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In recent years, significant success has been achieved in surface treatment research, particularly in the field of
physics, which deals with the surface properties of metals and their alloys, as well as new methods of coating
preparation and thin films. These coatings and layers can modify material properties, i.e. increase oxidation and
corrosion resistance, and improve frictional surface characteristics and other physical properties (e.g. electronics
and optics). This article focuses on the mechanical properties of the coating, in particular on the hardness of com-
posite PTFE coatings with WC micro and nano particles. In the experiment, samples of different concentrations
of WC particles in the PTFE matrix were prepared, followed by a Vickers and Nanoindentation test. The difficulty
in measuring the hardness of these layers is their small thickness. It is therefore difficult to measure the hardness
by conventional methods, for example, Brinell or Vickers. The applicability of the individual methods (according
to Vickers, nanoindentation test) we have experimentally verified and drawn the relevant conclusions and recom-
mendations. Part of the contribution is also SEM documentation of created coatings. An important parameter is
the coating technology itself when making these composite coatings. The technology can influence the distribution
of particles in the matrix, which results in the homogeneity of the coating and the associated mechanical properties

or tribological properties.
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1 Introduction

For all alloys, the mechanical, physical, and chemical
properties can be changed with precision chemical com-
position, technological parameters of forming, heat treat-
ment, surface treatments, but also by creating coatings on
the surface of the base material. [1]

Hardness is a very important property of any material
that we need to know for the convenience of using indi-
vidual materials for different purposes. We use various
hardness tests to measure the hardness of materials. For
aluminium and its alloys, it is often used the measurement
of hardness by Brinell. Brinell hardness for Al materials
ranges from 15 HBW for pure aluminium to 140 HBW
for high strength hardenable alloys [2]. The purpose of
most finishes and other related activities is to achieve a
functional surface. At present, much greater requirements
are put on all surfaces. However, the material is not able
to meet this increased requirements, and therefore are ap-
plied the surfaces with conversion layers. Typically, the
surface layer is a layer formed by modifying the surface
of the base material, while the coating means another ma-
terial applied to the surface of the base material (sub-
strate). Surfaces specifically designed for aluminium sur-
face treatment can be either chromating, chrome-free
treatment or aluminium anodizing (anodic oxidation).
These are known as a conversion coating. Each of these
treatments has its advantages and disadvantages, and var-
ious technological applications and usage [3].

The surface layers or coatings are formed to improve
the properties of the material surfaces. The latest coatings
that we use to improve mechanical and tribological prop-
erties are for example PVD coatings, zirconium coatings

created using sol-gel technology, as well as coatings
based on amorphous carbon DLC or TiO2/Al,O3/WC and
others based coatings. These are coatings with high hard-
ness, corrosion resistance and very high resistance to ad-
hesion of non-ferrous metals.

In this article, we deal with the composite coating
which is composed of PTFE matrix and WC micro and
nanoparticles. A composite coating is a material com-
posed of at least two phases, separated from one to an-
other by interface region. The major component is called
matrix in which fillers are dispersed. The classification of
composite coatings is based on various methods but the
main is due to the type of micro or nanostructured fillers
or the type of the matrix, where the fillers are dispersed.
The properties of the final coatings depend on the type of
the matrix and fillers. In fact, there are two types of the
matrix which are organic and inorganic. Thus, there are
four main groups of composite coatings and follows:

e  Organic/inorganic composite coating

(matrix/filler),
e  Organic/organic composite coating,
e Inorganic/organic composite coating,

e Inorganic/inorganic composite coating [4].

The most used polymers for preparation of composite
coatings can be listed for example: polyurethane, epoxy,
polyethylene glycol (PEG, polyvinylidene fluoride
(PVDF), polytetrafluoroethylene (PTFE), polystyrene,
polyacrylate, polyester, polyamide and others. For inor-
ganic matrix (metal or alloy matrix) are used methods in-
cluding CVD — chemical vapour deposition, thermal
plasma spray, powder metallurgy, PVD — physical vapour
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deposition. One of the method we use for preparation of
the composite coating is sol-gel technology (Fig. 1). This
method is suitable to obtain high quality films up to mi-
cron thickness and is a complementary of the physical
deposition techniques [4 - 6].

Precursors
solution Gel

Drying l Cure

Fig. 1 Preparation of coatings by sol-gel method, spin
coating method, electrodeposition [4]

For inorganic fillers, the types of micro and nanopar-
ticles are for example carbides, nitrides, borides, oxides,
metallic particles, nanodiamond. For organic micro and
nanoparticles are the most used PTFE, PEO, PANi or
nanocellulose and cellulose nanocrystal [4-6].

The Dip Coating method is used in the practical part
of the article. This technique is widely used in the indus-
try. The method is based on the soaking a substrate in a
solution of composite and pulled up at a constant (con-
trolled) speed. The substrate is covered with nanocompo-
site when it is removed from the solution. The amount of
composite created on the substrate surface (in micro or
nanoscale) depends on pulled up rate. These conditions
can be controlled. There are two pulled out rates of the
substrate: low pulled up rates and high pulled up rates.
The low pulled up rates, there is the capillary regime
where the rate of evaporation of the solvent is greater than
that of the shrinkage of the plate. This means that the
shorter the shrinking speed, the thicker the coating layer.
The pulled up rates causes so-called drainage regime.
That means the combination of the adhesion of the solu-
tion to the substrate and the gravity that forces the drain-
age of the solution. This causes thickening of the films as
the shrinkage rate increases [4].

For evaluation of hardness, can be used the measure-
ment of hardness or microhardness for traditional organic
and inorganic coatings. However, for the composite and
nanocomposite coatings, in order to study the effect of
nanoparticles on the hardness of coatings. The addition of
the solid particles to the polymer matrix to improve their
mechanical and chemical properties is a very common

method. These are generally particles such as SiO,,
Al,O3, TiO2, WC, ZnO and CaCOs. There are many stud-
ies which are interested in the research in this field, as it
is indicated in the references [4, 7 -10].

2 Materials and methods

Within an experiment, the composite coatings were
prepared on the surface of the Al-Si alloy substrate
(AlSi10Mg). The composite coating is composed of pol-
ytetrafluoroethylene (PTFE) matrix with tungsten carbide
(WC) particles (micro and nano scale mix). The coating
was created using the Dip Coating method in laboratory
conditions. Two types of experimental samples were pre-
pared:

e  Experimental samples — A — PTFE on the alu-

minium substrate

e Experimental samples — B — PTFE + WC par-
ticles with concentration 0.001% WC per litre
of the PTFE solution, 0.01% WC per litre of the
PTFE solution and 0.1% WC per litre of the
PTFE solution on the aluminium substrate.

The coating process is as follows: the first step of the
coating technology is alkaline degreasing applied at an el-
evated temperature of 50 — 60°C. After alkaline degreas-
ing was used zirconium nano passivation and this type of
pre-treatment works at room temperature. The thickness
of this layer is around 30 nm. The experimental samples
were dried in the dryer with forced air circulation at
150°C 15 minutes. After this operation, the composite
coating was applied. This step contains the preparation of
the liquid bath — PTFE + WC particles in the selected ra-
tio. Thus prepared coating was dried in the dryer with
forced air circulation at 100°C 30 minutes. The coating
baths were prepared with a defined amount of chemicals
into the demineralized water. Time for each technology is
different from 2 to 5 minutes for alkaline degreasing and
zirconium nano passivation and 15 minutes for
PTFE+WC.
o ]
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Fig. 2 Atomic force micrograph of a residual impression
in steel made with a Berkovich's indenter [12]
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For evaluation of the micro and nanohardness were
used the Vickers and Nanoindentation test.

In the measurement of nano-hardness, are used the
same procedures as in the measurement of microhard-
ness. However, to determine the mechanical properties of
a film or coating from indentation experiments, the inden-
tation depth must be at most a small fraction of the film
or coating thickness. The load is even lower up to 1nN.
The impression depths can then get up to 0.1 nm. The
most commonly used nanoindenter is Berkovich's pyra-
mid (Fig. 2). A nanoindentation test instrument provides
experimental results in the form of a load-displacement
curve for the loading and the unloading parts of the in-
dentation process. As indicated in the reference [12], an
analysis of the unloading data provides a value for the
depth of contact at full load. The area of contact at full
load is determined from the known angle or radius of the
indenter. The hardness is found by dividing the load by
the area of contact. The slope of the unloading curve pro-
vides a measure of elastic modulus [11-13].

Tab. 1 Vickers hardness test average values

3 Results and discussion

The first measurement we performed using the Bri-
nell hardness test (CSN EN ISO 6503-1). These methods
of hardness measurement are not suitable for these types
of coatings. The thickness is too low and the indenter
measured the basic material, not the coating. This method
does not provide relevant results.

The second method we used for hardness measure-
ment of our samples was the Vickers hardness test (CSN
EN ISO 6507-1). The used load for this measurement has
been set to HV10 — 10 kp for 10 s. The measured values
for PTFE+WC, PTFE coatings, and basic material are
shown in table 1. The hardness values shown in table 1
are the average values from the measurement of the three
samples from each group (1B, 2B, 3B, A, basic material)
when each sample was measured fifteen times.

Sample Coating Hardness HV
A PTFE 152.00
1B PTFE + WC (concentration of WC 0.01%/1) 203.67
2B PTFE + WC (concentration of WC 0.1%/1) 191.00
3B PTFE + WC (concentration of WC 0.001%/1) 202.00
Basic material Without any coating 7.00
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Fig. 3 Vickers hardness measurement - comparison of coatings

During the Vickers hardness measurement, it occurs
to the big deviations between the measured values. The
highest deviations were achieved on the sample of group
1B (with WC content 0.01%, average standard deviation
/ s.d. / during the measurement around 31.99), lower in
the sample group 2B (WC 0.1%, s.d. around 22.96) and
lowest for sample group 3B (WC 0.001%, s.d. around
16.30). For a PTFE coated sample without WC particles,
the standard deviation was around 14.75 on average,
which is similar to the sample with the lowest concentra-
tion of WC particles. For the base material, the standard
deviation values of the measurement were the lowest,
around 5.93. However, in this measurement, differences
between individual sample groups were observed (Fig. 3).
Coatings with the addition of nanoparticles WC had a

higher hardness than the PTFE coating itself and the base
material. The problem with Vickers hardness measure-
ment is the distribution of particles on the surface of the
experimental sample and the small coating thickness.
The third method we used for hardness measurement
of our samples was the Nanoindentation hardness test.
The values for the nanoindentation test were measured
using an incisions matrix (Fig. 4-A), taking several inci-
sions at once. It was measured under the following con-
ditions:
e the incisions matrix was set to 10x10 incisions,
the incisions gap was 35 um,
e the maximum load was 5 mN and the Berkovich
type indenter was used (Fig. 4-B).
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Fig. 4 Incisions matrix — A, Pyramidal indentation — Berkovich - B

In the experiment, the load of the indenter runs from
zero to 5 mN, then followed a 4-second delay at maxi-
mum load, the indenter is lightened (to 80%) and it runs:

e  Thermal Drift Correction;

e highlighting of the indenter;
e moving to the next incision place.

Then, further incisions can be performed in the same
way and the experiment is terminated. End of the experi-
ment must be confirmed and the specimen will move
away from the indenter.

The first measurements were performed on a basic
polished material (Al-Si alloy) and a basic material with

PTFE coating. With these experiments, the hardness val-
ues of the base material and PTFE were obtained. The
data obtained serve to compare the hardness values on the
other samples with the WC particles at different concen-
trations. In the Tab. 2, the average values are shown of
the measured nanohardness and the standard deviation.
Based on electron microscope documentation, the surface
layer image (Fig. 5), the surface layer thickness was
measured. The thickness is between 10 and 20 um. From
this thickness, we evaluated the maximum nanoindenta-
tion load of 5 mN in order to make incisions only in the
surface layer and not to break the layer.

Tab. 2 Average values of nanohardness and standard deviation of experimental samples

AVERAGE VALUE [GPa]
Basic material A (PTFE) 1B 0.01% WC 2B 0.1% WC 3B 0.001 % WC
1.029856 1.516881 2.377672 1.810807 1.589744
STANDARD DEVIATION [GPa]
Basic material A (PTFE) 1B 0.01% WC 2B 0.1% WC 3B 0.001 % WC
0.54956 1.198761 2.608725 2.378648 1.741689

Fig. 5 Side view of experimental sample 2B from elec-
tron microscope ZEISS

The measured hardness values are moving in a differ-
ent range. This measurement also heavily depended on
whether the incision was performed in a particle cluster

or at a site with a lower particle concentration. In the case
of nanometre measurements, the highest hardness value
was measured for sample 1B - PTFE + WC 0.01%. In the
case of a sample with the lowest particle concentration,
the hardness value is the lowest and is almost identical to
the coating that contains no WC particles. The graphs of
the nanoscale measurement for individual coatings are
shown in Fig. 6.

For evaluation of homogeneity, coating morphology
and distribution of particles on the surface of experi-
mental samples we used the SEM analysis using the elec-
tron microscope TESCAN VEGA3. With SEM analysis
we identified differently distributed particles on the sur-
face of samples. Of course, their amount depended on the
concentration in the PTFE matrix. However, the WC par-
ticles formed clumps and were not evenly distributed in
the coating despite the fact that the bath was mixed during
the coating technology. The coating thus became inhomo-
geneous in terms of particle distribution. The higher the
concentration of particles, the larger the aggregates
formed. Fig. 7 shows images of each experimental sam-
ple.
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Fig. 6 Nanohardness of the experimental samples — measurement graphs

Fig. 7 SEM analysis of the experimental samples

4 Conclusions e The most suitable method for measuring the
e The Brinell hardness method is not suitable for hardness of nanocomposite coatings is the nano-

. o . . indentation test. Due to the low load, it is pos-
this type of application - composite coatings up

to 20 um thickness. During the measurement sible to measure the actual hardness of the coa-

the coating is damaged due to the high load force ting with the particles as the load is so small that

and the device detects only the hardness of the the coating does not break.

base material, regardless of the excluded coa- * The hardness test is greatly influenced by the

ting. particle distribution in the PTFE matrix.

e Vickers hardness measurement is more appro- *  The surface was documented by SEM analysis

priate. This measurement method has already and it can be stated that the coating is not homo-

been able to determine differences between coa- geneous. The particles are distributed unevenly

tings. However, even this method is not the best. in the PTFE matrix and form concentration-de-
pendent clumps. The best particle size distri-
bution was 0.1% WC in the PTFE matrix. The

recommendation is a change in coating techno-

The measurements were accompanied by large
differences in the measured values and the stan-

dard deviations of the measurements were rela-

tively high. logy, a better-mixed bath, sample placement,

etc., which will be another research subject.
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We consider this concentration (0.1% WC in
PTFE matrix) to be the best considering the
hardness, surface homogeneity and distribution
of WC particles in the PTFE matrix.
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