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Abstract

In this study, 3.5 um thick TiAIN, AITiN, and AICrN multilayer coatings were deposited on the H13 steel
surface by physical vapor deposition (PVD) method. Friction behavior of these coatings was investigated by
friction force microscopy for the first time at nanoscale in the literature. Friction force measurements were
performed with the atomic force microscopy lateral force mode at various loads. Results showed that the AITIN
coating had three times lower COF value than the TiAIN and AICrN coatings due to the lower surface energy. It
was observed in this study that Amonton’s law was valid for the COF evolution at the nanoscale.

Keywords: Amonton’s Law, Elastic Modulus, Friction Force Microscopy, Physical Vapor Deposition (Pvd),
Surface Energy

Cok Katmanh TiAIN, AITiIN ve AICrN Kaplamalarin Nanoboyuttaki Siirtiinme Davramslar:

Oz

Bu calismada H13 celigi iizerine fiziksel buharlagtirma yontemi ile 3.5 mikron kalinliga sahip ¢ok katmanli
TiAIN, AITiN ve AICrN kaplamalar yapilmistir. Kaplamalarin siirtiinme karakteristikleri siirtinme kuvveti
mikroskopisi ile nano mertebede literatiirde ilk kez arastirilmigtir. Siirtiinme kuvveti dlglimleri degisen yiikler
altinda atomic kuvvet mikroskopunun yatay kuvvet modunda gercgeklestirilmistir. Sonuglar AITiN kaplamasinin
diger kaplamalara gore diisiik yiizey enerjisi nedeni ile ii¢ kat daha az siirtiinme katsayisina sahip oldugunu
gostermigtir. Bu calismada Amonton yasasinin nano mertebede siirtiinme katsayisini bulmada gegerli oldugu
gbzlemlenmistir.

Anahtar Kelimeler: Amonton Yasasi, Elastik Modulii, Fiziksel Buharlastirma ile Biriktirme, Siirtiinme
Kuvveti Mikroskopisi, Yiizey Enerjisi

1. Introduction friction coefficient (COF) between sliding
surfaces (Sang et al., 2008). Therefore,
various surface treatments are applied to
some moving parts of engines. For instance,
piston rings are generally coated with
chromium to get low friction and wear

resistance. Similarly, crank bearings are

Friction is an important phenomenon due to
the energy loss and material damage in
tribological ~ systems  (Bhushan, 1999)
Therefore, it is essential to control and
reduce friction between sliding surfaces

(Stach_owiak_ _and_ Batchelor, 2000). coated with different composites such as
Especially, friction is the source of 33% the  , i alloy, and copper-lead-tin alloys
mechanical loss in internal combustion (Badisch and I':zoy 2013; Lauda, 2007)
engines (Chu and Majumdar, 2012; ’ , ’

Friction Force Microscopy (FFM) by Atomic
Force Microscope (AFM) can evaluate
friction force measurements. The frictional
force on the conic tip or colloidal probe is
measured while sliding on a surface at a
constant velocity at the nanoscale (Holscher
et al., 2008; Ruan and Bhushan, 1993). force

Holmberg et al., 2012) and friction should be
decreased in moving parts of the engine for
fuel saving in consideration of global energy
conservation (Rosen et al., 1996). One way
to overcome energy loss caused by friction is
surface coatings, which provide lower
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on the conic tip or colloidal probe is
measured while sliding on a surface at a
constant velocity at the nanoscale (Holscher
et al., 2008; Ruan and Bhushan, 1993). A
literature survey showed that friction force
depends on surface roughness, sliding speed,
sliding distance and applied normal load
(Zhang and Lan, 2002; Manini et al., 2017;
Svahn et al., 2003). In this study, friction
coefficients of TIAIN, AITiN and AICrN thin
film coatings were evaluated by friction force
microscopy (FFM). According to the
literature survey, the friction of these
coatings has been evaluated by dry sliding
tribometer tests at the macro scale. Mo and
Zhu investigated the tribological behavior of
CrN, AICrN and TiAIN PVD deposited
coatings at 5 N load with dry sliding
tribometer tests (Mo et al.,, 2007; Mo and
Zhu, 2009). Liew et al. investigated frictional
and wear behavior of single layer and
multilayer AICrN, TiAIN, TiN and AIN
coatings with tribometer tests at 5 N load
under dry condition (Liew et al., 2013).
However, friction behavior of these coatings
in the literature has not yet been investigated
at the nanoscale. This study aims to
investigate friction behavior TiAIN, AITIN
and AICrN thin film coatings by FFM at the
nanoscale and atomic force microscope
(AFM) was used to evaluate the friction

behavior of the coatings with lateral force
mode. Results showed that AITiN had lower
COF than TiAIN and AICrN coatings due to
its lower level of surface energy.

2. Material and Method

2.1. Coating Method and

Characterization of The Coatings

H13 steel samples were used as a substrate
and its typical chemical composition is given
in Table-1. Substrates were mechanically
polished to an average surface roughness of
150 um, and then ultrasonically cleaned for
nitrating operation. 3.5 pum thick multilayer
TiAIN, AITIN and AICrN coatings were
deposited on steel substrates by Cathodic Arc
Physical Vapor Deposition (CAPVD) coating
method. AI67Ti33 and AI70Cr33 targets
were used to deposit TiAIN, AITIN and
AICrN coatings, respectively. Prior to the
deposition process, H13 tool steel samples
were first heated to 450°C, then ion etched
via Cr bombardment. During the coating
process, the temperature of the substrate was
kept at about 450 °C due to the IR and
plasma heating. In addition, vacuum pressure
level of the chamber was about 107 Pa. The
nitrating process was carried under 100 V
bias voltage and 99.9 % Nitrogen purity at 1
Pa pressure.

Table 1. The chemical composition of the H13 steel. Element Content % in weight.

Element Content % in weight

Cr Mo Si V C Ni Cu Mn P S

4.80 1.15 0.92 0.88 0.38 0.3 0.24 0.35 0.03 0.03
After the coating process, substrate surfaces 2.2.  Friction Force Microscopy
were investigated by SEM/EDX and XRD Measurements

analysis to characterize the coatings.
Hardness and elastic modulus of the coatings
were evaluated by Nanoindenter analysis.

Nanosurf Flex-5 AFM was used for FFM
measurements. Nanosensors LFMR  SizNa4
rectangular Cantilever (length=225 um,
width=46, tip height=12 um, thickness=1.6
um) with 0.79 N/m nominal spring constant
was used in FFM measurements. It is
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essential to convert AFM friction force data
measurement units from mV to nN.
Therefore, Cantilever was calibrated with
dimension-dependent Wedge calibration
method to obtain the conversion factor (o)
with the following equations. Normal
Cantilever spring constant, k, and lateral
cantilever spring constant, ki was calculated
by Equation 1 and 2.

t3. E.w.
kn=—31 (1)
ky = G“'—Ht
3.L.(h+§)
2)

where, E, G, w, L, t, h are the Elastic
modulus, shear modulus, width, length, the
thickness of the cantilever and the tip height,
respectively. Lateral deflection sensitivity of
the AFM photodiode was calculated by
Equation 3. Sy is the normal deflection of the
photodiode, which can be obtained from the
slope of the force-distance curve. Conversion
factor can be found in nN/mV unit by
substituting Equation 2 and 3, as shown in
Equation 4.

E.(h+%)
51_ 5

T 2EG T €))
ﬁf:.s':.k: (4)
Friction force signal of the FFM

measurement can be converted from mV to
nN by using Equation (5), where &V s the
half of backward friction signal subtraction
from the forward friction signal. Here, the
calculated & was 49.1 nN/mV for the LFMR
rectangular Cantilever.

o (VFbﬂckwrzrri - VFfﬂm‘rzrri)
z (5)

In the friction force measurements, friction
force data collection was conducted between

FF=

0 nN normal load up to 120 nN with 10 nN
steps.

3. Result and Discussion

3.1. Characterization Results of The
Coatings
Figure 1 shows optical microscopy,

SEM/EDX analysis results and it can be seen
from the EDX spectra that desired multilayer
coatings deposited on the steel surface with
approximately 3.5 um thickness. When
looking at the optical image of the AICrN, it
can be seen more coating residues on the
surface when compared to TiAIN and AITIN
coatings.
CrN transition layers, which are depicted
with the yellow arrows, were used to get
multilayer coating. The measured hardness
values of the TIAIN, AITIN and AICrN
coatings were 29.75, 31.06, 30.72 GPa,
respectively. Similar hardness values were
obtained for coatings. When looking at the
elastic modulus results, similar elastic
modulus values were detected for AICrN
(382 GPa) and TiAIN (385 GPa) coatings.
However, the elastic modulus of AITIN (416
GPa) was higher than the other coatings. The
elastic modulus of the surfaces is an
important parameter since surface energy
varies with a modulus of elasticity, number
of surface atoms, coordination number and it
can be defined by Gillman’s equation (see
Eq.6), where vy is the surface energy, €o iS
the equilibrium lattice constant perpendicular
to plane, de is the elastic distance of
attractive forces acting on Cantilever. An
increase in elastic modulus decreases the
surface energy, which effects the shear stress
of surface (Buckley, 1981; Xu et al., 2017).
Surface roughness of the coatings was
recorded by AFM topography image with
90x90 um? scan area. Surface roughness of
the coatings was recorded by the AFM
topography image (see Fig. 2). The measured
root mean square roughness (Rqg) of the
453
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TiAIN, AITiIN and AICrN were measured as 55.8, 58.6, 98.5 nm.
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Figure 2. AFM topography images and roughness (Rq) analysis of the (a) TiAIN, (b) AITiN and (c) AICrN
coatings.

y= (E ) (dg —m)? before starting the friction force evaluation of
Co (6) the TIAIN, AITIN and AICrN coatings.
Figure 3 shows the FFM results of the

3.2.  Friction Force Measurement Results  Si(100) with load deviation versus friction

force.
To check the conversion factor and FFM

measurements, Si(100) surface was scanned
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Figure 3. Friction force measurement results of Si(100), (a) AFM topography image of Si(100), (b) Friction
Si(100) in

force map of 10 nN load, (c) COF

COF evaluated by taking the slope of load-
friction force curve, where 0.027 was found
for Si(100) with Rg=0.4 nm in this study.
Bhushan et al. reported similar COF finding
(0.03) for Si(111) against SisNs Cantilever,
which the Rq value of the sample was 0.11
(Bhashan et al.,, 1995). Asay et al. also
reported that COF of Si sample should be in
range of 0.03-0.44 (Asay and Kima, 2006).
When compared to literature findings, it can
be seen that our COF result was similar with
literature findings, and this shows that our
conversion factor was correct.

Figure 4 shows AFM friction force maps of
the TiAIN, AITiN and AICrN coatings at 50
and 100 nN loads. Three profiles were
extracted from friction force results for 10
nN load to 120 nN load and average friction
force value of these profiles was plotted
versus load as shown in Figure 5.

10-120 nN

load.

range  of

10.3nN

Figure 4. Friction force results of the TiAIN, AITIN
and AICrN coatings, colon (@) AFM topography
images, colon (b) friction force maps at 50 nN load,
colon (c) friction force maps at 100 nN load.

The slope of the friction force curves
presented 0.035, 0.036 and 0.012 COF value
for TiAIN, AICrN and AITIN coatings,
respectively (see Figure 5). While TiAIN and
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AICrN showed similar COF, AITIN showed
the lowest COF. The lower COF value for
AITIN coating than the other coatings can be
attributed to surface energy.
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Figure 5. Friction force curves of the coatings.

To evaluate the surface energies of the
coatings, force-distance measurements were
performed with six different points on the
surfaces. Collected force-distance curves
were analyzed with SPIP software and
average surface energies of the coatings were
evaluated as shown in Figure 6. When
looking the surface energies, it can be seen
that AITIN had the lowest surface energy
(9.01 floule) as TIiAIN (54.9 flJoule) and
AICrN (47.7 fJoule) had similar surface
energy, where surface energy represents the
work against two types of forces: first elastic
forces, then adhesion forces (Bhushan, 2001;
Israelachvili et al., 1994). Therefore, increase
in adhesion between two sliding surfaces
provides lower shear stress, and it increases
the friction force (Mo et al., 2009; Yang and
Komvopoulos, 2005; Spijker et al., 2013).
Force-distancemeasurements presented lower
surface energy and adhesion force for AITIN
surface.

The detected higher elastic modulus for the
AITiN was consistent with the surface energy
findings.  Furthermore,  friction  force
increased linearly versus load deviation for
the coatings, which presented that

Amonton’s law was valid for coatings at
nanoscale friction (Otsuki and Matsukawa,
2013).which results in lower COF than the
TiAIN and AICrN coatings.
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Figure 6. Force-distance curves and surface energy
evolution of the TiAIN, AITiN and AICrN coatings.

4. Conclusions

In this study, friction behavior of PVD
deposited TIAIN, AITIN and AICrN
multilayer coatings was investigated by FFM
at the nanoscale. Based on the analysis
results, the conclusions of this study can be
summarized as follows:

e AITIN showed approximately three
times lower COF than the TiAIN and
AICrN coatings.

e Surface energy and adhesion forces
between  sliding  surfaces can
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characterize the friction force. AITIN
showed lower surface energy, which
was the source of the lower COF than
the other coatings.

e In this study, Amonton’s law was
valid for the COF evaluation at the
nanoscale for the coatings, which is
similar to macroscale. In addition to,
macroscale COF evaluation will be
done to compare nano and macroscale
COF characteristics as a future work.
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