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ABSTRACT

The aim of this study was to determine the counter body effect on the wear behavior of TiO,-45 Cr,
05 coating. The commercial TiO,-45 Cr,03 coating powder was deposited onto the surface of the
AlSI 316 L substrate using the APS method. Dry sliding wear tests were performed with Al,O5 and
WC-Co counter body balls under different loads (5 N, 10 N, and 15 N) and reciprocating frequencies
(1 Hz, 2 Hz, and 3 Hz). The COF values obtained from the Al,O5 ball were found to be higher than that
of the WC-Co ball. In general, increasing load and sliding speed caused higher wear volume values
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for both counter body balls. When using Al,O3 ball under the 5 N load, a higher amount of wear
debris and crack formation was observed, whereas, for higher loads, a larger plastic deformation
zone which has lots of pitting and spalling was determined. As for the WC-Co ball, swelling-induced
spallation and delamination were recorded as the effective wear mechanisms as well as the plastic

deformation.

1. Introduction

AISI 316 L is a well-known type of austenitic stainless
steel (SS) and has wide applications ranging from the
food processing industry to nuclear reactors. It is com-
monly used as a standard material for various applica-
tions at high-temperature vacuum conditions [1-4].
Since the AISI 316 L SS is subjected to different operat-
ing conditions, it is required to maintain its function-
ality under harsh conditions such as wear, oxidation,
and corrosion [1]. In order to protect metals from the
mentioned severe environments, coating of compo-
nent surfaces with ceramics is a frequently used sur-
face modification method to enhance their tribological
performance [5-7]. Thermal spraying is the most
widely used technique that can be implemented on
a variety of ceramics for producing thick coatings.
Chromium oxide (Cr,03) coating is used as
a protective coating material in many engineering
applications due to its high resistance to wear, corro-
sion, and oxidation. However, its fracture toughness is
relatively lower than some oxide-content ceramic coat-
ings [8]. Therefore, Cr,03 spray powder is blended with
relatively soft oxide ceramics to increase the toughness
of the coating. It was reported in some studies that the
addition of titanium oxide (TiO,) to Cr,Os; coating
powder resulted in higher fracture toughness and
wear resistance [9,10]. Berger et al. [11] studied friction
and wear behavior of the Cr,05-25TiO, coating under
dry sliding wear conditions. They reported that the
friction coefficient was decreased with increasing slid-
ing velocity. Li et al. [12] investigated the effect of TiO,

addition in different ratios on friction behavior of the
Cr,05-TiO, coating.

Thermally sprayed TiO, coatings have been mostly
studied for the components used in biomedical appli-
cations to improve the fracture toughness, hardness,
and wear resistance of the coating [13-15]. Pure TiO, is
a dense and relatively ductile ceramic coating material.
However, in general, it has a lower hardness and less
wear resistance than the coatings used for similar pur-
poses. To overcome this problem, a powder composi-
tion is prepared by mixing Cr,Osz into the pure TiO,
powder in different mass ratios. In this way, the hard-
ness of the composite coating (TiO,-Cr,05) is signifi-
cantly increased, resulting in higher wear resistance
[16]. Another point to be considered in determining
the wear behavior of ceramic coatings is to fully
explain the contact mechanics between the counter
body part and the coating. From this point of view, the
mechanical properties of the counter body part such as
hardness, fracture toughness, and modulus of elasticity
have a significant effect on the wear behavior of coat-
ing in contact [17].

The TiO,-45 wt.% Cr,03, a commercial coating pow-
der (Metco™111), is recommended as a wear-resistant
coating material for the applications such as mandrels
for dry cell battery cores, oil industry sucker rod cou-
plings, drum doctor blades, machine tool chip break-
ers, and cylinder bore liners [16]. However, there are
not enough studies in the literature regarding the wear
behavior of TiO,-45 wt.% Cr,03 coating against differ-
ent contact surfaces. Therefore, in this study, the wear
behavior of TiO,-45 wt% Cr,O; coating was
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investigated using two different counter body parts
(Al,O3 and WC-6 wt.% Co) with different hardness,
fracture toughness, and elastic modulus values.

2. Experimental procedure

AISI 316 L SS (EN 1.4404) samples were prepared as
25 mm in diameter and 8 mm in thickness. Prior to the
deposition process, the substrate samples were grit-
blasted and cleaned with acetone to improve the adher-
ence capability of coatings via increasing surface rough-
ness. Grit-blasting parameters are 75° impact angle; 50
mesh SiC particle size; 0.5 MPa blasting pressure and
65-85 mm blasting distance. Commercially available
TiO,-45Cr,03 (Metco 111, —63 + 11 um) ceramic powders
were purchased from Oerlikon Metco. The chemical com-
position of ceramic powder is given in Table 1.

The deposition of powder onto the AISI 316 L SS
substrates was implemented with atmospheric plasma
spray (APS) technique using a Metco MCN type control
unit via service procurement (Senkron Surface
Technologies-Gebze Turkey). Prior to the deposition pro-
cess, TiO,-45Cr,03 powder was heated in a furnace at 60°
C for 5 h to provide dehumidification, thereby further
improving the flowability of the feedstock powder.
Deposition parameters used in the APS process are
given in Table 2.

After the deposition process, the samples prepared for
characterization were cut into small pieces with the use of
a precision cutting device (Metkon Micracut 152, Turkey)
and then cold-mounted. The samples mounted were
ground with up to 2500 grit SiC abrasive grinding papers
for characterization and microhardness measurements.
Microhardness measurements were taken from the coat-
ing cross-section with a microhardness tester (Qness Q10,
Austria) by utilizing a 500 g (HVqs) load and 15 s dwell
time. Microhardness values for each sample were
obtained by taking the average of four measurements.

Microstructure and elemental analyses of the as-
prepared and worn coatings were evaluated using
scanning electron microscopy (SEM) and EDS (Tescan
MAIA3 XMU, Czech Republic). Phase constituents of
the coated samples were identified using X-ray diffrac-
tion analysis (XRD; Rigaku D/Max-2200VPC, Japan).
XRD analysis was carried out with Cu_K-beta radiation
produced at 40 kV and 30 mA. The 6-20 scan was

Table 1. Chemical composition (wt.%) of ceramic powder [16].
Product TiO, Cry03 Si0,  AlLO; Fe,0; All others
Metco 111 44-46 <050 <025 <0.25 <1

Balance

performed between 10° and 90° by a step width of
0.01000. Porosity measurements of coating layers were
made using image analysis software (IMAGE J).

The wear tests were carried out using a ball-o-disc
tribometer (Turkyus, Turkey). The values of wear volume
were calculated using the data obtained from an optical
profilometry device (Huvitz HDS 5800, Republic of Korea).
Prior to the wear tests, coated top surfaces of the samples
were ground and polished, and ultrasonically cleaned in
acetone. Coated samples were subjected to dry sliding
wear tests under reciprocating motion in accordance with
ASTM standard G133 on a ball-on-disc tribometer at room
temperature. The apparatus used in the ball-on-disc tests
is equipped with a software and auxiliary hardware that
enables recording instantaneously measured frictional
forces depending on time by use of a load cell. Each test
combination given in Table 3 was repeated three times to
obtain mean and deviation values. After calculation of
friction coefficients based on frictional force-time values,
the relevant graphs were obtained. To evaluate the wear
behavior of TiO,-45Cr,05 coatings, two different types of
counter body balls (WC-Co and Al,Os) with a diameter of
6 mm were used in reciprocating wear tests. Wear test
parameters and mechanical properties of the counter
body balls are given in Tables 4 and Tables 5, respectively.

The values of wear volume were calculated using
the data obtained from the optical profilometry device.
An exemplary profilometer output showing three-
dimensional and cross-sectional views of a worn sur-
face is shown in Figure 1. As shown in Figure 1(c), the
mean value of the cross-section area was automatically
calculated by the software of the device from the area
measurements (Figure 1(b)) taken from the cross-
section of the worn track.

The wear volume and specific wear rate of the TiO,
-45Cr,05 coating were calculated using the following
formulas [17].

V=LA (1)

4 4

K=s—=—7—""7— 2
S.P 2.LfN.P o

In the Eg.1 and Eq.2 formulas, Vimm?3) and
K (mm3N~""m™") stand for the wear volume and
specific wear rate, respectively; L (mm) is the stroke
length; A (mm?) is the mean cross-sectional area of
the wear track; S (m) is the total sliding distance
calculated by multiplying of all three values given in
Table 4 (reciprocating frequency f (s"); stroke
length L (mm); and a number of cycles, N,.); and
P (N) are the applied normal load.

Table 2. APS deposition parameters applied for the coating process.

Coating thickness  Particle size  Arc current  Ar flow H, flow  Feeder’s disc revolution Torch stand-off distance
Coating powder (um) (um) (A) (slpm) (slpm) (rpm) (mm)
TiO,-45Cr,05 (Metco 350 11-63 600 80 15 13 80

111)




Table 3. Dry sliding wear test results of TiO,-45Cr,05 coating.
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Test Counterbody  Load  Sliding frequency  Stroke length

Test duration

Wear volume Specific wear rate

No ball (N) (Hz) (mm) (min) (x107% mm?) (x107¢ mm*N"'m™)
1 WC-Co 5 1 5 30 2,095 + 10% 23,278
2 WC-Co 5 2 5 15 2,280 + 8% 25,333
3 WC-Co 5 3 5 10 2,445 + 8% 27,167
4 WC-Co 10 1 5 30 2,845 + 6% 15,806
5 WC-Co 10 2 5 15 3,370 + 6% 18,722
6 WC-Co 10 3 5 10 3,905 + 6% 21,694
7 WC-Co 15 1 5 30 4,010 + 4% 14,852
8 WC-Co 15 2 5 15 4,560 + 4% 16,889
9 WC-Co 15 3 5 10 5,395 + 4% 19,981
10 AlLO; 5 1 5 30 6,513 + 3% 72,361
1 AlLO5 5 2 5 15 6,670 + 3% 74111
12 AlLO; 5 3 5 10 8,615 + 3% 95,722
13 AlLO; 10 1 5 30 22,790 + 2% 126,611
14 AlLO; 10 2 5 15 23,100 + 2% 128,333
15 Al,0; 10 3 5 10 23,248 + 2% 129,153
16 AlLO; 15 1 5 30 32,238 + 1% 119,398
17 AlLO; 15 2 5 15 33,453 + 1% 123,898
18 AlLO; 15 3 5 10 34,693 + 1% 128,491

Table 4. Dry sliding wear test parameters.

Sliding Stroke
Counterbody Test Rig Load Frequency length Number
ball Motion (N) (Hz) (mm)  of cycles
5 1
WC-6 wt.%Co Reciprocating 10 2 5 1800
Al,05 15 3

Table 5. Mechanical properties of counter body balls used in
the wear tests [17].

Fracture tough-
Counterbody Hardness Elastic mod- ness Kc(MPa.m"  Poisson’s

ball (HV49)  ulus E (GPa) 2 ratio v
WC-6 wt.%Co 1800 650 12 0.20
Al,0; 1400 300 35 0.21

3. Results and discussion
3.1. Analysis of the coating structure

Figure 2 shows the cross-section SEM image of the as-
sprayed TiO,-45Cr,05 coating. As seen in Figure 2, the
coating layer has a porous structure reflecting the
typical characteristics of the APS process [18]. Also, it
can be said that the interface region between the TiO,
-45Cr,05 coating layer and the substrate has a smooth
and well-adhered structure. The porosity value of the
TiO,-45Cr,0; coating layer was calculated as
6.45 £ 2%. This calculated porosity value was found
to be suitable for the porosity range of plasma-sprayed
ceramic coatings [19]. From the microhardness mea-
surements, the mean hardness value of TiO,-45Cr,03
coating was measured as 955 HV s.

The XRD patterns of TiO,-45Cr,05 composition for the
feedstock powder and APS-sprayed coatings are given in
Figure 3. From the XRD analysis of the feedstock powder,
it was determined that chromium titanium oxide phases
in the compositions of the (Crg ggTig.12)203, Cro54Ti0.4601.73
, and Cr,Ti;O,, called E phases, were dominant. Besides,
the titanium oxide phases observed in powder content
were found to be compatible with the Ti O5n4

composition of the Magnéli phases in the Ti-O phase
diagram. As seen in Figure 3.2b, the coating composition
is mainly composed of eskolaite, as well as the rutile
phase [20].

3.2. Effect of load on tribological behavior

3.2.1. Worn surfaces

In literature, the crack propagation, removal of transferred
films, and splat delamination were reported as predomi-
nant wear mechanisms affecting the wear of oxide cera-
mic coatings [8-10]. Figure 4 shows the SEM images
obtained from the wear tests performed under different
loads with the Al,O3 ball. In Figure 4(a), it was seen that
plastic deformation and delamination type wear occurred
predominantly under 5 N load. In addition, there were
microcracks formed by the plastic deformation effect on
the worn surface. When Figure 4(b) was examined, the
delamination effect due to plastic deformation was also
observed. As seen in Figure 4(c), with the increase of the
load (15 N), the rate of plastic deformation has also
increased as a result of high frictional heat on the contact
surface. This situation caused a significant increase in the
material transfer rate on the coating surface and as
a result, the transferred layers provided the formation of
tribolayer with low roughness.

Figure 5 shows the EDS images which are taken
from the worn surface track obtained using Al,Os
counter body ball. In Figure 5(a), images of elemental
data obtained by the EDS area mapping method are
given. According to these images, Ti, Cr, and
O elements are available in accordance with the coat-
ing composition. Also, the presence of Al has been
determined, and it is thought that these are the wear
debris particles removed from the Al,O3 counter body
ball as a result of wear. Another proof of this situation
is the presence of Al, which increases throughout the
width of the wear track in the transverse line scanning
taken over the worn surface given in Figure 5(b).
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Figure 2. Cross-section SEM image of as-sprayed TiO,-45Cr,03 coating.
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Figure 3. XRD patterns for TiO,-45Cr,03; composition (a) powder (b) APS-sprayed coating.

Figure 6shows the worn surface images formed
under 5 N, 10 N, and 15 N loads with WC-Co ball.
When the worn surfaces given in Figures 4 and
Figures 6 are compared, it should be noted that the
worn surface images obtained with the WC-Co ball are
smoother under the same test conditions. This situa-
tion can be explained from two different points of
view. The first is that when Table 5 is examined, the
WC-Co ball is harder, stiffer, and tougher than the Al,
O3 ball. So, these advantages ensure relatively less
wear occurred on the WC-Co ball in comparison to the
Al,Os3 ball. In addition, this case provides an increase in
wear-induced plastic deformation ratio of the coating
resulting in a smooth surface with low COF value. On
the contrary, the lower hardness and fracture tough-
ness values of the Al,O3 ball caused its wear due to the
hard Cr,05 content in the coating. Thus, with the effect
of mutual wear of the ball and coating, two-body and
three-body wear mechanisms emerged and caused
the contact surface to become rougher. Secondly, it
can be explained by the use of Hertzian contact
mechanics that considers the contact radius calculated
from the values of elastic modulus and Poisson ratio
(see section 3.3.2).

Another point is that, as seen in Figure 6(a), the
crack formation under 5 N is on a small scale and
spread over the surface, and also there is a large num-
ber of wear debris. In the literature, it is reported that if
the load reaches a critical level, lateral cracks will begin

from the plastic deformation zone and then progress
rapidly, causing brittle fracture resulting in the removal
of the material [21]. Bagde et al. studied on friction and
wear behavior of the plasma-sprayed Cr,03-25TiO,
coating [8]. They stated that the increase in abrasive
wear rates depending on the load was observed as
grain pullout caused by fatigue induced microcracks
at low loads and as delamination cracks and splat
fractures at high loads. In Figure 6(b), it is observed
that the depth and length of the cracks increased and
swelling occurred due to the plastic deformation
effect. With the 15 N load, plastic deformation predo-
minantly led to spallation and became prominent in
volume losses (Figure 6(c)).

In Figure 7(a), EDS area mapping data obtained
from the worn surface track created with the WC-Co
counter body ball is given. Similar to Figure 5(a), the Ti,
Cr, and O elements are present and in addition W and
C have also been detected and these are the wear-
induced particles removed from the WC-Co counter
body ball. This is also confirmed by the presence of
W, which increases with the width of the wear track in
the transverse line scanning taken over the worn sur-
face given in Figure 7(b).

3.2.2. Friction and wear

As seen in Figure 8, a significant difference was observed
between the coefficient of friction (COF) values recorded
with AlLO; and WC-Co balls. In general, according to
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Figure 4. Worn surface SEM micrographs obtained using Al,05 ball under different loads a1) 5N b1) 10 N ¢1) 15 N (magnification
500x); 2) represents higher magnification (2kx) for corresponding images.

Figure 8, the COF values of the Al,Os ball are higher than
those obtained with the WC-Co ball for all loads. If the
COF values obtained with the Al,O3 ball were examined
first, the average of the friction coefficient increased dur-
ing the first 2 min from the start of the test and after that it
passed to the steady-state. This situation can be attribu-
ted to initial wear of the coating emerging during the
running-in period by the initial deformation or fracturing
of the high asperities, which renders the contacting

surfaces mate better, which further results in higher COF
values.

In the COF plots taken with the Al,O3 ball, the average
COF value was recorded as approximately 0.7 with no
significant fluctuation under 15 N load. The COF values
decreased to a level of 0.65 with a decrease of approxi-
mately 5% in 5 N load. In Figure 8(c), according to the COF
graphics obtained from the WC-Co ball, it can be seen that
the fluctuation becomes evident with the decrease of the
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load. In general, there was no significant change in the
COF values recorded with the WC-Co ball during the test
and the average COF value was 0.4. This value is approxi-
mately 45% lower than the COF value received with the
Al,O3 ball. A major reason for obtaining higher COF values
with Al,Os ball is the high roughness values of the worn
surface caused by the wear mechanisms that affect the
contact area.

As is known, the wear is closely related to the
values of hardness and fracture toughness in oxide-
content ceramic coatings [22-25]. In this context, it
has been observed that the differences among the
values of hardness, stiffness, and fracture toughness
of counter body balls play a key role in the wear
behavior of the coating, especially in tests with the

Al,O5 ball. In Figure 9, a schematic illustration of the
change of wear mechanisms between the coating
surface and the Al,O; ball over the test time is
shown. After the wear tests, significant wear marks
were detected according to the examinations made
on the contact surface of the Al,O3 ball (Figure 10).
The contact surface of the WC-Co ball was less worn in
comparison to the Al,05 ball due to its high hardness,
stiffness, and toughness. Besides, it was observed that
the abrasion occurred mostly on the surface of the
coating and so, the contact surface remained in
a limited area resulting in a relatively small wear rate
overall. On the other hand, as seen in Figure 10, the
worn surface area observed on the Al,Os ball has
enlarged depending on the load. By the combined
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500x); 1) represents higher magnification (2kx) for corresponding images.

effect of enlarged contact area and increased surface
asperity, the Al,O5 ball caused to a higher amount of
wear volume loss than that of WC-Co ball (as seen in
Figure 12(a)). As seen in Figure 11, the worn track
profile created with the Al,O; ball is deeper and
wider than that of the WC-Co ball.

The stresses and deflections arising from the
contact between two elastic solids have practical
application in the wear behavior of engineering
ceramics [26]. It was declared by Hertz [27] that

in case of contact between a rigid sphere and a flat
surface, the radius of the circle of contact is related
to the indenter load, the indenter radius, and the
elastic properties of the materials [26-29].

The maximum tensile stress that leads to crack
initiation and progression occurs at the edge of
the contact circle is given by Eq.3 [26]:

P
Omax = (1 —2v) a2 (3)



JOURNAL OF ASIAN CERAMIC SOCIETIES . 245

[ [ElSl@le] occven]

250um

W Map Sum Spectrum

]
Ti
Cr
w

Tq“ ]\” | I ‘ ﬁ‘

|
[ wr‘n l | r |
[\ wﬁr«b \ Al A I |
/ J"*’\\N‘ J"‘""‘\“.(r“i .“*l‘hl.xf\\J'ﬂ‘kv““*' Lﬂ
.Jj ".N vy W vy \~ =
PN L B 1y o o oty it R e oo g sy AR
100 200 300 400 500 600 pm
W Lal

OKal
4000~
3000-
2000+
1000-
...... 2 ST O S Ml R T, WL B
0 100 200 300 400 500 600 pm

Figure 7. Worn surface EDS images obtained using WC-Co counter body ball. (load: 15N; sliding frequency: 3Hz) (a) area mapping

(b) line scanning.

where a is the radius of the circle of contact and
P and v are the indenter load and Poisson’s ratio
of the indenter, respectively.

Eqg.3 can be rewritten as follows:

3 o\ 2/3
Omax = [%] <%> p'/3 4

where E* is the combined modulus of the indenter and
the specimen and R; is the radius of the indenter.

Considering the values given in Table 5, the E*
value will be higher for WC-Co ball using the
related calculating formula [29]. So, in the case of
using a WC-Co ball, a smaller contact radius, and
consequently higher maximum tensile stress will
occur than that of Al,O5 ball according to Eq. 3. In
other words, the maximum stress that ultimately
affects plastic deformation is inversely proportional
to the contact radius. This situation confirms the
predominance of the plastic deformation occurring
under the WC-Co ball and is compatible with worn
surface images given in Figure 14. Since the load is
constant during the wear test in this study if the
contact radius enlarges the nominal stress will also
decrease proportionally.

The results of dry sliding wear tests carried out on
TiO,-45Cr,05 coating are given in Table 3.1. When the
specific wear rate values obtained with the Al,Os ball
were examined, the value increased to 129,153x107°
(mm3N""m™") with an increase of 36%, as the load
increased from 5 N to 10 N (Figure 12). However, the
same situation showed a decrease of approximately
0.7% under the 15 N load with the opposite effect for
the reasons mentioned earlier.

3.3. Effect of sliding speed on tribological
behavior

3.3.1. Worn surfaces

In Figure 13, the worn surface SEM images which are
taken after the wear tests performed under different
values of load and sliding speed using Al,O3 ball are
given. As seen in Figure 13, with the increasing load
and sliding speed, the rate of plastic deformation on
the surface increased and the formation of tribolayer
became evident. It can be said that this case supports
the data given in Figure 15 and the analysis regarding
the decrease of COF values. Figure 14 shows the worn
surface images after abrasion tests with WC-Co ball. As
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Figure 8. COF graphs of TiO,-45Cr,03 coating under different loads and counter body balls.

seen in Figure 14, surface asperity caused by wear
increased with increasing sliding speed at 5 N load
and this was compatible with the COF values given in
Figure 15. Besides that, at 10 N and 15 N loads, it was
observed that the amount of plastic deformation
increased with increasing sliding speeds, resulting in
swelling and spallation zones and a smoother surface
with a lower COF value than that of the 5 N load on
other contact surfaces.

3.3.2. Friction and wear

In Figure 15, the average COF values depending on the
sliding speed were given separately for each load and
counter body ball. When Figure 15 was examined, the
average COF values obtained under 5 N for both coun-
ter body balls increased with increasing sliding speed
(reciprocating frequency). However, under 10 N and
15 N loads, the amount of plastic deformation increased
with the increasing sliding speed, and tribolayer



wear scar on the abrader ball

S

Stage 4

abraded ball

Detail -C

two-body and three-body abrasion
plastic deformation
contact zone expansion

[<——>]
reciprocating motion

Stage 3

xgﬁ_/

JOURNAL OF ASIAN CERAMIC SOCIETIES . 247

Stage 1
1 !
Stage 2

Detail -A

adhesive wear and crack formation
on worn surface

start of wear scar and crack

formation on abrader ball

Detail -B

The presence of wear
debris on contact interface

abrasive wear
plastic deformation

Test duration

Start

'
Stage 3

v ]
Stage 2 Stage 1

Figure 9. Schematic illustration of the change of wear mechanisms between the coating surface and the Al,05 ball over the test

time.

Load : 15N
Frequency: 3Hz

Load : 5N
Frequency: 3Hz

Figure 10. Optical profilometer images of worn surface counterparts under different loads (Frequency: 3 Hz) (@) 15 N, (b) 5N, a1)
and b1) represent top views of Al,Os ball; a2) and b2) corresponding counterpart top views of the coating; a3) and b3) cross-
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formation with lower roughness occurred, thus redu-
cing the average COF values. Berger et al. [11] pointed

out a similar result stating the friction coefficient
decreased with increasing sliding velocity. At low load
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(5 N), since the plastic deformation rate was low, the
smooth surface formation was limited resulting in a high
average value of COF. In the literature [30,31] it was
specified that the friction coefficient increased with the
increase of the sliding speed when Si;N3 counter body
balls were used against the stainless steel, which is in
agreement with the results obtained under 5 N load in
this study. However, in another study, it was noted that
inconsistent COF values with each other were obtained
from the wear tests carried out with counterparts having
different hardness [32].

Figure 16 shows the change of wear volume loss
values obtained with Al,O5 ball and WC-Co ball accord-
ing to reciprocating frequency. Accordingly, it was seen
that the wear volume losses obtained with both Al,O3
ball and WC-Co ball tend to increase with increasing
sliding speed. In Figure 16(a), with the WC-Co ball, the
values obtained at a frequency of 1 Hz under a load of
5 N increased approximately by 9% at 2 Hz, while this
frequency increased by 7% when the frequency was
3 Hz. The same trend continued under 10 N load and
the increasing percentage was calculated as 18% with
the sliding speed increasing from 1 Hz to 2 Hz. At 3 Hz,
this increase was found to be approximately 15% com-
pared to 2 Hz. At the highest load value (15 N), increases
in volume loss calculated according to speeds were
13.7% (from 1 Hz to 2 Hz) and 18.3% (from 2 Hz to

3 Hz), respectively. In the tests with the Al,Os; ball
(Figure 16(b)), it was determined that increase in the
reciprocating frequency caused to increase in the
volume loss values, but this increase was much lower
than that of the WC-Co ball. In experiments under 10 N
and 15 N loads, the increase in volume loss values
according to the sliding speeds at which from 1 Hz to
2 Hz and 2 Hz to 3 Hz were calculated as approximately
1% and 3%, respectively.

4. Conclusions

The TiO,-45Cr,05 is recommended as a wear-resistant
coating material for the applications such as mandrels
for dry cell battery cores, oil industry sucker rod cou-
plings, drum doctor blades, machine tool chip breakers,
and cylinder bore liners. It is clear that the application
areas of this coating material are in a wide variety of
operating conditions. Therefore, the part surfaces
coated with TiO,-45Cr,03 will inevitably be subject to
wear as a result of friction with different contact sur-
faces. In contact mechanics, it is known that the
mechanical properties of the counter body part, such
as hardness, fracture toughness, and modulus of elasti-
city, have a significant effect on the wear behavior of the
parts in contact. Thus, this study was carried out to
determine and compare the wear behavior of TiO,
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-45Cr,03 coating in contact with ceramic (Al,O3) and
cermet (WC-Co) counter body balls. According to the
test results, it has been determined that the counter
body material in contact has a significant effect on the
wear behavior of the mentioned coating. The main
conclusions are as follows:

« In general, increased load and sliding speed
caused an increase in volumetric wear loss values for
both counter body balls. It was determined that the
volumetric wear loss values obtained with the Al,O3
ball were several times higher than that of the WC-Co
ball. However, the effect of an increase in load and
sliding speed on volumetric wear loss was lower in
Al,O3 ball than WC-Co ball.

« The COF values obtained from the Al,O3 ball were
significantly higher than that of the WC-Co ball. This
situation was attributed to a higher amount of abra-
sion which was occurred in the contact zone of the Al,
05 ball compared to the WC-Co ball.

« It was observed that the effect of the load on the
wear mechanisms affecting the tribological perfor-
mance of the TiO,-45Cr,03 coating was significantly
different for the WC-Co ball and the Al,O5 ball. When

using Al,Os ball under the 5 N load, it was observed
that the plastic deformation was at low rates and
mostly consisted of wear debris and crack formation.
Under 10 N and 15 N loads, the rate of plastic deforma-
tion increased, leading to an increase in the contact
surface area. As a result, it was observed that a larger
deformation zone with many pitting and spalling
zones occurred. As for the WC-Co ball, plastic deforma-
tion was commonly observed for all test conditions.
Swelling-induced spallation and delamination were
the predominant wear mechanisms that occurred on
the worn surface. It was seen that the plastic deforma-
tion rate increased with increasing load and sliding
speed. Increased sliding speed resulted in a higher
rate of spallation on the worn surface. Another finding
is that the formation of the tribolayer is increased
significantly with the combined effect of increasing
load and sliding speed.
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