
duced, subject to the accuracy of tribometer. Such situation was avoided
by continuous monitoring of fretting log by maintaining constant re-
sidual displacement &y during the whole period of experiment. To
properly define the displacement amplitude, the friction force was kept
zero (Q = 0), though there is no effect of the accuracy of tribometer on
friction force. The comparison of test results was performed without
considering the regime of test system. This study was conducted for high
gross sliding conditions, in order for the residual contribution to be
comparable to fretting sliding distance (55 = 8¢). The contribution of ‘N’
fretting cycle is added i.e. > Wy = ZL W(;) to compute the interfacial
shear work at the interface Wy (also known as accumulated dissipated
energy).

2.3. Experimental observations

2.3.1. Pre-tests observations

Pre-test grain size measurement info-graphs revealed that Ni
exhibited larger grain size of 23.08 + 4 nm (Fig. 2 (b)) compared to Ni/
GPL grain size of 10.08 + 6 nm (Fig. 2 (a)). Grain size substantially ef-
fects the frictional properties of nanocomposite coatings [38].
Cross-sectional SEM images of both coatings were used to analyze the
pre-test particle size and distribution (Fig. 3) showing the graphene
particles in Ni/GPL are uniformly distributed in huge amount compared
to pure Ni. The more magnified SEM images of coatings surface in Fig. 3
show the surface morphologies of Ni/GPL and pure Ni coatings. It can be

Horizontal

™, / displacer §

Linear stage

_ .

Fig. 1. Schematic diagram of sliding retting Tribometer with controlled environmental chamber [33].

clearly observed that the Ni/GPL coating has a smooth surface with finer
grains than the pure Ni coating. It has already been reported [38] that
codeposition of graphene nanoparticles in Ni causes reduction of grain
size due to the inhibition of regular grain growth and enhancement of
fresh nucleation caused by second phase particles. Fig. 4 show the AFM
observation of surface morphology of the Ni/GPL and Ni. The Ni coating
showed larger and dissimilar grains. The incorporation of graphene
nanoparticles in nickel matrix modified the electro-crystallization
mechanism leading to smooth and homogeneous surface morphology.
This is also evidenced by significantly lower surface roughness value of
Ni/GPL coating as compared to pure nickel coating. Pre-Test EDS
elemental analyses of both coatings are shown in Fig. 5. Spectroscopic
peaks of graphene (C) confirmed its influence on tribological properties.
Ni/GPL composite shows the higher peak of graphene element as a
direct result of homogeneous graphene particles distribution in the
coating.

2.3.2. COF test

All the results of the COF tests (mentioned in Table 1) show that the
COF for Ni/GPL nanocomposite and pure Ni coatings depends on
microstructural properties (for example hardness, grain size), properties
of base oil lubricant (such as lubricant viscosity) and loading conditions
(such as displacement amplitude and maximum linear force) [39]. Next
sub-sections (2.3.1.1-2.3.4.1) will discuss the COF results for all the tests
performed on Ni/GPL and Ni coatings.

2.3.2.1. Effect of various lubricant viscosities () — test 1. For Ni/GPL
(Fig. 6 (a)), it was observed that for the similar mechanical conditions,
the running-in period finishes faster for lower viscosity oil n = 10 cSt
since lower viscosity oil provides good replenishment ability and less
time (meaning number of cycles) is required to form a stable tribo-film
[40]. Furthermore, the higher viscosity oil n = 70 cSt, did not form the
stable tribo-film and also after few hundred cycles it deteriorated and
additional time was required to recuperate the tribo-film. A similar
phenomenon was also observed for the case of pure Ni (Fig. 6 (b)),
however, the only difference was that the COF for both low and high
viscosity oils for Ni was higher compared to the respective COF for low
and high viscosity oil for Ni/GPL. The higher COF of Ni compared to
Ni/GPL for both viscosities is associated with the micro-delamination
behaviour of Ni creating wear debris thereby increasing the COF [41]
(discussed in detail in next section 2.3.3). Ni/GPL exhibited lower COF
since a substantial quantity of graphene within Ni/GPL caused the for-
mation of a thick tribo-film composed of graphene (SEM micrograph
shown in Fig. 6 (a)) thus improving the replenishment capabilities of the
oil; consequently, the COF is reduced.

2.3.2.2. Effect of various displacement amplitudes (§) — test 2. For Ni/GPL
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Fig. 2. Pre-test grain size info-graphs for (a) Ni/GPL (b) Ni.

with low viscosity oil 1 = 10 ¢St condition, it becomes hard to distin-
guish the border between the running-in period and the steady state,
especially for smaller values of sliding amplitudes as shown in Fig. 7 (a)
[42]. However, for Ni, running-in and steady-state regime are distin-
guishable by a border as compared to Ni/GPL as shown in Fig. 7 (b). For
Ni/GPL at smaller amplitudes, although, it is extremely difficult to
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segregate the running-in period from the steady-state period, however, it
is very important to separate the two distinct wear regimes for the sake
of further investigation. This friction behaviour of Ni/GPL compared to
Ni can be justified from the fact that Ni/GPL has comparatively large
hardness value due to its refined and compact grain structure (Fig. 2),
thereby minimising the difference between running-in and steady re-
gimes due to almost stable continuous friction behaviour.

For both Ni/GPL and Ni, it was observed that the running in period
becomes shorter with increasing displacement amplitude. For example,
for Ni with smallest displacement amplitude at 60 pm, the running-in
period lasted 6 x 10° cycles followed by 5.5 x 10° cycles at 80 pm, 5
x 10% cycles at 100 pm and finally 4 x 103 cycles at 120 um. Following
this, a stable and steady state was observed. Similar friction response for
running-in period was observed for Ni/GPL having shorter running-in
period for highest displacement amplitude and vice versa. However,
the comparison between the running-in periods for Ni/GPL and Ni
shows that Ni has slightly longer running-in periods compared to Ni/
GPL for all displacement amplitudes. The reason, for shorter running-in
periods, for Ni/GPL compared to Ni is that Ni/GPL develops a thicker
layer of tribo-film which supports sliding under higher amplitude con-
ditions [43].

2.3.2.3. Effect of various normal forces (P) — test 3. For low viscosity oil
at n = 10 cSt, friction behaviour of Ni/GPL and Ni coatings is tested,
under 10 N and 40 N, with continuous loading conditions as shown in
Fig. 8(a-b). Both for Ni/GPL and Ni, the observed COF at initial 10 N
normal force was lower than 40 N. At higher normal force (>10 N) the
COF increases significantly. It can also be seen that when Ni/GPL was
subjected to 40 N, the COF for Ni/GPL was still lower than the COF of Ni
at 10 N as shown in Fig. 8(a-b). This means that although the COF of Ni/
GPL increases with increasing normal force, thereby reducing its per-
formance, the COF of Ni/GPL corresponding to the highest normal force
(40 N) was lower and better than the COF of Ni. This better friction
behaviour of Ni/GPL compared to Ni can be justified based on the fact
that Ni/GPL has comparatively higher hardness value attributed to its
refined and compact grain structure (Fig. 2). In addition, better fric-
tional behaviour of Ni/GPL is achieved due to the formation of thin
uniform graphene protection/tribo-layer that contributes to reducing
friction and wear at the interfaces of tribo-contact [44]. On the other
hand, decreasing performance of Ni/GPL with increasing normal force is
linked to depleting graphene (C) with the stepwise increase in normal
force, resulting in the reduction of hardness of Ni/GPL causing
micro-ploughing [45] as shown in SEM/EDS micrograph in Fig. 8 (a).

There was additional significant behaviour observed during the
running-in stage of Ni/GPL. Running-in period for Ni/GPL gradually
became shorter with increasing normal force compared to longer
running-in period for Ni. The reason for gradual decrease in running-in
period of Ni/GPL corresponding to increasing normal force was because
of a thicker tribo-film which is required for better sliding compared to
thin tribo-film at low normal force as shown in top SEM micrograph in
Fig. 8 (a) [46].

Disturbances in the Ni/GPL COF curve at steady state were observed.
These disturbances were larger for higher normal force, as additional
energy is required to heal the tribo-film due to micro-ploughing (see
Fig. 8 (a)) [47]. On the other hand, during the steady state, the distur-
bance in the trend of Ni COF was far longer as compared to Ni/GPL. The
reason for this can be attributed to debris production due to
micro-delamination (see Fig. 8 (b)) and in turn more energy is needed to
retain the tribo-film for Ni as compared to Ni/GPL.

2.3.2.4. Effect of various grain sizes (Dyay) — test 4. Likewise, the effect
of corresponding Ni and Ni/GPL grain sizes on COF is shown in Fig. 9.
The COF was observed to be higher for Ni compared to Ni/GPL. This
higher COF of Ni compared to Ni/GPL is related to larger grain size of Ni
(Fig. 2) which results in micro-delamination behaviour, hence
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Fig. 3. Pre-test cross-sectional SEM micrographs of the nickel-based composite coatings for Ni/GPL and pure Ni.
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Fig. 4. Pre-test AFM images of surface morphology Ni/GPL and pure Ni.
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Fig. 5. Pre-test EDS micrographs of the nickel-based composite coatings for Ni/GPL and pure Ni.

producing increased wear debris with the increased COF as evident from around only 2 x 10° cycles as compared to Ni which is around 4 x 10°
previous SEM images and ref. [21]. Fig. 9 shows COF for both coatings as cycles. Ni/GPL showed shorter running-in period and lower COF
a function of the number of stress cycles exhibiting a clearer stability in because of the smaller grain size resulting in lower surface roughness

the COF beyond specific point. The running-in period of Ni/GPL is which in turn results in lower COF. Significant quantity of graphene in
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Fig. 6. The schematics for (a) Ni/GPL and (b) Ni showing the effect of the oil viscosity (1)) on frictional behaviour of the interface for ¢ = 28.64 mm, POH = 2.00 GPa,

Ra = 0.032 pm, g = 100 pm.

Ni/GPL caused the development of graphene tribo-film; therefore,
resulting in shorter running-in period and lower COF.

2.3.3. Post tests observations

The post-test EDS micrographs in Table 2 identify the elements and
their concentration for Ni/GPL and Ni samples that underwent Test 4
conditions: =10 cSt, ¢ = 28.64 mm and Ra = 0.020 pm and POH = 10
N. EDS was performed for Ni/GPL and Ni at least five spectral points
inside and outside the wear tracks, but for demonstration, only one
spectral point inside and one outside point are shown. Inside spectral
points were used to compare the percentage weight loss of elements
inside the wear tracks from outside. EDS results showed that Ni showed
larger percentage weight loss of elements inside the wear tracks
compared to Ni/GPL.

The comparison of the EDS results for Ni/GPL and Ni showed a
higher percentage of Ni weight loss in the wear tracks of Ni samples
compared to Ni in the wear tracks of Ni/GPL samples. For example, the
percentage weight loss of Ni in Ni sample was 40% compared to 20%
loss of Ni in Ni/GPL sample. The lower percentage weight loss of Ni/GPL
sample compared to Ni sample is linked with its microstructural prop-
erties [48]. Ni/GPL contains refined grains (as shown in Fig. 2 (a)),
which minimizes the transfer of corrosive contaminants, water and ox-
ygen, therefore preventing coating from severe fractures, oxidation and
grain extraction during wear cycles. This behaviour of the Ni/GPL
sample resulted in a slight percentage weight loss compared to the Ni
sample during the tribo experiment.

Another interesting result from EDS is the higher weight percentage
of carbon in the corrosion paths of the Ni/GPL sample compared to the
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Fig. 7. The schematics for (a) Ni/GPL and (b) Ni showing effect of 4 different sliding amplitudes on frictional behaviour for n = 10 cSt), ¢ = 28.64 mm, Ra = 0.020

pm and POH = 10 N.

nickel sample. This is because in Ni/GPL wear paths, some of the carbon
comes from the decomposition of carbon chains in graphene and a sig-
nificant amount of the carbon comes from the wear of the counter car-
bon steel ball. The surface of the counter carbon steel ball that slided
against the Ni/GPL sample showed a large wear weight loss (Fig. 10 (a))
compared to the Ni sample (Fig. 10 (b)).

This indicated that the hardness (480 HV) of Ni/GPL is slightly closer
[49] to the hardness (520 HV) of counter carbon steel ball [50]
compared to the hardness (266HV) of Ni [51]. Sliding wear response of
both coatings in terms of hardness can also be justified by analysing the
width of their wear tracks. The width of wear tracks for Ni/GPL and Ni
were investigated by using SEM, as shown in Fig. 11(a-b). It is evident
from SEM images that Ni/GPL exhibited 0.472 mm (Fig. 11 (a)) wide
wear track compared to 0.812 mm (Fig. 11 (b)) of Ni, confirming that

the high hardness of Ni/GPL compared to Ni resulted in less wear weight
loss of Ni/GPL.

Further, the moving average COF and corresponding wear volumes
(V) was analysed for both Ni/GPL and Ni samples that underwent Test 4
conditions: 1 = 10 cSt, ¢ = 28.64 mm and Ra = 0.020 pm and POH = 10
N. The rising trends of COF for both coatings were observed as a result of
rising number of wear cycles and Archard loading factor W as shown in
Fig. 12. Archard factor (aka. total dissipated energy during wear cycles)
is equal to the product of normal force (P) and total sliding displacement
(8). Accordingly, the accumulated Archard factor (3" W) is given by
Ref. [52]:

N
> W= W (Nm) where W) =4 8¢, P(;) (Nm) @)
i=1
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Fig. 8. The schematics for (a) Ni/GPL and (b) Ni showing effect of 2 different normal forces (POH = 10 N and 40 N) on frictional behaviour for = 10 cSt, ¢ = 28.64
mm and Ra = 0.020 pm.

W i, represents the Archard factor dissipated at the ith wear cycle. stabilized with time, but as expected, Ni was noted to have quite a high
The corresponding number of wear cycles (i) in Fig. 12 indicate that COF compared to Ni/GPL.
running-in period of Ni/GPL and Ni is around 2 x 10° cycles and 4 x 10° In Fig. 12, wear volumes (V) for Ni/GPL and Ni show linearly rising

cycles respectively. These cycles revealed that the COF of both coatings trends. It is noteworthy, that for both coatings, the moment when
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Fig. 9. The schematics for Ni/GPL and Ni showing the frictional behaviour of two nanocomposite coating due to their grain sizes for n = 10 cSt, ¢ = 28.64 mm and

Ra = 0.020 pm and POH = 10 N.

Table 2

Post-test EDS micrographs of Ni/GPL and Ni samples to determine the element type and concentration under base
oil viscosity of n = 10 cSt.

Ni/GPL

Ni

b X Spectrum 1
i !

—
ER

Spectrum 4

running-in period ends, the corresponding wear begins. By using a
conventional Archard description, wear volume could be calculated AV=K,x A (Z W(i)) (pm?) 2

from the COF and accumulated Archard

factor (5" W).
Where K, in eq. (2) is the energy wear coefficient, pm>/Nm and W
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Ni/GPL

(b)

Fig. 10. The SEM micrographs of wear on counter carbon steel ball surface as a
result of sliding against (a) Ni/GPL and (b) Ni under base oil viscosity of 10 cST.

indicates the dissipated Archard factor at the ith wear cycle
Wear volumes (V) in eq. (2) relates to normal force (P) with total
sliding displacement (3) as:

AV=K,x A (D 48g,Pg) (m)

Coulomb friction model, eq. (4) determines that the frictional force
(F(;)) is proportional to the applied normal load (P). Therefore, a COF ()
is assumed to be constant, and after substituting eq. (4) in to eq. (3) a
relationship between wear volume (V) and COF (p) can be established,
see eq. 5

3

Fiy =pP)(N) )]

_ 4 Sg(i)F (,-)) 3
AV=K,x A (Zip (pm®) )

As shown in Table 3, the normalised ‘wear profiles’ and ‘wear depth
kinetic profiles’ for Ni/GPL and Ni are shown at different stages of wear
degradation. It appeared that the wear profiles had a “U-shaped”
behaviour with maximum wear depth often at the centre (x = 0). The
normalised wear depth for Ni/GPL at i = 8,000th cycle is 0.39, whereas
Ni showed a significantly higher normalised wear depth = 0.51. Inter-
ferometric surface measurements at various cycles are used to create the
U-shaped wear profiles. The red profile shows a schematic wear profile
for Ni/GPL at i = 8,000™ cycle as an example of interferometric wear
profile. The 3-D image of Ni/GPL and Ni interferometers at the i =
8000th cycle is shown in Table 3, which clearly shows that Ni/GPL
exhibited less severe micro-ploughing deformation compared to severe
micro-delaimation in Ni.

Using 3-D interferometric analysis at 8,000 cycle, it was observed
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that Ni/GPL exhibited less severe micro-ploughing wear deformation
than Ni which displayed severe micro-delamination. Based on corre-
sponding wear profiles, Table 3 also shows the calculated wear depth
kinetics h;(x) of Ni/GPL and Ni in different wear cycles. Wear depth
kinetics profiles were developed using the incremental equation below:

AR () = han (%)

Ai Ai ©)

he(x)
Where Ai is a single wear cycle.

The profile of normalised wear depth kinetics is significantly reduced
in response to increasing cycles. For instance, at i = 8000th cycle the
normalised wear depth kinetics of the Ni/GPL was 0.25 compared to Ni
(0.06). Another interesting point is the evolutionary behaviour of the
normalised wear depth kinetics profile. It starts with a Hertz shape,
decreases to an elliptical shape, and eventually becomes a quasi-flat
shape. Contact edges with a quasi-flat distribution (i = 8000th cycle
and later) indicate the type of wear deformation. For instance, Ni/GPL
micro-ploughing has a slight elevation in contact edges, while micro-
delamination of Ni shows near perfect flat edges.

3. Modelling

A stepwise 2-D model for predicting COF is developed based on
experimental analysis for the nanocomposite coatings. This model in-
tegrates the concept of “energy profile distribution of wear depth ki-
netics” presented in experiments with the microstructural and
rheological parameters.

As our experiments show that COF depends on multiple cross-
disciplinary parameters including lubricant viscosity, displacement
amplitudes, maximum linear force and grain sizes. Therefore to address
our aim for developing a predictive COF model, three modelling ap-
proaches have been integrated which include wear [21], microstructural
[53] and lubrication [54,55] modelling as shown in Fig. 13.

3.1. Wear modelling

This section mainly includes results which are given in Ref. [56].
However, for proper understanding, some important points are recalled
here.

Wear resistance of nanocomposite coating can be evaluated by using
a linear expression which relates the wear volume, pm3 (V) with and the
accumulated Archard factor density, Nm (3 Wy) and energy wear co-
efficient pms/Nm (Ky) during the fretting cycles as [57],

(b)

Fig. 11. The SEM micrographs showing the width of wear tracks of (a) Ni/GPL and (b) Ni sliding against carbon steel ball under base oil viscosity of 10 cST.
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Evolution of COF and corresponding Wear Volume
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Fig. 12. The evolution of COF for both Ni/GPL and Ni for conditions: n = 10 cSt, ¢ = 28.64 mm and Ra = 0.020 pm and POH = 10 N.

V= Z WK, @) depth kinetics h; (x) [55].
The experimental studies presented here shows that the distribution
N N of the Archard parameters becomes quasi-flat Wyg;, after several hun-
de = Z Wi Wiy = Z P(i)8, (i) (8) dred cycles (Table 3). During ith cycle, the flat contact formula for the
= = dissipated Archard factor density at x = 0 is shown in the second part of
It can be seen in eq. (8) that the dissipated Archard factor density W(; eq. (9) on right [55].
during the ith fretting cycle is the multiplication of normal force (P) and

u Wi 8g; 524\ ? : . (g
E Wi (0)= Z Wha—£q) (0) + Wi (0) = Z [nﬁgsz (a(:) <1 - <J> ) + arcsm( . ”)

1 ag) @)

Hertzian/Elliptical approximation

the entire sliding distance (8,) at that particular cycle as shown in Fig. 14

(a).

Coating durability is typically associated to the vertical wear loss. N W
Therefore, compared to a conventional wear volume analysis, it is much +Z U 5 (C)]
reliable to use wear depth, pm (h) quantification for predicting the =i 2a(i>L(1 +ﬁ>
coating durability [36,58]. It, however, requires a local analysis. As seen W
from the experimental study that at the initiation stage of reciprocating
wear cycles, the typical elliptical shape is displayed which after few W and a; represent the Archard factor and contact radius of the ith
hundred cycles reduces to Hertzian and eventually becomes quasi-flat cycle for hertzian, elliptical, and flat contacts. At a given normal force
shaped as shown in Fig. 14 (b). The equations of the Archard factor applied P, Archard’s density Wy;—g)(0) method assumes that relative
density W(0) (N m/pm?®) and accumulated Archard factor density 3 sliding 8 g, remains lower than the contact radius aj.
W(0) were developed by correlating the maximum wear depth h(0) (pm) For the ith wear cycle, a; is given as [55],

at the wear scar centre (i.e. x = 0) in relation to the corresponding wear

11
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Table 3
Wear depth profiles for the various ith wear cycles of Ni/GPL and Ni, as well as 3-D interferometry images showing the type of delamination due to wear. The table also

shows the wear depth kinetics profiles corresponding to wear profiles depths for various Ni/GPL wear cycles.
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Wear Modelling

Lubrication Modelling

’ Coefficient Of Friction

Fig. 13. The stepwise modelling approach for predicting COF for the nano-
composite coatings.

_4PR (1—v§

ay =
nL El Ez

Where, ag and iy are the critical contact radius and critical cycle
respectively, R is the ball radius, L is the axial length of the ball/coating
contact, v; and v, are the coating and ball Poisson’s coefficients
respectively and E; and E, are the coating and ball Young’s modulus
respectively.

If the degradation (ag) < ag) and cycle (i< ig) are less than a critical
point, the Archard factor density value is determined by the elliptical/
hertizian approximation, while if they are higher, the flat approximation
is used.

It can be seen in eq. (11) that the coating’s Young’s modulus E; is
dependent on the coating surface porosity Py and coating surface stress
6. (0) which is given as: [59].

_ _o:(0)
Py=1y, exp( E, ) an
_ (E3(XSS + Elocchc(O))AT X — 1t
06(0)7E1( (Ess + E1h.(0)) + C 7(xCAT) 1la

Where in eq. (11) (a), o. (0) is surface stress of coating (biaxial) at the
middle of wear scar (interface) illustrated in form of Hooke’s law in eq.
(11) (a); v, is the stress sensitivity coefficient [60]. The coating surface
develops the residual stress due to temperature changes AT from the
fabrication temperature, if coating’s CTE (o) is different from the sub-
strate’s CTE (o). Where E; and E3 in eq. (11) (a) are the Young’s moduli
of coating and substrate respectively. The terms: h. (0), t, and {. denote
the coating thickness at the middle of wear scar, bending axis position
and the curvature radius of coating-substrate system as a result of re-
sidual stress [61] respectively.

3.2. Microstructural modelling

It is important to note that the nanocomposite coating’s Young’s
modulus E; (in eq. (12)) is related to extrinsic residual stress 6. (Fig. 15)
at the middle of wear scar and the coating’s mean maximum grain size
Dpuax (diameter) as [56,59,62].

1— V%) { tf g < ap and i < ig thenz W(O) = ZWH(i):E(i) (O)
if ag > ag andi> ig thenZW(O) = Wg;)(0)
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12)

Where, D, denotes the grain size when coating is initially deposited
while Dy, is the grain size post wear deformation. k; = pP{" is the sur-
face penetrability of coating; The terms: p and m denote the material
properties. The coating develops residual stress o.(0) at the interface, if
during wear test, the coating-substrate system which have CTE
mismatch, encounters the change in temperature AT from the temper-
ature at which coating was initially deposited [56,63].

Eq. (13) is assumes that during the wear deformation, the particles
and grain boundaries could not be separated.

Now, as the grain size increases the surface roughness of nano-
composite coating also increases. This estimation allows to assess the
limiting strains based on coating thickness, surface roughness and grain

size. The equation below was acquired experimentally [53],
Rs = YDux€4 + Roand h = hg + 2R, sin 0 (13)

Where, Rg (shown in Fig. 16) is the surface roughness/asperities present

(10)

at the effective strain g; during wear; R, is the initial surface roughness
of undeformed coating, D, (eq. (13)) is the average maximum grain
size of undeformed coating; Y is the experimental constant, hg is the
thickness of the coating thin segment and h is the thickness of the coating
thick segment at any given point. While the phase angle is denoted by 6
and this varies between O-n. The above equation considers surface
roughness exhibiting periodicity of sine function and out of phase dis-
tribution for realistic modelling. Consequently, if 6 = 1/2 then thickness
h in eq. (14) reduces to h = hg + 2Rg which indicates in phase distri-
bution of surface roughness.

3.3. Lubrication modelling

For fully separated lubricated contact (shown in Fig. 17) with
Newtonian behaviour, the friction force directly depends on the me-
chanical, dimensional and rheological parameters (eq. (14)) [54]. For
case with insufficient replenishment at the contact, the asperities can
radically rise resulting in pressure increase and significant depletion of
film thickness. In such situation, the lubricant starts behaving solid-like
at boundary regime. Film thickness in relation to lubricant viscosity,
sliding velocity and contact radius can be used to calculate friction force
Q as [54],Where, a is the contact radius (refer to eq. (9)), u is the sliding
velocity, n, is the viscosity of bulk lubricant hp is the thickness of uni-
form protection layer which is a key factor to reduce friction and wear
and hy; is the remaining thickness of the oil in vicinity of the asperity
contact.

Now in relation to our wear analysis (section 3.1), the average co-
efficient of friction during fretting cycles i is defined as the ratio of
friction and normal forces [55],

=L S uiwheren = (15)
pr 2 p@i)wherep = P
Substituting eq. (15) in eq. (14) yields,
naZun,
= ° 16
IJ Phoilec ( )
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Normal Force, P
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Fig. 14. (a) shows the counter steel ball on coating with normal force (P), over-all sliding distance &4, contact radius a, radius of ball R, thickness of coating h and
area of contact S while Fig. 14 (b) sketches the evolution of analysed Archard factor density >~ W(0).
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grains

Fig. 15. Schematic showing the grains of nanocomposite coating.
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Fig. 16. Out of plane distribution surface roughness/asperities on nano-
composite coating.

According to Cann [54] an essential assumption is that the thickness
of film has a direct relation with the concentration of oil in the track.

Materials Chemistry and Physics 301 (2023) 127550

replenishment makes an inverse relation with the viscosity of oil, width
of the track and sliding velocity. These parameters have been formulated
in eq. (17), describing the changeover among the fully flooded regime
and the starvation regime (starvation degree [SD]) [54].

sp =24 a7
hyiiee O

Solving eqs. (17) and (16) gives coefficient of friction in terms of five
parameters of SD as,

SDo, ma  un, ma’
e s
oiloo

Now to modify coefficient of friction in eq. (18) in terms of cumulated
dissipated friction, eq. (7) and eq. (10) is substituted here in as,

2 2\ \ 2
4PR 1—vy 1-v3
e (42 (5 +557))

Another assumption was that the surface tension oy in the area around p Pho 19
the contact decides the replenishment of the contact [54]. Therefore, oileo
{ Unife-~ ‘\,
| prote Sliding velocity
| |
i i Steel ball
- Lubricant
Nanocomposite coating
Fig. 17. Schematic shows the separated lubricated contact with between nanocomposite coating and counter carbon steel ball.
na’u na’u
= hon:o = o T]} where hgijes = hoiy + hp (14)

L.
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Steel Ball

Lubricating medium

o

Nanocomposite
Coating / Bulk material

»

(0,0)

>

Sliding distance pm

Fig. 18. The MD simulation model of nanocomposite coating sliding against counter carbon steel ball.
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Table 4 Eq. (19) shows that friction coefficient is a complex attribute which
The fitted material parameters which have been evaluated using MD simulation. in turn is a function of several wear, microstructural and lubrication
Materials v E(GPa) H (HV) CTE (x m D, parameters. It is noteworthy that in addition to nanocomposite coating
107°/K) (nm) properties, the friction coefficient is also in direct relation with the

Ni/GPL 0.19 240 ~480 13.3 [58] 15 1121 radius of steel ball R.

(571 [38] [38]
Ni 0.3 190 266 [39] 13 [59] 1.3 23.08 4. Modelling results and discussion
[39] [39]

Ca];:ﬁn Steel ([);ﬁ f61 8] 520 (601 62161 The validation of simulation results and the reliability of model was
performed by comparing the results from MD simulations with the re-
ported experimental results. LAAMP software [64,65] was used to
simulate the fretting wear contact between Ni/GPL and counter carbon
steel ball via 2nd order generation of reactive empirical bond order

1.0
Ni/GPL ) i
! —— Ni/GPL - Predicted
Ni/GPL - Measured
0.8 A
|
H
|
067
Coefficient {
of friction
(COF) 04
0.2
‘ ; : ; i ‘ i ; ‘ ‘
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Number of cycles
(a)
0.6
Ni
Ni - Predicted
0.5 1 . Ni - Measured

Coefficient ** |
of friction a8
(COF) 0.3

0.2 1

0.14

iV

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Number of cycles
(b)

Fig. 19. Model validation using COF with respect to number of cycles for (a) Ni/GPL and (b) Ni at low oil viscosity n = 10 ¢ST, ¢ = 28.64 mm, POH = 2.00 GPa, Ra =
0.032 pm, 8g = 100 pm.
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(REBO) [19]. Embedded atom model was used to simulate the crystals
potentials [66,67]. The simulation was conducted using Molecular
statics framework with implementation using conjugate gradient
method [67]. To maintain the constant level of system’s energy, atoms
and volume, the NVE boundary conditions were adopted [68]. The MD
wear simulation model for Ni/GPL and Ni is illustrated in Fig. 18.

The simulation was based on nano-crystalline Ni-matrix and counter
carbon steel ball with x and y axes taken as horizontal and vertical
respectively to the coating surface according to the right-hand coordi-
nate system. A well-defined arrangement along xy-plane consisting of
2.1 x 10° atoms with 95 atoms per layer along horizontal axis and a
depth of total 25 layers along vertical axis was set to simulate the
coating/ball interface. The outermost layer of Ni-matrix was originally
indented at a specific depth by a semi-circular carbon steel ball. R =
22.5 mm was set as the original radius of ball. Both ball and Ni-matrix
were enclosed by a lubricating medium. After some cycles, ball tip
with sliding velocity of 0.1 m/s, began to wear out the Ni-matrix. The
ball was assumed to be comparatively rigid to avoid the exchange of
atoms amongst the Ni-matrix and the ball tip.

This work analysis the COF without plastic deformation. For Ni/GPL
and Ni, the material parameter ‘m’ was obtained via MD simulations
while additional material parameters were accessed from relevant
research articles (see Table 4). These parameters were experimentally
confirmed. The coating thickness was kept as 10 pm in accordance with
the experiments, and all the coating parameters were strictly based on
this thickness value.

To simulate the effects of various parameters including: wear,
microstructural and lubrication on the COF (Fig. 19(a-b)) for both Ni/
GPL and Ni, the values in Table 4 are used in the model. To validate the
accuracy and reliability of model, COF for both Ni/GPL and Ni were
compared with their corresponding experimental results. Both predicted
and experimental results were in good agreement. The COF was plotted
as a function of number of cycles. The predicted running-in period for
Ni/GPL and Ni lasts for a few thousand cycles which is then followed by
stable and steady state.

A slight divergence of predictive results from experimentally
measured values was observed, which point towards the fact that the
model somewhat over predicts some data points, however, this diver-
gence was reduced by calibration of material parameter ‘m’(shown in
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Table 4).

We will now focus our discussion on the influences of varying
‘microstructural properties’ for example thermal mismatch and per-
centage coating porosity of coating on the COF behaviour of Ni/GPL. For
Ni/GPL, the predicted COF as a function of porosity percentage in
relation to the number of stress cycles is shown in Fig. 20. At a given
normal load of 2 GPa, the COF increased by 79% when coating per-
centage porosity increased from 2% to 6%. Porous surface account for
large probability of generating wear debris due to large asperity-asperity
contact. Consequently, the increase in COF with increasing porosity
could be due to the creation of more asperity-asperity contact during
sliding.

Fig. 21 demonstrates the influence of change in temperature AT from
the initially fabricated temperature on the COF of Ni/GPL. The AT,
because of the coating and substrate CTE mismatch, produces residual
stress in coating [69]. The development of residual stress in coating due
to CTE mismatch can also be observed during fretting cycles. Since CTE
of Ni/GPL (o = 13.3 x 10°° K’l) is larger than of steel substrate (og
11.7 x 107 K_l) [70], the increase in temperature from fabrication
temperature (AT = 50K) during wear testing results in the compressive
residual stress in the coating while the decrease in temperature from
fabrication temperature (AT = —50K) results in tensile residual stress in
the coating [71]. The change in AT from —50K to 50K results in 61% rise
in COF. The reason for higher COF for AT = 50K is that under
compressive conditions the grain boundaries overlap [72] and constant
compression under wear cycles consequences in surface deformation
resulting in film breakdown causing relatively higher COF than AT = 0K
and AT = —50K. Such higher COF is not observed when AT = —50K
since constant tensile stress does not results in severe deformation
thereby avoiding significantly high COF with wear cycles [73].

Further analysis was conducted by predicting the effect of counter
carbon steel ball radii on COF. Typical variation of COF as a function of
number of cycles at various ball radii is shown in Fig. 22. General trend
was similar for various ball radii. From Fig. 22, it is observed that the
COF in Ni/GPL increases with the ball radius due to increase in ball-
coating contact area. In this case, the increase in contact area directly
results in the increase of wear rate and corresponding COF. Further-
more, it can be seen that, the rise in COF as a result of increase in the ball
radius from R = 22.5 mm-28.5 mm is not significantly large. This is

1.0

0.8 1

Coefficient 0.6
of friction
(COF)

0.2 4

2% increase in porosity
4% increase in porosity
6% increase in porosity

0 2000 4000 6000

8000 10000 12000 14000 16000 18000

Number of cycles

Fig. 20. The predicted COF for various percentage porosities of Ni/GPL at low oil viscosity 1 = 10 cST, ¢ = 28.64 mm, POH = 2.00 GPa, Ra = 0.032 pm, g =

100 pm.
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Fig. 21. The predicted COF for various CTE mismatch values of Ni/GPL at low oil viscosity 1 = 10 ¢ST, ¢ = 28.64 mm, POH = 2.00 GPa, Ra = 0.032 pm, g =

100 pm.
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Fig. 22. The predicted COF for various counter steel ball radii with respect to number of cycles for Ni/GPL at low oil viscosity 1 = 10 ¢ST, ¢ = 28.64 mm, POH =

2.00 GPa, Ra = 0.032 ym, 8g = 100 pm.

possibly related to little micro-ploughing behaviour of Ni/GPL, pro-
ducing less wear debris and in turn resulting in less rise in COF with
varying ball sizes.

5. Conclusions

This work has presented frictional performance analysis of Nickel-
Graphene (Ni/GPL) nanocomposite coating in comparison with pure
Nickel (Ni) coating. The observations facilitated to develop a novel 2-D
predictive numerical model to predict the coefficient of friction (COF) of
Ni/GPL and Ni. The proposed new model is likewise valid for other types
of nanocomposite coating. From the SEM results, the sliding wear
response of both coatings in terms of hardness was also justified by the
larger wear weight loss of counter carbon steel ball sliding against the

18

Ni/GPL compared to Ni. Further SEM analyses showed the narrow wear
track in case of Ni/GPL compared to Ni. Moreover, the 3-D interfero-
metric analysis of wear tracks revealed the “U-shaped” wear depth
profiles of wear tracks which were utilised to calculate the energy dis-
tribution along the interface. A suite of 2-D predictive models has been
developed on the basis of aforementioned experimental results inte-
grating the wear, microstructural and lubrication equations to predict
the COF of nanocomposite coatings. The COF predictions and the
experimental results are in close agreement. The results explicitly
showed the frictional performance of Ni/GPL nanocomposite coating in
relation to increase in thermal mismatch, porosity, and counter ball
radius. This work will result in significant savings in laborious, expen-
sive experimental studies, as well as improved material life and reduc-
tion in unplanned breakdown costs.
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