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The purpose of the paper was to assess the morphology, chemical composition, geometric surface structure
and contact angle, as well as to analyse the tribological properties of Al,O, coatings deposited on 100Cr6 steel
using the technique of atomic layers ALD. Al O, coatings were selected due to their tribological properties,
adhesion to the substrate and hardness. Tribological tests were performed in a reciprocating motion in a ball-
on-disc combination, with a counter-specimen of 100Cr6 steel, under the conditions of technically dry
friction. Surface morphology was observed under a scanning microscope, and an EDS analyser enabled the
performance of an analysis of the chemical composition of the samples. Wetting of the surface of the Al,O,
coating was determined by means of an optical strain gauge. The geometric surface structure before and after
the tribological tests was analysed by means of a confocal microscope with an interferometric mode. The tests
proved that during technically dry friction, the average coefficient of friction for the Al,O, coating is lower
by approximately 30% than for 100Cr6 steel. The tested coatings are characterised by hydrophobicity. Stowa
kluczowe: Al,O, powtoki ceramiczne, ALD, tribologia.

powtoki ceramiczne Al,O,, metoda ALD, tribologia.

Celem pracy byla ocena morfologii, sktadu chemicznego, struktury geometrycznej powierzchni, kata zwilza-
nia oraz analiza wlasciwosci tribologicznych powtok Al O, osadzanych na stali 100Cr6 technikg warstw ato-
mowych ALD. Powtoki Al,O, wytypowano ze wzglgdu na ich wlasciwosci tribologiczne, adhezj¢ do podtoza
oraz twardos$¢. Testy tribologiczne przeprowadzono w ruchu posuwisto-zwrotnym w skojarzeniu kula—tarcza
z przeciwprobka ze stali 100Cr6 w warunkach tarcia technicznie suchego. Na mikroskopie skaningowym
obserwowano morfologi¢ powierzchni, a analizator EDS umozliwit przeprowadzenie analizy sktadu che-
micznego probek. Przy pomocy tensjometru optycznego okreslono zwilzalno$¢ powierzchni powtoki AL O,
Strukture geometryczna powierzchni przed i po testach tribologicznych analizowano za pomoca mikroskopu
konfokalnego z trybem interferometrycznym. Testy wykazaty, ze podczas tarcia technicznie suchego $redni
wspolczynnik tarcia dla powtoki AL, O, jest okoto 30% mniejszy niz dla stali 100Cr6. Badane powtoki charak-
teryzuja si¢ hydrofobowoscia.

INTRODUCTION other things, these layers improve the tribocorrosion

resistance of the material, its hardness or adhesion

In recent years, science and technology have  [L. 1]. This type of surface engineering method
observed increased interest in thin coatings. This includes, e.g., physical vapour deposition (PVD)
results from t.he ability to .imp.rove the properties of  or chemical vapour deposition (PACVD, CVD or
a material without changing its geometry. Among  ALD) [L. 2, 3]. The atomic layer deposition (ALD)
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method is one of the chemical deposition methods of
thin layers from vapour. It is characterised by self-
restriction of the layers' growth rate and the process's
sequentiality. The ALD process consists of cycles,
including sequentially introducing precursors into
the reaction chamber. The precursors are placed
therein alternately and can have a gaseous, liquid
or solid form. The main advantages of the ALD
method include repeatability of the process, the
possibility of deposition in low temperatures,
scalability of the process, no change in the geometry
of the sample and precise deposition of uniform
layers with a thickness measured in nanometres.
The deposition of layers using the ALD method
is possible even at room temperature, provided
very reactive precursors are used [L. 4]. The main
limitation for deposition using the ALD technique
is the adjustment of proper reagents characterised
by chemical stability in a given temperature of
growth, considerable adsorption to the substrate
or reaction with the substrate, and adequately high
saturated vapour pressure in a given temperature of
deposition. Due to the ALD method, it is possible
to obtain numerous types of materials. This method
is usually used to generate the following coatings:
oxide (TiO,, Al,O,, HfO, or ZnO), multi-component
(Zn0O:Ga, ZnO:Al.), purely metallic (Cu, Ag, Au,
Pt), sulphide (ZnS) and others.

Al O, coatings are used in order to improve
resistance to tribological wear [L. 5] and resistance
to corrosion [L. 6]. They are also used in various
combinations, e.g., with TiO, or ZnO coatings.
Combining an Al O, coating with a TiO, coating
provides good protection against corrosion, and

Table 1. Chemical composition of 100Cr6 steel [L. 13, 14]
Tabela 1. Sktad chemiczny stali 100Cr6 [L. 13, 14]

their crystallisation begins at a temperature of
300°C [L. 7, 8]. An Al O, coating combined with
a ZnO coating also contributes to the improvement
of corrosion properties compared to an Al,O, layer
[L.9]. Moreover, these coatings are characterised by
biocompatibility and improved photoluminescence
at room temperature [L. 10]. High mechanical
strength is characterised by coatings generated in
high temperatures [L. 11]. Al,O, coatings are used
on perovskite solar cells in order to improve their
long-term stability [L. 12]. The present paper's
purpose was to assess the tribological properties
of an Al,O, coating applied using the ALD method
onto 100Cr6 steel.

MATERIALS AND METHOD

The research material included samples — discs
42 mm in diameter and 6 mm in height, made of
100Cr6 steel covered with an Al O, coating and
100Cr6 steel not covered with the coating. Table 1
presents the chemical composition of 100Cr6 steel.

The coating was applied using the Atomic
Layer Deposition method at a temperature of
200°C, using two precursors: water and TMA
(trimethylaluminium); 2 000 cycles were used.
The thickness of the coating was measured using
a reflectometer, and the generated layer was
approximately 200 nm thick.

Surface morphology was observed under
a Phenom XL scanning microscope before and after
the tribological tests, and an EDS analyser enabled
the performance of an analysis of the chemical

Symbol Fe C Mn Si

P S Cr Ni Cu

wt. % 95.8-6.7 0.95-1.1 0.25-0.45

0.15-0.35

max. 0.025 0.025 1.3-1.65 | max. 0.3 | max. 0.3

composition of the samples. The observations
were performed using three magnifications: x1000,
x3000, and x5000.

The geometric surface structure before
and after the tribological tests was analysed by
means of a Leica DCM 8 confocal microscope
with an interferometric mode, using a lens with
a magnification of 20 times in the confocal mode.

The hardness of the ALO, coating was
determined using the instrumental indentation

method. The research used an ultra nanohardness
tester from the Anton Paar Company and
a Berkovich geometry indenter. A constant loading
force increase rate of 2 mN/min was adopted, and
a maximum load of 0.12 mN was applied.

The adhesion of the coating to the substrate
was tested using the scratch test. During the test, the
changes in the coefficient friction and penetration
depth of the indenter were recorded in real time.
The research used a nano scratch tester from the
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Anton Paar Company. A linearly increasing load
in a range of 0.3 to 15 mN was used, along with
a scratch length of 3 mm.

The wetting of 100Cr6 steel and the AlLO,.
coating were determined by an Attension Theta
Flex optical strain gauge. The contact angle
measurement involved the precise placement of
a drop of the measurement liquid (distilled water
and diiodomethene) with a volume of 5 ul on the
sample's surface and an immediate measurement.
The drops were applied to various parts of the

Table 2. Parameters of the tribological test
Tabela 2. Parametry testu tribologicznego

sample, and the measurement was repeated five
times.

The tribological tests were performed on an
NTR? nanotribometer in a reciprocating motion.
Spheres made of 100Cr6 steel with a diameter of
2 mm were the material constituting a counter-
specimen in the tested friction pairs. Resistance
to the motion was recorded during technically dry
friction. The friction tests were repeated three times
for each sample. The parameters of the tribological
test are presented in Table 2.

Load Speed Amplitude Frequency Temperature
[mN] [m/s] [mm] [Hz] Number of cycles [°C]
2 0.2 5 1 10 000 2542
RESULTS AND DISCUSSION of the ALO, coating generated by means of the

Figures 1 and 2 present surface morphologies and
the spectra of characteristic X-ray radiation for
100Cr steel and the Al,O, coating, respectively.

An analysis of the chemical composition of the
Al O, coating confirms the chemical composition
assumed in the coating generation process.

Figure 3a presents an isometric view of
100Cr6 steel, and Figure 3b is an isometric view

confocal microscope with an interferometric mode.
Table 3 presents the most important amplitude
parameters of the surface. The isometric view of
the AL O, coating clearly indicates an improvement
in the quality of the surface and a decrease in its
roughness compared to 100Cr6 steel. As a result of
the deposition of the AL O, coating, all amplitude
surface parameters dropped by approximately 18%
relative to 100Cr6 steel.

Fig. 1. Surface morphology and the spectrum of the characteristic X-ray radiation of 100Cr6 steel
Rys. 1. Morfologia powierzchni i widmo charakterystycznego promieniowania rentgenowskiego
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Fig. 2. Surface morphology and the spectrum of the characteristic X-ray radiation of Al,O, coating

Rys. 2. Morfologia powierzchni i widmo charakterystycznego promieniowania rentgenowskiego

LER
-55.26 7758
o

a) Y b)

Fig. 3. Isometric view of: a) 100Cr6 steel, b) AL O, coating

Rys. 3. Widok izometryczny: a) stali 100Cr6, b) powtoki Al,O,

Table 3. Surface characteristic parameters
Tabela 3. Parametry amplitudowe powierzchni

Parameters 100Cr6 steel AL O, coating
Sa [nm] 11.03 8.128
Sp [nm] 43.12 38.06
Sv [nm] 55.26 39.26
Sz [nm] 98.38 77.32
Ssk -0.4161 0.05848
Sku 3.021 2.874

Figure 4 presents a loading and unloading
curve as a function of the penetration depth of the
indenter during a hardness test for the AL, O, coating,
as well as the mechanical parameters resulting
from the performed test. Based on the produced
test results, it was concluded that the Al,O, coating
is characterised by high resilience, evidenced by

the prevalence of elastic work over plastic work.
During the nanohardness test, the indenter sank to
a depth of 17.5 nm, which is less than 10% of the
thickness of the coating.

The measure of the adhesion of the coating
to the substrate is the critical force, first causing
the coating to fracture L, , then to spall — L

Fn1”> 22
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Fig. 4. Loading — penetration depth curve from nanohardness tests for Al,O, coating and mechanical parameters
Rys. 4. Krzywa obcigzenia — gleboko$¢ penetracji wglebnika zarejestrowana podczas testu twardosci dla powloki AL O, oraz
parametry mechaniczne
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Fig.5. View of the scratch after the scratch test for the Al,O, coating

Rys. 5. Widok rysy po scratch tescie dla powtoki Al,O,

and, as a consequence, resulting in its destruction
(delamination) — L, .. Figure 5 presents an optical
microscope image of a scratch after the scratch test
for the A1, O, coating [L. 15, 16]. Figure 6 presents
a graph of the normal force and friction coefficient
as a distance function. Figure 7 presents a graph of
the penetration depth of the indenter.

The critical force was assessed based on the
recorded changes in the coefficient of friction,
friction force, and penetration depth of the indenter.
The graphs show the characteristic points indicating
the breakage of the deposited layer, and these
points are marked as L, — L, .. The first fractures
of the Al,O, coating were observed in point L,  —
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Fig. 6. Scratch test results — graph of variation of loading force (Fn), coefficient of friction ()
Rys. 6. Scratch test — wykres zmiany sity nacisku Fn i wspolczynnika tarcia
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Fig. 7. Scratch test results — penetration depth of the indenter (Pd)

Rys. 7. Scratch test — gteboko$¢ penetracji wgtebnika (Pd)

6.2 mN, and larger spalling appeared in point L_
— 7.2 mN. On the other hand, the deposited layer
underwent complete breakage under a load of
7.8 mN. At this point, the sinking depth of the
indenter was approximately 250 nm. Moreover, at
the time of reaching the critical force of 7.8 mN,
a twofold increase in the value of the coefficient of
friction was observed, and this level was maintained
until the end of the test.

wi

81.17° 81.96°

a)

Measurements on an optical strain gauge
included recording the shape of the drop and the
value of the contact angle for a drop of distilled
water and diiodomethane, for 100Cr6 steel and the
AL O, coating. Figures 8 and 9 present views of
the drops of measurement liquids on the surfaces
of 100Cr6 steel and the AL,O, coating, respectively,
while Figure 10 presents the average values of
contact angles obtained in 5 measurements.

50.87 50.71
b) *

Fig. 8. A view of a drop on the surface 100Cr6 steel of: a) distilled water, b) dilodomethane
Rys. 8. Widok kropli na powierzchni stali 100Cr6: a) wody destylowanej, b) dijodometanu

b)

Fig.9. A view of a drop on the surface AlL,O, coating: a) distilled water, b) diiodomethane
Rys. 9. Widok kropli na powierzchni powtoki Al,O,: a) wody destylowane;j, b) dijodometanu
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AlO3 water
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The average wetting angles for 100Cr6 steel and Al O, coating

Rys. 10.  Wartosci Srednie katow zwilzania dla stali 100Cr6 i dla powtoki ALO,

The shape of the drop of distilled water
indicates that the Al,O, coating is characterised
by higher hydrophobicity compared to 100Cr6
steel. The contact angle measured for the AlLO,
coating with the use of distilled water is higher by
10% than the contact angle of 100Cr6 steel. The
contact angle tested with the use of dilodomethane
is also higher for the tested coating. The value of
the contact angle between the AlO, coating and
diiodomethane was higher by approximately 14%.

During the next research stage, tribological
tests were performed under the conditions of
technically dry friction. Sample trends of the
recorded coefficients of friction are presented in
Figure 11 for 100Cr6 steel and the Al O, coating.
The average values of the coefficients of friction for
100Cr6 steel and the Al O, coating were 0.35 and
0.24, respectively. During technically dry friction,
the recorded value of the coefficient of friction for
the Al O, coating was lower by approximately 30%
than for 100Cr6 steel not covered with the coating.

0.5
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Coefficient of friction
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Fig. 11.
the values of average coefficients of friction
Rys. 11.
oraz wartosci $rednich wspodtczynnikéw tarcia

The surface wear traces of the ALO, coating
and the substrate material after tribological tests
were depicted by means of the confocal microscope
with an interferometric mode. Figures 12 and 13
present the isometric images and surface profiles,
taking into account wear traces for the A1, O, coating
and 100Cr6 steel, respectively. Table 4 presents the
values of wear indicators, i.e., the maximum depth
and the abrasion area.

A higher value of the maximum depth of
abrasion was recorded for 100Cr6 steel — 18 nm,
while the abrasion area for 100Cr6 steel was 164
221 nm’. For the ALO, coating, these indicators
amounted to the depth of abrasion — 11 nm,
abrasion area 40 267 nm?. The width of the wear
trace was also determined, amounting to 35 pm
for 100Cr6 steel and 25 pum for the Al O, coating.
Tests of the Al,O, coating indicate that under the
conditions of technically dry friction, the ALO,
coating is characterised by better resistance to
friction wear than 100Cr6 steel. As a result of the

100Cr6 TDF

| -
/\/4 \/\ \A AWV\\/ 4 W v " V\W J\\I‘MXWWNM MW%“WWNMMNWW\MM

ALO; TDF

5000 6000 7000 8000 9000 10000
Cycle

Trends of sample coefficients of friction for 100Cr6 steel and the Al,O, coating during technically dry friction, and

Przebieg przyktadowych wspotczynnikow tarcia stali 100Cr6 oraz powtoki Al,O, podczas tarcia technicznie suchego
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Fig. 12. The surface profiles and isometric view of the 100Cr6 steel after the technically dry friction test
Rys. 12. Profil powierzchni materiatu podtoza — stali 100Cr6 oraz widok izometryczny $ladu wytarcia na materiale podtoza po
tarciu technicznie suchym
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Fig. 13. The surface profiles and isometric view of the Al,O, coating after the technically dry friction test
Rys. 13.  Profil powierzchni powloki Al,O, oraz widok izometryczny $ladu wytarcia na powtoce Al,O, po tarciu technicznie su-
chym
Table 4. Parameters of the wear mark on the surface of Al,O, coating and 100Cr6 steel after technically dry friction

Tabela 4. Parametry $ladu wytarcia na powierzchni powtoki Al,O, oraz stali 100Cr6 po tarciu technicznie suchym

Parameters Unit Steel 100Cr6 Coating Al,O,
Maximum depth nm 18 11
Wear field nm? 164 221 40 267

used Al O, coating, the depth of abrasion decreased
by 40%, and the abrasion area decreased four times
compared to 100Cr6 steel.

CONCLUSIONS

The research aimed to assess the impact of AL,O,
coatings deposited on 100Cr6 steel using the
ALD technique on the properties of unlubricated
tribological systems. An analysis of the elementary
chemical composition confirmed the chemical
composition assumed inthe process of depositing the
AL O, coatings, and observations under a scanning
electron microscope indicated homogeneity of the
observed surfaces. During friction, a significant
role is played by the geometric surface structure
of the friction pair and its hardness. The resulting
values of the contact angles indicate greater
hydrophobicity of the Al O, coating compared
to 100Cr6 steel. An analysis of the images

produced on the confocal microscope and hardness
measurements have indicated that 100Cr6 steel
was less resistant to tribological wear than the
ALO, coating. This was reflected by the results
of the performed friction tests. The AlO, coating
influenced a decrease in friction coefficient and
wear (determined based on the wear trace: width,
depth and abrasion area) compared to the substrate
material — 100Cr6 steel. During technically dry
friction, the average friction coefficient values
were lower by approx. 30% for the Al,O, coating
compared to 100Cr6 steel without the coating. The
tribological tests performed under the conditions
of technically dry friction constitute a basis for
further research. In the future, tribological tests of
AL O, coatings will be performed with the use of
lubricants. ALLO, coatings created using the ALD
technique improve the properties considerably, and
they can be used in low-load tribological systems
or as barrier coatings.
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