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ABSTRACT
Screen printing (SD) is a simple and well-developed coating technology
widely used today, but it is time consuming, expensive, and not
environmentally friendly due to the organic solvents used in the
technology. The aerosol deposition (AD) coating process can be an
alternative to this method, due to the homogeneous properties (e.g. density,
roughness, etc.) and environmental friendliness of the deposited coatings.
This paper presents the results of a comparative mechanical tribological
study of metal coatings (Cu, Al) deposited on a ceramic substrate (BaTiO3)
by screen printing and aerosol deposition technology. To compare the
coating technologies, we examined the tribological behavior of coatings
and the damage mechanism by instrumental scratch test.
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1. INTRODUCTION
The production of ceramic components usually
requires temperatures above 900-1000 ℃ due
to sintering processes, which can be especially
problematic for electronic components [1,2],
where integration with metals or even plastics
may often be required [3]. For the most used
technologies for coating electronic components
[4], such as CVD, screen printing, etc. the
temperature requirement of the process is
associated with significant cost implications.
However, not all technologies can be used for
individual electronic applications, an example of
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which is shown in Fig. 1, which compares the
technologies that can be applied to each
electronic
component
based
on
the
characteristics of the coatings [5,6].
Screen printing (SP) is a printing technology
[7-11] that uses systems made of metallic and
non-metallic fibers (so-called screen fabrics).
As one type of screen printing, screen printing
involves passing ink through a fine mesh of
screen printing by pressing a rubber insert or
other means in order to print the ink on the
target (substrate). The method can be used to
coat samples of any surface (flat, uneven and
535
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curved) and materials. SP technology can also
be used for multilayer ceramic capacitors
(MLCCs), where the basic goal is to maximize
performance while reducing dimensions.
Aerosol deposition coating process can be
considered as a novel technology for
separating metallic and non-metallic, thin, and
thick coatings by spraying solid powder. Its
advantages over screen printing technology
are room temperature processing, mass
production
capability
and
relatively
inexpensive technology [5].

substrate material at high kinetic energy,
causing them to shatter and form nanometersized debris. The debris is constantly
compacted, deposited because of new colliding
particles. The thickness of the layer can be
controlled by the deposition time.
The thickness of the resulting coating is around
1-300 m, it has good adhesion properties,
mechanical and thermal stability, which is
comparable to the base material of the powder
[20-23].
Substrate table

Vacuum pump

Aeros
ol jet

Aerosol jet

Fig. 1. Comparison of fabrication methods in case of
electronic components [3].

Although SP is a frequently used technology for
MLCCs and LTCC [8,9] components, there is a
growing need to develop and apply lower
temperature, more environmentally friendly
technologies. A suitable alternative is aerosol
deposition (AD) technology [12-14], which can
produce even more uniform layer thickness and
more homogeneous coatings.

Deposition
chamber and
slit nozzle

Carrier gas
supply with
mass flow
controllers

Aerosol chamber
with powder on
vibrating table

Fig. 2. Schematic drawing of AD device [12].

Referring to
Fig. 2 [12], schematic diagram illustrating AD
technology is shown. The process can be
described as follows [15]:
1) Generate a powder aerosol, transport by a
pressure difference to a vacuum chamber.
2) Acceleration of the aerosol to 100 m/s by
means of a nozzle
3) In contact with the substrate surface of the
aerosol, film formation.
In the case of AD technology, a number of
studies have examined the mechanisms [16-19]
required for layer formation, and the formation
of the film can best be illustrated with the help
of Fig. 3. It is assumed that stratification can be
described as follows: the submicrometer
particles of the coating impinge on the
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Fig. 3. Mechanism of film formation in case of AD
technology [12].

Accurate knowledge of the adhesion behavior of
coatings is important, as improper adhesion can
cause damage to the coating (e.g., chipping,
delamination, etc.) and thus product failure. For
this reason, the adhesion properties of the
coatings were characterized by instrumented
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scratch testing. The purpose of scratch testing
has traditionally been to examine the adhesion
and damage [24-33] of hard coatings [34-40],
but there is a growing need to extend the test to
determine the scratch resistance of other types
of coated systems, surface-treated gradient
surface structures [41-44] or monolithic
materials [45-48].
2. METHODS
In our investigations, we examined aluminum
and copper coatings deposited on BaTiO3
ceramic substrates by screen printing (SP) and
aerosol deposition technology (AD).
In case of AD technology, Cu and Al powder with
an average particle size of 2 m and 3-5 m was
mixed with a carrier gas with a flow rate of 10
l/min. The granular mixture of the carrier gasmetal particle thus formed was aerosolized in an
aerosol chamber. The gas pressure was 0.2 MPa.
The thickness and the surface roughness (Rq) of
different coatings is shown in Table 1. The layer
thickess of AD_Al coatings is 5.3-5.5 mm, the
AD_Cu layer is thinner, 1 m. In the case of the Al
layer deposited by screen printing, the layer
thickness is 8.1 m and the value of Rq is 1.2 m.
Table 1. The thickness and surface roughness of AD
and SP coatings.
HV0.01
AD_Al AD_Al_p

AD_Cu

SP_Al

5,5

5,3

1,0

8,1

Rq, m

1,2

0,9

1,1

1,2

The characteristics of the tested samples are
shown in Table 2. The tested samples are
illustrated by Fig. 4.
Table 2. Characteristics of coatings.
HV0.01
SP_Al

AD_Al

Substrate
Surface
prep.

AD_Cu

BaTiO3
-

Coating
Coating
color

AD_Al_p

rough
fine
grinding grinding
Al

dark
grey

fine grey

AD_Al

AD_Al_p

AD_Cu

Fig. 4. Screen printed and aerosol deposited coating
layers on BaTiO3 samples.

In the case of the SP-Al reference sample, SEM
analysis was also performed on the cross-sectional
grinding, which is illustrated in the Fig. 5.

Fig. 5. SEM image of BT ceramic substrate and SP–Al
coating (metallographically prepared cross section)

Studying Fig. 5, it can be observed that the BT
ceramic substrate is highly porous indicating
that the amount of sintering additives was not
enough or the temperature was too low during
the reaction sintering process.
3. RESULTS

Thickness, m

Parameter

SP_Al

3.1 Microhardness test
Microhardness of base material and coatings was
performed with a Mitutoyo MicroVickers hardness
tester, which can be used with a loading force of F =
0.1–10 N (Table 3. and
Fig. 6.). The selected loading force was F = 0.1 N, the
load duration was t = 10 s.
Table 3. Results of microVickers hardness tests of BT
base material (HV0.01, F = 0.1 N, t = 10 s).
Sample

rough
grinding
Cu
burgundy

HV0.01
Average

Std. dev.

Std. dev [%]

SP_Al (ref.)

263

4.618

1.8

AD_Al

277

9.018

3.3

AD_Al_p

269

9.018

3.4

AD_Cu

278

23.065

8.3

537

285

AD_Cu

F, loading force, N

Measurements were performed on each surface
quality and the average of the obtained results
was used as a basis. In case of base material, the
hardness was determined on the cross-sectional
grinding, while in the case of the coatings, the
surface hardness was measured.

, coefficient of friction, -
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280

l, scratch length, mm

HV 0.01

275

Fig. 7. Scratch diagrams
examination of sample AD_Cu.

270
265
260

255
SP_Al (ref.)

AD_Al

AD_Al_p
Sample

AD_Cu

Fig. 6. HV0.01 microVickers hardness of the BT base
material by the different samples.

The results show that the layers deposited with
aerosol deposition technology have a higher
hardness compared to the reference screen
printing coating. Under the present experimental
conditions, an average hardness increase of about
4-5% is observed, in the case of surfaces prepared
by polishing, this value is smaller.
3.2 Instrumented scratch test
Adhesion is an important feature of different
coatings, which is why the first step is to
quantify some adhesion characteristics. In this
case: the critical load required to detach the
coating. An instrumental scratch test was used
to determine this coating parameter. The scratch
tests were performed using an SP-15 scratch
tester. The tests were performed with increasing
load, the load force applied during the tests was
2-70 N, and the Fgrad value was 10 N/mm.
The tests were performed with increasing loading
force and were first performed on the Cu-coated
sample that was assumed to withstand the highest
load. A loading force of 100 N was used in the
preliminary experiments; however, reaching the
70 N loads was caused by an unexpected break of
the specimen (this phenomenon was also
observed later). Fig. 7 illustrates the characteristic
diagram obtained in the case of scratch tests
performed on the AD_Cu sample.
538
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At loads Fc, t= 60 N and higher, the formation in the
substrate is unfavorable load condition can cause
the ceramic substrate to crack or break. On the
fracture line of the samples under relatively small
loads in the case of the disintegrated pieces, during
the visual inspection of the substrate, the breaking
of thin, sharp, paddle-like pieces was observed,
due to the fact that the BaTiO3 ceramic, which
serves as the support material, has significant
porosity and stress-collecting material continuity
deficiencies. The phenomenon clearly indicates the
coating is plastic and carrier for the brittle
behavior of ceramics. It also follows that, on the
one hand, in the case of the investigated coating
system, it does not make sense to look for the
critical force associated with the release of the
coating, and on the other hand, the critical load
(Fc,bk) causes damage or the destruction of the
examined material system - substrate + coating (Fc,t), which in the examined case is the fracture of
the substrate ceramic.
Damage to a plastic coating formed on such a
brittle substrate typically occurs by a different
mechanism than in the case of classical hardcoated systems, where the load causing cracking
and chipping of the brittle, high-hardness coating
on the metallic substrate is sought. Nevertheless,
the study may provide a wealth of information on
the behavior of such coating systems.
Based on the performed tests, it can be stated that
the presence of the coating provides favorable
frictional conditions up to a load in the direction of F
= 20-30 N, i.e. with a slight increase in the load force
the value of the coefficient of friction is =0.5-0.6.
sliding friction after the state is set, it decreases to a
value around =0.25. This behavior was observed
in all cases examined until the given load was
reached, regardless of the scratch path length (L)
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AD_Al_p
F, loading force, N

, coefficient of friction, -

From the scratch tests performed on the
reference sample, it can be seen, that the scratch
behavior of the sample with respect to scratch
diagrams is very similar to that of samples AD_Al
and AD_AL_p. The local maximum of the
coefficient of friction seen at the beginning of the
test occurred only at the first scratching of this
sample, which confirms the assumption that the
compaction and adhesion of the new technology
coatings to the tool may be the cause of the
phenomenon.

l, scratch length, mm

Fig. 8. Scratch diagrams
examination of sample AD_Al_p.

determined

during

SP_Al

F, loading force, N

In the case of the AD_Al samples discussed above,
the surface of the ceramic substrate was coarsely
sanded prior to coating, while in the case of the
AD_Al_p samples, the ceramic surface under the
coating was polished, i.e. the examined metal layer
was placed on the surface. Based on the scratch
tests performed on the AD_Al_p sample (Fig. 8), it
can be observed that the behavior of the polished
samples before coating is very similar to the
scratch test of the same coating applied to coarsely
ground ceramic substrate, when increasing the
value of Fmax. The behavior is also similar in that
the value of the coefficient of friction decreases
monotonically during the (increasing load) test
and the threshold value of the load force – Fc,s≈40
N – at which the coefficient of friction ≈0.25 is
determined by analyzing the six diagrams
stabilizes around. Thus, compared to a similar
coating made with a coarsely ground substrate, the
coating applied to the polished substrate is
characterized by a slightly higher Fc,s load force and
the associated constant coefficient of friction.

For the reference sample SP_Al, the scratch
diagram is illustrated in the Fig. 9.
, coefficient of friction, -

and the maximum load force (Fmax). In the load
range Fc, bk = 30-50 N, the degree of damage to the
coating - presumably due to peeling due to plastic
deformation - increases monotonically with the
value of the coefficient of friction.

l, scratch length, mm

Fig. 9. Scratch diagrams
examination of sample SP_Al.

determined

during

The formation of a constant value of the
coefficient of friction can also be observed here,
which occurs at normal loads higher than the
threshold load Fc,s=40 N, its value =0.22. The
Critical load causing the ceramic substrate to
break is Fc,t ≈70 N. The results presented above
are summarized in 4.
Table 4. Results of scratch tests on coatings
deposited with SP and AD technology.
Sample

Results of instrumented scratch test
Fc,s, N

Fc,t, N

, –

SP_Al (ref.)

40

70

0.22

AD_Al

30

60

0.2

AD_Al_p

40

60

0.25

AD_Cu

30-50

60

0,25

Based on the table, it can be concluded that the 4
coating systems show similarities in terms of
behavior. In the case of aluminum coatings, all
three samples (SP_Al, AD_Al and AD_Al_p) are
characterized by the stabilization of the
coefficient of friction during the scratch test. The
value of the corresponding force Fc,s is almost
similar. In the case of the coarsely polished
sample AD_Al, 30 N is the value of the other two
samples, i.e. in the case of the sample AD_Al_p
(polished) and SP_Al. The value of the steadystate coefficient of friction is =0.2, respectively;
0.25 and 0.22, so they are practically the same
value. Overall, it can be concluded that in all
cases the scratch test was accompanied by a
breakage of BaTiO3 ceramic base material, which
occurred at a loading force of 60 N.
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4. CONCLUSION
In the present paper, we investigated the
tribological behaviour of metallic coatings
applied to ceramic substrates using different
coating technologies. Based on the performed
tests, the following conclusions can be made:
1. In the case of aerosol deposition technology
there is a slight increase in hardness
compared to the coating deposited with
screen printig technology, in case of thinner
layer thickness. In the case of surfaces
prepared by polishing, the hardeningincreasing effect is less noticeable.
2. Among the investigated coating systems, the
scratching behaviour of the Cu-coated
sample is fundamentally different from that
of the other three, i.e. Al-coated samples. The
obtained scratch diagrams indicate early
(low load) damage to the coating, and no
condition characterized by a constant
coefficient of friction develops during
scratching. Overall, this coating system is
least stressed during scratch testing.
3. With the exception of the Cu coating, no load
can be determined on the test specimens
that cause critical damage or detachment of
the coating without damaging or breaking
the ceramic substrate. In the case of AD_Cu
samples, in the loading force range Fc,s=3040 N, the increase in the coefficient of
friction on the scratch diagrams indicates the
onset of damage to the coating, and further
investigations are needed to map this.
4. It is made with two types of technology or
different for one technology Al - coated
samples applied after surface treatment coarse sanding, polishing its behaviour
during scratching is very similar.
5. It is somewhat different that in the initial
section of the scratch diagrams of the Alcoated samples applied with the new
technology, a local maximum appears
systematically in the value of the coefficient
of friction, while this phenomenon can be
detected only in the first examination of the
Al-coated sample with the traditional
technology.
6. For all four types of samples, the critical load
(Fc,t) that causes the load capacity limit of the

540

ceramic substrate, i.e., fracture, can be
determined. This critical load is 60 N for the
new type of sample and 70 N for the
reference sample.
7. Under the present test conditions, fracture of
the BaTiO3 ceramic substrate was observed,
which can be explained by the high porosity
resulting from the production of the raw
material. At the same time, it can also be said
that the raw material is destroyed sooner
compared to the coating.
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