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In this article, the surface roughness and friction coefficient values of graphene coated fabrics were examined. Fabrics
were coated with three different graphene concentrations (5 %, 10 % and 20 %) with the knife-over-roll principle. The
surface roughness of samples was measured by Accretech Surfcom 130A. Various surface roughness parameters of the
coated fabrics were evaluated. Static and Kinetic friction coefficients of coated fabrics were measured by Labthink Param
MXD-02 friction tester using the standard wool abrasive cloth. It was observed that the coating concentration affected the
frictional and roughness properties of fabrics. Experimental results showed that fabric surface roughness and friction
coefficient values decreased significantly, especially at 20 % concentration. It was concluded that the coated fabrics
produced could be used in applications such as anti-wear clothing.
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1. INTRODUCTION

Polymer-coated textiles are flexible composite
materials comprising the coat (the polymer) and the
substrate (textile layers) adhered together through a specific
coating process to provide additional properties for the
system [1]. Coated fabrics find an important place among
technical textiles and are one of the most important
technological processes in the modern industry [2]. Some of
the polymer-coated textiles are wused in aerospace,
automotive (e.g., airbags), chemical processing, electronic,
geotextile, military, filtration and heating, venting and air
conditioning applications [1].

Graphene is a material that attracts attention in many
areas such as electronics, composites, coatings, textiles,
energy, etc. due to its superior properties. Sahito et al.
studied about electrical properties of graphene coated cotton
fabric [3]. Kongahge et al. coated the nonwoven polyester
with liquid crystallite graphene oxide and electrical,
mechanical, thermal and abrasion resistance properties were
measured [4]. Celen et al. studied performance properties
(abrasion resistance, tear strength, bursting strength, etc.) of
graphene coated polyester woven fabrics [5]. Shateri-
Khalilabad et al. investigated the electrical conductivity and
mechanical performance of graphene-coated cotton textiles
[6]. Tas etal. produced graphene and graphene oxide-coated
polyamide monofilament yarns for fiber-shaped flexible
electrodes. The electrical and optical properties of
monofilament yarns were measured [7].

Neves et al. produced graphene coated conductive
fibers to use transparent and flexible electrodes [8].
Manasoglu et al. investigated the thermal conductivity and
electrical resistivity of graphene coated polyester fabrics
[9]. The surface properties of textile materials are essential
for all textile products in many situations, from production
to performance of the final product. Surface roughness and
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frictional properties often determine the useful performance
of materials or objects [10]. Surface roughness is one key
outcome of the coating process. In the context of coated
fabrics, surface roughness serves as a measure of the
variability in coating thickness at topographical features,
including ‘hills’ and ‘valleys’ [11]. There are many studies
on the roughness and frictional properties of textile
materials [12—-20]. However, there are limited studies on
surface roughness and frictional properties of coated fabrics.
Wan and Stylios studied the effects of coating process
parameters such as curing temperature, gap spacing, coating
speed and viscosity on the surface roughness of coated
fabrics [11]. Bertaux et al. studied the frictional properties
of plasma-coated fabrics. They established that the water
repellence of the siloxane-coated fabrics had a positive
effect on reducing friction coefficient under wet conditions
[21]. Mostafa et al. studied the surface roughness properties
of cotton fabrics treated with different concentrations of
starch nanoparticles via coating technique using the pad-
dry-cure method. The surface roughness values increased
with increasing starch concentration [22].

In our previous studies, mechanical [5], thermal and
electrical [9] properties of graphene coated fabrics were
investigated. In addition to its functional properties, the
surface properties of coated fabrics are also important.
Besides the prominent thermal, mechanical and electrical
properties of graphene, some studies [23 —25] investigate its
tribological properties and demonstrate its potential for use
in micro-electromechanical systems (MEMS), anti-wear
coating applications etc. due to its low friction coefficient.
In these studies, mostly graphene derivatives (such as
graphene oxide) were applied to metal, silicon, etc. surfaces,
and generally spray coating and solution coating techniques
were used. However, no studies are investigating the surface
properties of graphene coating in textile applications. For
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this purpose, the surface roughness and frictional properties
of polyester fabrics coated with graphene by knife-over-roll
coating were evaluated for the first time.

The coating process was performed according to the
knife-over-roll method at different graphene concentration
rates. The coating concentration rates affected the surface
roughness and frictional properties of fabrics in different
manners.

2. EXPERIMENTAL
2.1. Materials

Pre-treated polyester plain weave fabric which was
desized and thermofixed by the supplier (DKC Technical
Coating Company) was used in the experiments. The
structural properties of fabric were given in Table 1.
Graphene powder which was supplied by the Grafen
Chemical Industries was used as filler material and its
properties were given in Table 2. The coating chemicals
such as a binder, thickener, fixation agent, anti-foam agent,
dispergator were supplied from Rudolf Duraner (Bursa) and
their properties are given in Table 3.

Table 1. Structural properties of polyester fabric

Property Warp | Weft
Yarn type Texturized polyester
Yarn count, tex 33
Yarn density, thread/cm 30 18
Yarn crimp, % [ASTM D3883-04] 1.16 0.30
Table 2. Properties of graphene
Property Value
Purity, % 96-99
Surface area, m?/g 13-15
Thickness, nm 50-100
Diameter, um ~5
Table 3. Properties of coating chemicals
Chemical Property
Binder Acrylic binder, anionic/nonionic
The butanone oxime-free blocked
Fixation agent isocyanate-based crosslinking agent,
anionic
Synthetic thickener | Neutralized polyacrylate, anionic
Anti-foam agent Hydrg(_:a_rbonrs,, ethoxylatgd fatty z?mm_ls
and silicic acid combination, nonionic
Ammonia 25% liquid
2.2. Methods

2.2.1. Coating process

In the first stage, coating pastes were prepared at three
different concentration rates (5%, 10 % and 20 %) with
graphene nano-powder. Coatings were performed according
to the knife-over-roll principle on a laboratory type coating
machine (ATAC GK40 RKL, Fig. 1). In the second stage,
the curing process in which cross-linking accrued was
performed on Rapid HT Steamer at a constant temperature.
The detailed process parameters are given in Table 4.
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Fig. 1. Graphene coated fabric sample

Table 4. Coating process parameters

Parameter Values
Drying temperature/period 100 °C/10 min
Curing temperature/period 160 °C/3 min

Knife gap 0.5 mm

2.2.2. Measurements of fabric thickness and fabric mass
per unit area

Thickness measurements of coated fabrics were made
according to TS 7128 EN 1SO 5084 Standard with James
Heal's R & B Cloth thickness tester. Three measurements
were taken for each fabric and the average thickness values
of the fabrics were calculated.

The measurement of the mass per unit area was carried
out by the TS 251 standard. Each sample was weighed three
times on a precision scale and the average value was
calculated.

2.2.3. Microscopic analyses

SEM images of uncoated and coated fabrics were taken
with Zeiss EVO 40 scanning electron microscope.
Magnification rates were chosen as 100* and 500%.

2.2.4. Measurement of surface roughness

The surface roughness of samples was measured by a
roughness tester (Accretech Surfcom 130A) and surface
roughness  values were recorded according to
ISO 4287-1997. The arithmetic average height (Ra)
parameter gives a general definition of the height variation
of surfaces. Arithmetic average height (Ra) is defined as the
average absolute deviation of the roughness irregularities
from the mean line over one sampling length. The mean
height of peaks values (Rpm) is defined as the mean of the
maximum height of peaks (Rp) obtained for each sampling
length of the assessment length. The mean depth of valleys
(Rvm) is defined as the mean of the maximum depth of
valleys (Ry) obtained for each sampling length of the
assessment length. Skewness (Rsx) of a profile is the third
central moment of profile amplitude probability density
function, measured over the assessment length [26, 27].

Evaluation length and evaluation speed were chosen as
50 mm and 1.5 mm/s, respectively. The surface roughness
was measured in both the warp and weft directions. Three
measurements were taken for each fabric and the average
roughness values of the fabrics were calculated.

2.2.5. Surface friction measurement

Static and kinetic friction coefficients of coated fabrics were
measured by Labthink Param MXD-02 friction tester



according to ASTM D 1894. Friction coefficients of the
samples were measured by fabric-to-fabric friction using
plain weave standard abrasive wool cloth (ASTM D 4966)
which has 16 um surface roughness value. The abrasive
fabric under test was mounted on the sled (mass of sled: 200
g) and the coated fabric was mounted on the moving plate
(test speed: 150 mm/min; stroke 150 mm) of the coefficient
tester. Friction measurements were performed in the warp
and weft direction of fabric samples under test. Three
measurements were recorded and the mean was calculated.

3. RESULTS AND DISCUSSION

3.1. Fabric thickness and mass per unit area results

Mass per unit area and thickness measurement results
of the fabrics coated with graphene at three different
concentrations (5 %, 10 % and 20 %) are given in Table 5.

Table 5. Thickness and mass per unit area results

Sample | Concentration, | Mass per unit | Fabric thickness,
code g/kg area, g/m? mm
Uncoated 0 169 0.34
GR50 50 292.16 0.39
GR100 100 324.16 0.41
GR200 200 377 0.48

Coated fabrics were coded according to graphene
concentration as GR50, GR100 and GR200, respectively.
Fabric mass per unit area and thickness values increased
with the increasing graphene concentration (the solid
content ratio in the coating paste) as expected.

Uncoated

20 ym Mag = 500X

WD = 11.0 mm

DProbe = 64 pA  Dabe :25 Apr 2019
EHT = 20,00 kW Signal A = SEL

I

3.2. Microscopic analysis results

SEM images of uncoated and coated fabrics are shown
in Fig. 2. The 100% images are placed on the upper right of
500% images. The images showed that the coating process
was carried out successfully and the surfaces obtained were
homogeneous. SEM images confirmed that the coverage of
the coating surface was increased with the increasing
concentration of graphene. SEM images of the GR 50 and
GR100 coded fabrics were closer to each other than the GR
200 coded fabric surface. It can be said that 5 % and 10 %
concentration had a similar effect on the rate of filling the
gaps between the peak and the valley at the intersection
points of the fabric. This was confirmed by the fact that the
thickness values of GR50 and GR100 coded fabrics were
also close to each other. The difference between the heights
of yarn peaks on the surface decreased significantly at 20 %
concentration. As a result of this, the thickness value of
GR200 coded fabrics increased significantly.

3.3. Assessment of surface roughness of coated
fabrics

Changes in the arithmetic average height (Ra) values are
given in Fig. 3 to evaluate the coating concentration’s effect
on the surface roughness of the fabrics. Fig. 3 shows that the
fabric surface roughness values decreased significantly after
the coating process. The high surface roughness value
obtained from the uncoated fabric was due to the height
distribution variations between the yarn crown peaks and
gaps resulting from the intersection of the yarns on the
fabric surface, as seen in Fig. 2. This is due to the increase
in mechanical intersection heights of the yarn crowns [28].

Mag = 500X
WD = 10.5 mm

DProbe = 64 pA  Dabe :25 Apr 2019
EHT = 20,00 kW Signal A = SEL

Ifrobe = 84 pA  Dabe 125 Apr 2019
EHT = 20.00 k¥ Signal A = SE1

Mag = 500X
WD = 10.5 mm

20 pm

Ifrobe= 84 pA  Dabe 125 Apr 2019
EHT = 20.00 k¥ Signal A = SE1

Mag = 500X
WD = 10.5 mm

Fig. 2. SEM images of uncoated and coated fabrics (Mag = 100% and 500%)
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Fig. 3. Arithmetic average height values (Ra) of coated fabrics

In the study of Romdhani et al. [29], it was stated that
the coating process increased the thickness of fabrics,
surface characteristics changed and porosity decreased as
similar to the results of the present study. However, in our
study, the increasing coating concentration and mass per
unit area caused alteration of Ra values in contrast to Ra
results that did not change with the coating weight absorbed
by fabric in Romdhani's study [29].

As shown in Fig. 3, the surface roughness values of the
fabrics coated with 5% and 10 % graphene were close to
each other. With the coating process, the fabrics’ surface
roughness values decreased due to the filling of the gaps
between the yarn crown and the gap regions, as seen in
Fig. 2. The surface roughness significantly reduced at 20 %
concentration. In this concentration, there was slightly no
difference in height between the peak and valley (gap) zones
on the surface due to the nearly full filling of the gaps
between the peak and valley regions.

Despite the increasing coating concentration, the
decrease in the roughness value of the fabrics can also create
an advantage in terms of the effectiveness of the functional
properties. For example, it was stated that increasing surface
roughness might negatively affect the conductivity results
when high electrical conductivity was aimed [30].

The mean height of peaks and the mean depth of valleys
values of uncoated and coated fabrics are given in Fig. 4 and
Fig. 5. The base fabric used has a plain weave structure
where the weft and warp threads intersect one to one. The
yarns that have a one-to-one connection in the plain weave
form peak and valley regions in the intersection areas. Fig. 4
and Fig. 5 show that these peaks and valleys (indentation

and protrusion regions) cause the high Rym and Rym values
seen in the uncoated fabric.

It was seen that there was a significant decrease in the
mean of the maximum height of peaks (Rpm) and mean of
the maximum depth of valleys (Rvm) obtained for each
sampling length of the assessment length after graphene
coating. It was also observed that both weft and warp
direction, Rpm and Rym values of the coated surfaces were
similar. This result indicated that the coating paste provided
a very homogeneous penetration to the peaks and valleys on
the fabric surface. Stable coating surfaces were obtained
even at the highest filler (graphene) concentration.

When the fabrics coated with 5% and 10 % graphene
(GR50 and GR100) had close results, the lowest Rpm and Rym
values were obtained at 20 % concentration (GR200) due to
the filling rate of the gaps at the intersection points was
higher in GR200.

Fig. 3 showed that the warp and weft directional R,
values of the fabrics were close to each other. It was
considered that the skewness (Rsk) parameter could be used
to distinguish between two surface profiles having the same
Ra values but with different shapes [27]. Therefore, Rs
assessments were made before and after the coating process.
When Fig. 6 was examined, it was seen that the skewness
value (Rsk) was around zero going from -0.57 to 0.07. It was
thought that the high negative Ry values in the warp
direction of uncoated fabric were due to the warp yarns'
higher crimp values (Table 1) compared to weft yarns and
the deep scratches in the warp direction, which arises from
the high crimped structure of the warp yarns.
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Fig. 4. Mean height of peaks values (Rpm) of fabrics
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When the warp directional results of coated fabrics were
investigated (Fig. 6), Rs« values approached almost zero
with increasing graphene concentration, especially at 20 %
rate. However, it was observed that the Rsk values of coated
fabrics in the weft direction were close to zero and they did
not change significantly between each other.

It is known that negative skewness indicates a
predominance of valleys [29]. It was observed that (Fig. 2)
the peak and valley areas formed by the yarn intersections
on the fabric surface were more prominent at 5 % and 10 %
than 20 % concentration. Hence, more symmetrical height
distribution was observed in GR200 coded sample.

3.4. Assessment of surface friction coefficient of
coated fabrics

The friction coefficients of the fabrics were investigated
using a standard wool abrasive cloth. The changes in the
friction coefficient (static and kinetic) values of fabrics are
given in Fig. 7. As shown in the results, the increase in the
graphene concentration reduces the friction coefficient of
the fabric surfaces.

The uncoated fabric had the highest static and kinetic
friction coefficient value. The friction coefficient values of
GR50 and GR100 coded fabrics were close to each other
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and it decreased significantly at 20 % concentration rate.
Similarly, in the study of Berman et al. [23] the results
indicate that graphene on the sliding surface was able to
afford reasonably low friction coefficients. A possible
explanation of this, graphene as a two-dimensional material,
shears easily at the sliding contact interface and, hence,
provides low friction. In another study, the friction
coefficient of the silicon wafer was reduced by 1/6 when
using graphene oxide film [25].

When the friction coefficient values compared between
the uncoated and coated fabrics, static and kinetic friction
coefficient values decreased by nearly 6.69 % and 3.45 %
for GR50, 9.66 % and 16.13 % for GR100, 40.17 % and
42.11 % for GR200, respectively.

Materials for use in tribological applications are
expected to have low friction and high wear resistance
properties [31]. Because graphene has a low friction
coefficient [32], it is expected that the coated fabric will be
affected to a minimum extent by the abrasion effect due to
friction. The abrasion test results presented in our previous
study, the weight loss in graphene-coated fabrics was at
most 0.47 % even after 100.000 cycles [9] and it was
observed that they had high abrasion resistance. The surface
friction coefficient values obtained in this study were
consistent with abrasion results as expected.
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4. CONCLUSIONS

The surface properties of coated fabrics are essential
parameters that effect the performance properties of the
final product. In this study, as a new contribution to the
literature, the effect of graphene coating on the roughness
(Ra, Rom, Rp, Rvm, Ry and Rg) and friction (static, kinetic)
properties of a textile material was examined for the first
time. Experimental results showed that fabric surface
roughness values decreased significantly, especially at 20 %
concentration. When the friction property between the
standard wool abrasive fabric and the coated fabrics was
investigated, the friction coefficient decreased with
increasing concentration. Similarly, the lowest friction
coefficient values were obtained at maximum graphene
concentration.

As is known, the higher the coefficient of friction, the
higher the abrasion. The abrasion that may occur on the
surface of a coated fabric by interaction with other surfaces
is a feature that must be considered. Therefore, it is
important that the coated surface has a good performance
after friction with other surfaces.

As the concentration increases, the decrease in surface
roughness and friction coefficient values will be
advantageous in cases where the concentration needs to be
increased for the functional property of the fabrics. The
decrease in roughness with the improvement in functional
properties can be considered as an aesthetically positive
result.

When the results presented in the study were evaluated
together with our previous studies on graphene and other
studies demonstrating the superior properties of graphene in
the literature, it was considered that graphene was a
potential filling material that could be used in areas such as
anti-wear clothing and thin protective clothing in the textile
coating besides its common usage areas.
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