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The heat generated by friction and wear between contact surfaces is detrimental to the performance of polymeric
materials due to the low thermal conductivity of polymer materials. This work presents the effect of boron nitride
(BN) nanosheets on the thermal and tribological properties of polyethylene (PE) materials. The molecular
interaction between BN nanosheets and PE matrix was enhanced by functionalizing BN nanosheets with silane
functional groups. It was observed that adding just 5 wt% silane modified BN (sBN) nanosheets can increase the

thermal conductivity of PE materials by 33% and minimizes the generation of hot spots due to fast heat dissi-
pation. In addition, the wear rate is reduced by 35% in PE-sBN composites in comparison to PE materials.

1. Introduction

Polymer materials such as polyethylene (PE) often show poor wear
and friction properties [1,2]. Such low performance can be attributed to
several factors, including (i) high coefficient of friction (COF) [3], (ii)
low mechanical properties [4], and (iii) low thermal conductivity of
polymers leading to heat buildup during friction or wear [5]. The
thermal conductivity of polymer materials plays a critical role in
reducing concentrated heat generation and improving tribological
properties. In fact, the poor thermal and tribological properties of
polymer materials are the primary reasons for about 80% of moving
components failure and 33% of the primary energy consumption from
wear each year [6]. Since polymer materials with low mechanical
properties often undergo deformation during friction, the buildup heat
can lead to polymer softening, and thus, triggering a greater degree of
mechanical damage and wear loss [7,8]. This deficiency has limited the
applications of the polymer materials in wear-resistant applications [9].

The incorporation of nanofillers into polymers is a promising strat-
egy to reduce wear losses [10-12]. The combination of reinforcing
nanofillers and solid lubricants could reduce the wear and friction
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through tribofilm formation at the rubbing interfaces [6,13]. For
instance, just 2 wt% boron nitride (BN) nanosheets incorporation into
polyimide (PI) nanocomposites showed 83% reduction in wear rate and
17% reduction in COF at a low loading of nanosheets [14]. In another
study, 0.5 wt% BN nanosheets in epoxy composites led to an increase in
mechanical strength and tensile modulus while reducing the wear rate
by 33% [15]. Molecular dynamics (MD) simulation also confirmed that
the reinforcement of polymer with nanofillers could increase Young’s
modulus and shear modulus by 150% and 27.6%, respectively, and
reducing the average COF by 35% and abrasion rate by 48% [16].
Interestingly, the correlation between the thermal conductivity of
polymers and their tribological properties is less studied. For example,
Dong and co-workers [17] coated aluminum foam/polyoxymethylene
(AF/POM) composites surface by modified graphene nanomaterials.
Incorporation of 5 wt% modified graphene coating on the AF/POM
composite surface increased thermal conductivity by 92%, resulting in
an improved thermal distribution of the heat generated by the friction.
As a result, COF and wear loss of the coated AF/POM composites were
decreased by 8 and 28%, respectively. In another study, 55% increase in
thermal conductivity and 15% reduction in average COF were reported
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for incorporating 4 wt% graphene materials into lubricant (e.g., grease)
[18]. Compared to coating and lubricant techniques, polymer nano-
composites are cheaper and easily produced in bulk. Surprisingly, there
is very limited study of such correlation between thermal conductivity
and tribological properties for polymer nanocomposites materials. As for
example, Mu and co-workers [5] showed that incorporating graphene
into the polyimide resulted in a drop in contact surface temperature
from 217 to 207 °C and reduced wear rates from 0.87 x 10™°  t0 0.5 x
10° cm®N~'m™'. A recent publication also demonstrated the impor-
tance of increased thermal conductivity to improve tribological prop-
erties of the composites [19]. This promising study calls for further
investigation on the correlation between thermal conductivity and their
tribology behavior in composite materials. Also, the role of interfacial
chemistry between nanofillers and polymers on the tribology behavior
needs further studies.

This work reports the effects of BN nanosheets on the thermal and
tribological properties of polyethylene materials. Moreover, there has
not been any systematic investigation between the thermal conductivity
and tribological properties in polyethylene materials to the authors’
knowledge. Two types of BN nanosheets, pristine and silane modified,
were chosen for this study to reveal the effect of interfacial interactions
between BN nanosheets and PE molecular chains on their thermal and
tribological properties. The thermal properties of the polymer compos-
ites were studied by characterizing: (i) thermal conductivity using a hot-
disc thermal analyzer and (ii) thermal maps using a point laser heating
source. Moreover, the polymer composites were characterized for
tribological properties: (i) wear rate (wear rates are calculated by
measuring the volume of materials removed per unit surface area per
unit force per unit distance traveled during wear process) was measured
using auto-polishing experimental setup, and (ii) COF was obtained
using a tribometer. After the dry sliding wear test, the samples were
observed for surface topography using a laser microscope and surface
morphology using a scanning electron microscope (SEM).

2. Materials and methods of polymer composite preparation

PE polymers were received from an industrial supplier, which were
used to fabricate PE composites. The detailed characterization of the as-
received PE samples is shown in a previous publication [20]. This PE
material contains approximately 37 wt% inorganic residues, i.e.,
aluminum oxide (Aly03), zinc oxide (ZnO), and approximately 63 wt%
PE polymer matrix. In this study, the pristine and silane-modified BN
nanosheets are used to fabricate polymer composites using a twin-screw
extruder at the Ford Research and Innovation Center, MI. In addition to
the characterization of pristine and silane-modified BN (sBN) nano-
sheets, the detailed fabrication method of preparing PE-BN composites is
described in a previous study [20]. Both sBN and pristine BN (pBN)
nanosheets are hexagonal crystal structures, and the average lateral
sizes are 100-200 nm. sBN nanosheets were made by functionalizing
pBN nanosheets with 1-3 wt% silane coupling agent (KH-550) using
3-aminopropyltriethoxysilane (CoH23N203Si, CAS: 919-30-2). Pristine
BN nanosheets are denoted as pBN nanosheets, and silane functionalized
BNs are denoted as sBN nanosheets throughout this paper. PE-pBN in-
dicates that this composite is composed of PE and 5 wt% pBN nano-
sheets. Similarly, PE-sBN indicates that this composite is composed of PE
and 5 wt% sBN nanosheets. Simply, PE-BN indicates that the PE-BN
composite comprises PE and BN nanosheets (i.e., either pBN or sBN
nanosheets).

3. Characterization
3.1. Thermal analysis

Thermal properties of samples were characterized to assess BN
nanosheets and its silane functionalization effect on the PE materials.
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Thermal properties such as thermal conductivity and thermal mapping
were measured using a hot-disk thermal analyzer apparatus and a Micro
Thermal Imaging Microscope System.

3.1.1. Thermal conductivity

The samples’ thermal conductivity was measured by a hot-disk
thermal analyzer (TPS 3500) using a 0.88 mm Kapton sensor. Hot-disk
measurements are based on the transient plane source (TPS) tech-
nique, details of which can be found elsewhere [21,22]. The hot-disk
analyzer was calibrated using two control samples: BK7 window glass
and stainless steel. The measured values were 1.06 + 0.04 and
13.9 + 0.54 Wm™! K, respectively, in excellent agreement with the
literature [23,24]. For each specimen, five measurements were taken at
multiple spots. The uncertainty associated with the thermal conductivity
incorporates the standard deviation and the uncertainty of samples’ heat
capacity.

3.1.2. Thermal mapping

To assess the heat distribution property of samples, an Infra-red (IR)
camera-enabled thermal mapping microscopy system (Micro Thermal
Imaging Microscope System) was used [25]. A constant power laserof
100 mW was used to heat the sample surface as a point heating source.
An IR camera with a 20 um lens was placed right above the testing
sample so that the surface temperature was detected instantly and
continuously. The surface temperature of the samples was measured at
the 30™ second from the start of heating.

3.2. Tribological analysis

3.2.1. Wear test

The dry sliding wear test was carried out using an auto polishing
machine (Multiprep polishing system-8", Allied high tech products Inc.),
equipped with precision control of wear loading. The dry sliding wear
test was done using a nominal load of 5N at a rotation speed of
0.025 ms~! (30 rpm) for a specific duration in a condition of dry sliding
friction. A schematic diagram of measuring the weight loss of samples in
a dry sliding wear test is shown in Fig. 1. The wear rate of the samples is
calculated in terms of volume loss per unit surface area using a modified
equation as reported in the literature [26]:

K= om M
AXFXxXDxp

where K is the wear rate (m®m=2N-'m™'), Am (g) is the amount of mass
loss during the dry sliding wear test, A (m?) is the contact surface area of
the sample, F is the applied nominal load (N), p (g m~>) is the density of
materials, and D (m) is the distance traveled in the dry sliding wear test.
This wear rate (K) that is used in this manuscript is the normalized value
of the wear rate with respect to the contact surface area of the sample
with abrasive-paper. Because of the experimental design, the contact
surface area of all of the tested samples was slightly different. Therefore,
the calculated wear rate (K) is more accurate representative wear rate of
the samples, and it is important particularly for comparing the results
among samples. Each of the samples was tested at least three times to
ensure the repeatability of the results.

3.2.2. Coefficient of friction measurement

A load of 1 kg was kept on the dry surface of the samples. Later, the
load was connected to the force sensor. Fig. 2 presents the schematic
diagram of the experimental setup. A motion sensor was utilized to
monitor and maintain constant velocity during the load movement on
the samples. Both force sensor and motion sensor were connected to the
data acquisition system, LabQuest 2. After placing the load over the
sample, the load was being pulled forward by a yarn. Test results in
terms of frictional force were analyzed using the software Logger Lite.
Finally, COF, p, was calculated using the equation, p = F/R, whereby F is
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Fig. 1. Schematic diagram of an experimental set-up showing wear rate measurement of samples.
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Fig. 2. Schematic diagram of an experimental set-up showing coefficient of friction measurement of samples.

the measured frictional force, and R is the reaction force, equal to the
vertical load applied to the models [27]. Five trials were performed for
each model to ensure experimental repeatability.

3.3. Microscopy and spectroscopy characterization

3.3.1. Optical microscopy

Three dimensional (3D) surface features were obtained to charac-
terize the topographies of the samples. A non-contact surface profil-
ometer (Olympus OLS5000 laser microscope) was used to collect the
surface features, and Olympus OLS5000-Analysis application version
1.3.2.144 was utilized to analyze (i.e., surface features) and quantify (i.
e., roughness parameters) the surface features of the samples.

3.3.2. Electron microscopy and spectroscopy analysis

Scanning electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDS) technique was utilized to visualize the surface
morphology and elemental map of the samples. Samples were sputter-
coated with 6.0 nm Pt/Pd coating and imaged by JEOL JSM-ITS00HR
FESEM.

3.3.3. X-ray photoelectron spectroscopy (XPS)

The XPS measurements (thermo scientific ESCALAB 250Xi) were
performed to detect the chemical states of the polymer materials.
Avantage (surface chemical analysis) software was used to deconvolute

and fit the spectra.
4. Results and discussion

In this investigation, two types of BN nanosheets, pristine and silane
modified, were chosen to reveal how interfacial interactions between BN
nanosheets and PE molecular chains can affect the thermal and me-
chanical properties of the polymer composites. This is justified knowing
the poor molecular interaction between polymers and BN nanosheets
[28,29]. Such weak molecular interaction is responsible for (as a
contributor of) higher wear rates and interfacial thermal resistance
resulting in lower thermal conductivity, as reported in numerous pub-
lications [30-32]. Therefore, increasing the molecular interaction be-
tween BN nanosheets and polymer materials is vital to improving the
wear-resistant properties and thermal conductivity. Polymer-BN nano-
sheets molecular interaction could be improved by attaching appro-
priate functional groups onto BN nanosheets surface [33]. Silane
functional group is an attractive choice for BN nanosheets because of the
ability of increasing molecular interaction between polymers and
nanofillers [34]. The silane group has organic alkyl molecules (-R),
which is very compatible with the non-polar nature of the PE molecular
structure (Fig. 3). The contribution of silane modification in improving
PE-BN composites’ properties (mechanical and thermo-mechanical) was
demonstrated in our previous work [20]. Such improvement of me-
chanical properties (e.g., tensile modulus, strength, and shear modulus)
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Fig. 3. Molecular structure of 3-aminopropyltriethoxy silane functional mole-
cules (molecular formula: CoH23N,03Si).

could further enhance the tribological performances of PE-BN
composites.

4.1. Thermal analysis

The heat transport properties of PE-BN composites are evaluated by
measuring the thermal conductivity, and thermal mapping test results
illustrate the thermal distribution of the composites. The thermal con-
ductivity of PE, PE-pBN (i.e., 5 wt% pBN nanosheets incorporated PE
composites), and PE-sBN (i.e., 5 wt% sBN nanosheets incorporated PE
composites) composites is reported in Fig. 4 to demonstrate the effect of
BN nanosheets as well as silane modification on the thermal conduc-
tivity of the polymer materials. As demonstrated in Fig. 4a, the PE shows
a thermal conductivity of 0.72( £ 0.03) Wm 1K~! which is higher than
the typical value of thermal conductivity in pure PE (0.26 Wm K1)
[35]. This is because the PE used in this study was sourced from an in-
dustrial supplier containing approximately 37 wt% of aluminum oxide
(Al;O3) and zinc oxide (ZnO). Because of these Al,O3 and ZnO additives,
the thermal conductivity of our PE is higher than pure PE material [36,
37]. The addition of pBN nanosheets increases the thermal conductivity
of PE materials from 0.72(£0.03) to 0.84(+0.04) Wm !K! which
is about 17% higher than our control PE that includes the oxide additives
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(i.e., AlyO3 and ZnO). It is likely that the BN nanosheets create thermal
conductive pathways in the matrices (Fig. 4b), as shown in the SEM
images of the PE-pBN and PE-sBN composites. Formation of such
heat-conducting paths are also reported in published literatures where
nanosheets interconnect with each other and form heat-conducting path
[33,38]. On the other hand, the measured thermal conductivity of
PE-sBN composites exhibits 0.96 (4 0.06) Wm 1K1, which is 33%
higher than PE and 14% higher than PE-pBN composites.

To demonstrate the effect of silane modification on thermal con-
duction process, the interfacial thermal resistances in polymer com-
posites were calculated using the effective medium theory (EMT) [39].
According to EMT theory, thermal conductivity follows the EMT model:

342V, (—"r,;fm)
K=bk— N /7

- 2
3-v[(1-a) -]

and

R, — K,

y 3

where K,,(0.72 Wm™1K1) is the thermal conductivity of the PE, and K,
(300 Wm™! K‘l) [40] is the thermal conductivity of the BN nanosheets
filler; Vr (0.0244) is the volume fraction of BN nanosheets; R; is the
interfacial thermal resistance between PE and filler; d (50 nm) is the
thickness of BN nanosheets. The calculated value of the interfacial
thermal resistance of sBN nanosheets composite is 4.12 x 105 m?
WK1, which is 15% less than that of the pBN nanosheets composites
(4.83 x10°° m? WK™1). The reduction in interfacial thermal resis-
tance could likely be attributed to the increased thermal conductivity of
PE-sBN composites [33,41]. This indicates the importance of low
interfacial thermal resistance to achieve high thermal transport prop-
erties in polymer composites. This reduction in interfacial thermal
resistance is commonly observed in surface modified nanofillers incor-
porated polymer composites [42,43]. The increased molecular interac-
tion between nanofillers and polymer matrices reduces interfacial
thermal resistance, resulting in reduced phonon scattering [42,43]. The
silane coupling agent likely acts as a bridge between the PE polymer

e 00'0."0"
"'. 3 XA

i___

|nterac!|on

4& y \\':

BN
Nanosheet

Al,0; &
ZnO

Fig. 4. Heat transport properties in PE and PE-BN composites. (a) Comparison of thermal conductivity of PE, PE-pBN, and PE-sBN composites at room temperature
(23 °C). (b) Schematic diagram of the heat-conducting path through PE, PE-pBN, and PE-sBN composites. (c) Surface microstructures of PE-pBN and PE-sBN
composites showing heat-conducting paths formation using BN nanosheets and additives (Al,O3 and ZnO), facilitating faster heat-conduction.
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matrix and BN nanosheets, thus increasing the molecular interaction (as
shown in Fig. 4b).

The thermal distribution property was evaluated by heating the
samples using a point laser heating source to demonstrate the effect of
thermal conductivity of materials. The point laser heating source with
an input power of 100 mW was used to illuminate the surface of the
samples in a perpendicular direction. The surface temperature was
recorded using an infrared (IR) camera (Fig. 5a). As shown in Fig. 5b, hot
spots are formed on the sample surface. The maximum hot-spot tem-
perature was 110 °C for PE materials, while PE-pBN and PE-sBN com-
posites showed 95 and 84 °C, respectively (Fig. 5¢). For PE, the hot-spot
temperature is higher compared to PE-pBN and PE-sBN composites,
reflecting lower thermal distribution capability. Because of the low
thermal dissemination, the temperature profile of PE specimens shows
that the heat is concentrated at the center and cannot be distributed
through the in-plane direction of the surface (Fig. 5d). On the contrary,
the temperature profiles of the PE-pBN and PE-sBN composites show a
distributed profile where the surface temperature at the center is much
lower than PE. At 1.5 mm away from the hot-spot center, the surface
temperature of the PE-pBN and PE-sBN composites are 39 and 36 °C
compared to 26 °C for PE. The improved thermal distribution is likely
the results of (i) the increased thermal distribution capabilities and (ii)
the lower heat absorption of the PE-pBN and PE-sBN composites [44].
Such results were also reported in literature where thermal conductivity
and distribution properties of polymer materials were affected by the
assemblies, orientation, and surface modification of BN nanosheets [33].
For example, Cheng et al. [25] reported that aligned BN nanosheets
increased the thermal conductivity of polyethylene oxide by 125%
(0.457 to 1.03 Wm K1) even at a low loading of 2 wt% BN nano-
sheets, resulting in a reduction of hot-spot temperatures from 389 to
295 °C. The effect of increased molecular interaction on thermal con-
ductivity are also demonstrated by Hou et al. [45] where thermal con-
ductivity of epoxy-BN nanocomposites were increased from 1.04 to
1.18 Wm'K~! by modifying the nanofillers using coupling agent.

4.2. Tribological analysis

4.2.1. Wear rate and coefficient of friction

The tribological property of the samples was evaluated by measuring
the wear rate and coefficient of friction (COF). Fig. 6a—c shows the wear
rates and COFs of PE and PE-BN composites. The calculated wear rate of
the PE material is about 1.33 x 107® m®m2N~'m!. The addition of
pBN nanosheets reduces the wear rate to 0.99 x 10°® m®m2N-"'m™!
which is a 26% reduction of wear rate compared to the PE material. This
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reduction in wear rate indicates that the dry sliding wear test removes
fewer materials from the PE-pBN composite samples compared to the PE
specimens. Further, COF was measured for each of the samples, and the
mean COFs are reported in Fig. 6¢. The evolution of the COFs as a
function of sliding time shows that the COFs of all samples are increased
during the initial running-in stage (Fig. 6b). At the steady stage, the
COFs are constant throughout the entire rubbing process. The PE ma-
terials indicate a high mean COF value of 0.42. The addition of pBN
nanosheets into PE reduces the COF value to 0.35, which is 17%
reduction compared to the PE specimens. The lower COF of PE-pBN
means less friction at the interface of the sliding surfaces resulting in a
reduced amount of wear rate. This is in agreement with other reports
[46,47]. The other possible reasons for the reduction in wear rate and
COF could be explained by the following positive effects of pBN nano-
sheets. First, the load-carrying capability of BN nanosheets is much
higher than the PE matrix. As a result, most of the wear load could be
carried out by BN nanosheets during the sliding process leading to a
better wear resistance [6]. The second reason for improved tribological
properties could be attributed to the increased mechanical properties of
PE-pBN composites. The PE matrix is mainly assembled by weak van der
Waals forces between soft PE molecular segments, which could easily be
deformed mechanically during friction. As reported in our previously
published article [20], adding pBN nanosheets into PE increased the
tensile strength and modulus. As a result, the resistance to mechanical
deformation is increased, resulting in improved wear resistance of the
PE-pBN composites. The third reason is related to the improved thermal
conductivity and heat distribution properties of pBN nanosheets com-
posites. The contact surface temperature increases due to frictional heat
accumulation during the wearing process at the interfaces [19]. Thus,
the accumulated frictional heat induces thermo-mechanical deforma-
tion, consequently, affects the wear responses. The heat generated
during the wear process cannot be distributed easily due to the lower
thermal conductivity of PE material. As a result, accumulated heat can
soften the materials and degrade the mechanical properties. On the
other hand, the increased thermal conductivity of PE-pBN composite can
distribute the frictional heat and reduces the hot-spot temperature
generated from the frictional heat accumulation. Thus, frictional heat
accumulation is decreased, thereby reducing material degradation.
While this work provides adequate insight on the role of thermal con-
ductivity for frictional heat produced during the tribological processes,
it would be interesting to study the temperature of the wear surfaces
during the rubbing process using advanced techniques.

To understand the effects of silane modification of BN nanosheets on
the wear response of the composites, the wear properties (wear rate and

100°C
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(d) 0 e

O 100 [I PE-pBN.
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2 g0
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[
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=3 0,
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Fig. 5. Thermal distribution properties of PE and PE-BN composites. (a) Schematic diagram of thermal mapping test setup for measuring thermal mapping using
point laser heating source. (b) Infrared images of the PE, PE-pBN, and PE-sBN composites when heated by a laser with a 100 mW power source. (¢) The maximum
hot-spot temperature of the samples is measured in (b). (d) The temperature profile of (b) samples.
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Fig. 6. Tribological properties of PE and PE-BN composites. (a) The wear rates of PE, PE-pBN, and PE-sBN composites for a wear duration of 30 min. (b) Friction-time
curves of PE, PE-pBN, and PE-sBN composites. (c) The comparison of mean coefficients of friction for PE, PE-pBN, and PE-sBN composites.

COF) of PE-sBN composites are further measured and compared to the
PBN nanosheets composites. For PE-sBN composites, the wear rate and
COF are measured as 0.86 x 10~ m®m—2N—'m~! and 0.32, which are 35
and 24% reductions compared to PE, respectively (Fig. 6a—c). Interest-
ingly, the silane modification of BN nanosheets reduces the wear rate
and COF by 12 and 9% compared to pBN nanosheets composites. It is
likely that the enhanced interfacial interaction between the sBN nano-
sheets and the PE, as reported in our earlier research article [20], is
attributed to the improved wear performance of the PE-sBN composites.
Because of poor interfacial interactions between polymer matrix and
nanofillers, as reported in numerous literature, interfacial thermal
resistance could be increased, and wear load transfer efficiency could be
decreased, resulting in limited thermal conductivity and tribological
properties improvement [10,48]. For instance, the effect of coupling
agent was investigated for the polyimide 6,6 (PA6,6) polymer matrix
where COF and wear rate were decreased by 20 and 85%, respectively,
because of the improved interfacial adhesion of 1,4-phenylene-bis-oxa-
zoline (PBO) coupling agent [49]. In addition, wear track analysis also
confirmed the reinforced effect of the PBO coupling agent on the smooth
scratched surfaces.

4.2.2. Observation of scratched surface
Tribological properties are further illustrated by observing and
analyzing the surface morphology and features (height and depth

(a) PE PE-pBN

g
?:-
§

(c)

SEM micrograph

PE-sBN

profile) after the wear process. Fig. 7 illustrates the topographies and
surface morphologies of scratched surfaces after a single revolution of
the wear process. As shown in Fig. 7a-b, the scratched surface of the PE
is much rougher, and the roughness parameter (Ry) is measured to be
8.45 um. The scratched surface is composed of adhesive pits, flake areas,
and large-plowed grooves. Besides, the scratched surface experiences
plastic deformation and plastic flow in the process of dry sliding wear
testing. When the friction force is higher than the shear resistance of the
material, the molecular chain of PE is broken, resulting in debris parti-
cles on the frictional surface [1,50,51]. The debris particles are trans-
ferred and removed, which show typical adhesive wear. In contrast, the
surfaces of the PE-BN composites are much smoother than PE (Fig. 7a).
The calculated roughness parameter (Rq) of PE-pBN and PE-sBN com-
posites are 3.49 and 1.06 um, respectively. This indicates that the degree
of wearing is much less compared to PE, likely because of the increased
modulus and strength of PE-BN compared to PE [20].

A single-line scratch was observed and analyzed to illustrate the
tribological properties further. As shown in Fig. 8a-c, wear depth
(penetration depth) decreases slightly with the addition of BN nano-
sheets, showing the benefits of BN nanosheets reinforcement. Significant
changes are observed for the amount of debris materials piled up around
the wear tracks (Fig. 8b). For PE, the debris materials are piled-up along
the wear tracks and accumulated to a height of 38 um, as observed in
Fig. 8b. In contrast, PE-BN composite shows less debris particles around

50 pm (b)

Roughness parameter (um)

PE-pBN

PE-sBN

Fig. 7. Scratched surface topography and morphology of PE and PE-BN composites after one revolution of wear test using an optical profilometer and electron
microscopy. (a) Laser microscopy images of PE, PE-pBN, and PE-sBN composites showing scratched surfaces. (b) The surface roughness parameters (average
roughness, R, and root mean square roughness, Ry) of PE, PE-pBN, and PE-sBN composites. (¢c) SEM micrograph of PE, PE-pBN, and PE-sBN composites showing worn

surfaces. All scale bars in (b) and (c) have the same dimension, 500 pm.
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height profile of
unscratched surface
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PECRBN 4
]
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-25um

Fig. 8. Three-dimensional surface topographies and cross-sectional 3D depth profile of single line wear tracks of PE and PE-BN composites after one revolution of
wear test. (a) Optical laser micrographs of single-line wear tracks of samples. (b) Cross-sectional 3D topographies of single-line wear tracks; (c) Depth and height
profile of the single-line wear tracks along the dotted line in (a).

the wear tracks, resulting in much-reduced wear track heights the reinforcement of BN nanosheets [20]. As a result, the wear proper-
(measured heights 15 and 10 um for pBN and sBN nanosheets compos- ties of PE-BN composites are improved when compared with PE.

ites, respectively). This reduced wear depths and wear track heights

indicate that the PE-BN composites have higher hardness, resulting from

C=62.8 wt.% Al=10.2 wt.% Zn=0.8 wt.% 0=26.2 wt.%

C=45.2 wt.% Al=14.5 wt.% Zn=0.8 wt.% 0=35.3 wt.% B=0.9 wt.%

(f) C=48.3 Wt.% Al=12.8 wt.% Zn=0.7 wt.% 0=32.9 wt.% B=1.8 wt.%

PE-sBN

Fig. 9. Scratched surface morphology and elemental mapping of the PE and PE-BN composites after a wear test with a duration of 30 min. (a) The large wear debris
particles and wide wear tracks generated on the worn surface of PE indicate the low wear resistance of the PE materials. The smaller wear debris particles and
narrower wear tracks of the scratched surfaces of PE-pBN (b) and PE-sBN (c) composites. Cavities are marked using red arrows and wear debris particles are marked
using green arrows in a-c. Elemental distribution mapping of the scratched surface of (d) PE, (e) PE-pBN, and (f) PE-sBN composite materials; All scale bars in (d-f)
have the same dimension, 50 ym. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.2.3. Wear mechanism

The wear mechanism is further investigated by studying morphology
and spectroscopy of the worn and counterpart (sand-paper) surfaces, as
shown in Figs. 9 and 10. The uneven surface and severe wear tracks are
observed onto the PE surface (Fig. 9a). The large wear debris particles
found on the scratched surface indicate the low wear resistance of the
PE. Plastic deformation was also observed on the scratched PE surface
(Fig. 9a). In addition, the transfer film formed on the counterpart surface
for PE, PE-pBN, and PE-sBN composites are also characterized using
SEM (Fig. 10). As shown in Fig. 10a, the transfer films formed on the
counterpart surface for PE are weakly attached, therefore could easily be
removed and increase wear rate. This indicates that the wear process is
likely governed by both adhesive and abrasive wear [52]. Contrary to
the PE, the amount of wear debris of both PE-pBN and PE-sBN composite
materials are found to be smaller, and wear tracks are also narrower
(Fig. 9b—c). The cracks and cavities found in PE-pBN and PE-sBN com-
posites are much smaller than PE. Moreover, the transfer film formed on
the counterpart for PE-pBN and PE-sBN composites are strongly boun-
ded (Fig. 10b-c), resulting in matrix-matrix contact. Therefore, the wear
rates and COF values of PE-pBN and PE-sBN composites are lower, as
evidenced from Figs. 6a and 6c. The elemental composition of the
scratched surfaces was further investigated and presented in Fig. 9.

Tribology International 165 (2022) 107277

There was no agglomeration of additives (i.e., Al,03 and ZnO) or BN
nanosheets during the wearing process. The strong oxygen signal is
likely attributed to the additives (i.e., Al;03 and ZnO) present in the PE
polymer materials. This suggests that the wear-resistant properties of the
materials are improved due to BN nanosheets’ addition. It is likely that
the wear process associated with PE-BN composite materials is governed
by abrasive wear, as demonstrated in other literature [52].

To investigate a possible tribo-chemical reaction that could occur
during wearing processes, transfer films formed on the counterpart were
characterized using XPS. The XPS spectra of C 1s, Al 2p, and O 1s are
observed on all samples (i.e., PE, PE-pBN, and PE-sBN composite ma-
terials), reaffirming the elemental composition (polyethylene,
aluminum oxide, and zinc oxide) of the insulation-grade polyethylene
polymer materials, also reported in our previous publication [20]. The B
1s spectra are present on both PE-pBN and PE-sBN composite materials,
indicating the presence of BN nanosheets. The B 1s peak could be
deconvoluted to B-N bonding for PE-pBN and, B-N and B-O bonding for
PE-sBN composite materials, where B-O bonding is attributed to the
silane functionalization of BN nanosheets [20]. Therefore, it is likely
that there are no tribo-chemical reactions occurred at the contact sur-
faces during wearing processes.

Overall, the addition of BN nanosheets into PE polymers improves
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Fig. 10. Characterization of the transfer film formed on counterpart (sand-paper) for PE, PE-pBN, and PE-sBN composites after a wear test with a duration of 30 min.
The SEM images of the transfer film formed on counterpart for (a) PE, (b) PE-pBN, and (c) PE-sBN composite materials. (d) XPS survey spectra of transfer film formed
on counterpart for PE, PE-pBN, and PE-sBN composite materials. Deconvoluted XPS B 1s spectrum of transfer film formed for (f) PE-pBN and (f) PE-sBN composites.
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the thermal and wear-resistant properties. Such properties could further
be increased with silane modification of BN nanosheets, originating
from the enhanced molecular interaction between polymer matrix and
silane modified BN nanosheets. The improved tribological properties are
likely attributed to the enhanced mechanical properties and thermal
distribution of the PE-sBN composites. The heat-conducting path,
created by the additives (i.e., Al03 and ZnO) and BN nanosheets, helps
reduce the heat generated by friction, thus reducing wear loss and ma-
terials’ degradation during the wear process.

5. Conclusions

In summary, PE-pBN and PE-sBN composites were investigated to
study the correlation between thermal and tribological properties in
polymer composites. With the addition of 5 wt% pBN and sBN nano-
sheets, the thermal conductivity was increased by 17 and 33%, resulting
in 14% and 23.6% reduction of hot-spot temperature compared to the PE
materials, respectively. The increased thermal conductivity of PE-sBN
composites results in better thermal distribution, owing to the reduced
thermal interfacial resistance. In addition, PE-pBN and PE-sBN com-
posites demonstrated 26 and 35% reduction in wear rate and 17 and
24% reduction in COF, respectively, compared to the PE materials. The
SEM observation revealed smoother worn surfaces of the PE-BN com-
posites compared to the PE materials, which explains the lower COF
values. On the other hand, 3D topographies of single-line scratches
showed smaller wear depths and narrower wear tracks, indicating better
wear resistance of PE-BN composites. Therefore, the incorporation of BN
nanosheets and their silane modification significantly improve the
thermal and tribological properties of the PE materials. Such polymer
composites hold great potential for engineering applications, including
insulation (e.g., wire insulation in automotive) and electrical compo-
nents (e.g., high-voltage connectors for electric charging) where better
thermal distribution and improved wear-resistant properties are
demanded.
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