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Abstract Plasma spraying is one of the methods used for
combating wear. Despite of its wide spread industrial use,
little is known about the basic friction behavior and
mechanism by which such coatings wear. In this work, the
abrasive wear resistance of plasma-sprayed ceramic coat-
ings on cast iron substrate has been investigated through
pin-on-disc test. It was found that the coefficient of friction
and wear affected mainly by splats and porosity, surface
roughness, and coating thickness. The coefficient of fric-
tion is found to be more significantly affected by load than
by other test parameters. This work also includes the
characterization of coatings.

Introduction

Due to market pressures for improvements in productivity,
reliability, durability, wear resistance as well as the prof-
itability of mechanical systems, manufacturers are placing
increasing demands on the available materials. Economic
constraints require that these materials be inexpensive and
be easily available. In order to enhance the surface prop-
erties of today’s materials, producers of components are
turning to different surface treatments and in particular to
hard protective coatings [1]. Thermal Barrier Coatings
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(TBCs) have been used extensively as one of the hard
protective coatings for so many engineering components
[2-7]. TBCs are used to improve fuel efficiency by insu-
lating the combustion chamber components of an engine,
there by recovering 8—15% of the energy that is attributed
to heat losses. These coatings have been applied to the
cylinder head, the valves, the piston and liner, etc.
Thermal barrier and wear resistant coatings are pro-
duced using thermal spraying method which is often con-
sidered as a potential alternative to traditional coating
manufacturing techniques such as hard chrome electro-
plating, Physical Vapor Deposition (PVD), Chemical
Vapor Deposition (CVD), etc. [8-10]. Among various
thermal spraying techniques, plasma spraying has been
widely employed to provide an improved wear resistance
to various industrial parts [11-15]. The plasma-sprayed
ceramic coatings possess very high hardness. Due to their
purely ceramic nature, they are almost insensitive to many
corrosive environments and can withstand high tempera-
tures [16]. These coatings are made up of layers that are
formed when melted material droplets flatten and solidify
on the surface of the substrate [17]. Because of their
lamellar structure, the coatings have various amounts of
internal stresses. This internal stress and incomplete
bonding between lamellae decrease the strength, wear
resistance, and the corrosion resistance of the coatings. The
variety of defects present in plasma-sprayed coatings make
the modeling of wear properties difficult. However it has
been shown that coatings with more homogeneous and
denser structure perform better than badly structured
coatings in abrasion. Inhomogeneities tend to cause local
fractures. The coupling between hardness and wear resis-
tance is often unclear, presumably because of the low
fracture toughness [18, 19]. The wear behavior of plasma-
sprayed Al,O3 coatings conducted in a block-on ring tester
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was reported to be dominated by plastic deformation and
adhesive wear as well as brittle fracture [20].

Zirconia-based ceramics have been used in engines and
gas turbines as thermal barrier coatings. Plasma spraying of
these materials could enhance the thermal efficiency [21—
26] of internal combustion engines and increase the service
life of piston ring or cylinder liner pairs. Zirconia coatings
are interesting materials because of their outstanding
mechanical, thermal, optical, and electrical properties.
They have high melting points, high resistance to oxida-
tion, low thermal conductivity and high co-efficient of
thermal expansion.

A thorough study of the wear resistance of thermally
sprayed coatings must involve plasma-sprayed ceramics,
which could represent an economical alternative to High
Velocity Oxygen Fuel (HVOF)-sprayed cermets in some
industrial applications. Much research related to the basic
wear mechanisms of plasma-sprayed oxides exist, since
such coatings have been studied for a long time [20, 27—
29], however there exist a few reports comparing them to
the characteristics of other thermally sprayed coatings as
well as to other industrially used wear resistant coatings
such as hard chrome electroplating and nickel electroless
plating [30, 31]. The tribological behavior of the coatings is
closely linked to the microstructure [32-34].

The main objective of this investigation is to provide an
experimental data of the wear rates, wear mechanisms,
friction coefficients of Al,O3 and ZrO,5CaO plasma-
sprayed coatings under different load conditions and dry
environment.

Experimental details
Plasma spraying

Cast iron circular pins of diameter 12 mm and length
25 mm were selected as substrate material for coating. The
composition of cast iron substrate material is given in
Table 1.

The substrate component was checked for dimensional
accuracy and surface finish. Then substrates were
degreased by immersing in a vapor bath of tetra chloro-

Table 1 Chemical composition of substrate and coating materials

S1 S4
S2 S5
S3 S6

Fig. 1 Schematic diagram of samples

ethylene boiled at 70-80 °C to remove grease. The surfaces
to be coated were grit blasted using Al,Oz grains
(—18 + 24 mesh) with a pressure of 455 kPa. The trade
names and chemical compositions of bond and top coat
powders are given in Table 1. The schematic diagram of
coating layers and their thicknesses are shown in Fig. 1.
The coating process was accomplished with a Sulzer Metco
plasma spraying equipment. The spray parameters for
different materials are shown in Table 2.

Material characterization
Measurement of surface texture parameters

For each specimen, surface texture parameters were mea-
sured using Mahr Perthometer. For this measurement, first
the coated surface of each specimen was divided into
10 x 10 mm?. The tracing length was kept at 5.6 mm. For
each element the parameters like arithmetical mean

Substrate material
Cast iron
Fe-3.54, C-2.21, Si-0.67, Mn-0.25, Cr-0.013, Cu-0.56, P-0.031
Coating material
Metcol05SFP (TC1)
99.5 Al,O4

Metco 20INS(TC2)
ZrO, 5Ca0

Metco 452(BC1)
Fe 38Nil0Al

Metco 410NS(BC2)
ALO330(Ni 20A1)

TCI Top coat 1, TC2 Top coat 2, BCI Bond coat 1, BC2 Bond coat 2
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Table 2 Plasma spray parameters for different coating materials used

Materials Primary gas (Argon) Secondary gas (H,) Carrier gas (Argon) Current Voltage Spray distance Feed rate
pressure (kPa) pressure (kPa) flow (Ipm) (A) V) (mm) (kg/h)

TC1 700 520 60 600 65 64-125 2.7

TC2 345 345 37 500 75 50-100 5.4

BCl1 700 340 37 500 65 100-175 4.1

BC2 700 350 37 500 65 75-125 2.3

deviation or average roughness (R,) were recorded. A 3D
map was drawn for each coated specimen taking average
roughness in vertical coordinate. Microstructures of coat-
ings and surface morphology were studied using JOEL-
JAPAN JSM-840A scanning electron microscope.

The porosity of each component was also noted.

Tribological testing

Friction and wear tests were carried out on coated speci-
mens using DUCOM Pin-on Disk tribometer. A 60 grit
Al,O5 abrasive wheel was used as disk. The specification
of the wheel is WA60KSV. Three tests were performed on
each sample under 5, 10, and 15 N normal loads. A track
diameter of 80 mm and a speed of 200 rpm under atmo-
spheric conditions were used for the test. The sliding dis-
tance was kept constant at 378 m. For each applied load,
wear rate and coefficient of friction were recorded.

Results and discussion
Coating characterization

Scanning electron micrographs of Al,O3 coatings S1, S2,
and S3 (Fig. 2) are characterized by the existence of disk-
shaped grains. These grains are formed by the molten
droplets of coating material, flattened on impact on the
substrate. The molten particles were distributed more or less
evenly producing a smooth surface. Coatings also reveal
partly melted particles of the coating powders. The SEM
images of Al,O5; coatings (Fig. 3) show pores with a
diameter of 2-5 pm.The images of other Al,O5 coatings are
also similar in appearance. Pores are observed both in bond
and top coats. They are distributed unevenly in bond coat
and more evenly in top coat. The porosity in these coatings
lies in the range of 5—6%. It is high, due to more rounded
pores produced by unmelted particles, splats, stacking
faults, and gas entrapment. The enlarged view of the marked
region of S1 showed a network of microcracks. Cracks are
also observed on the surface of flattened droplets. Residual
stress by thermal shock during spray process resulted in
trans-granular microcracks in the coatings. The increase in
thickness of top coat has less effect on microstructure as
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shown in S2 and S3. But the porosity of coatings increases
slightly with increase in coating thickness.

The SEM structure of ZrO,5CaO coatings S4, S5, S6
(Fig. 2) shows a dense structure of mounds. Similar to
Al,O5 coatings, these also show the existence of unmelted
and partly melted particles. The size of the micro crack is
slightly more than that of Al,O5 coatings. It is mainly due
to the low thermal conductivity of ZrO,5Ca0O compared to
that of cast iron substrate. The thermal conductivity of
7Zr0,5Ca0 is about 2-4 W/mK, where as cast iron has
about 50-55 W/mK. The heat generated during spraying
process being accumulated in the ZrO,5CaO layer which
inturn increases the thermal stresses inside the coating
producing cracks with bigger size. But in case of alumina
coatings the difference in thermal conductivity between
substrate and top coat is less (thermal conductivity of
alumina is 33-37 W/mK) which enables more heat to flow
out of the coating reducing thermal stresses. The splats in
the coatings are separated by inter-lamellar pores resulting
from rapid solidification of the lamellae, very fine voids
formed by incomplete inter-splat contact or around
unmelted particles. The porosity of ZrO,5Ca0 coatings lies
in the range of 6-8%. Here also the increase in top coat
thickness has less effect on microstructure as shown in S5
and S6 (Fig. 2). But the porosity of these coatings increases
slightly with increase in top coat thickness (7.5-8%).

Figure 4 shows the 3D profile of average roughness (R,)
for S1 and S6 samples (similar graphs are obtained for S2,
S3, S4, and S5 but not shown in figure). From the 3D-maps,
it is observed that the average roughness R, varies from 3.5
to 5.5 pum in the case of alumina coatings and 4.5 to 6.8 pm
for ZrO,5Ca0 coatings. As discussed in microstructure, the
top coat of S4, S5, and S6 possesses mounds of molten and
unmolten particles which lead to increase in roughness.
The flowability of zirconia is less compared to alumina
which also leads to formation of mounds and they affect
the surface texture of coating.

Friction coefficient and wear rates

Load or contact stress is the most obvious and easily
monitored parameter that can affect wear. The magnitude
of the normal load or the contact stress is important since it
increases both the area of contact and the depth below the
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Fig. 2 Scanning electron
micrographs showing
morphology of S1, S2, S3, S4,
S5, and S6 samples

Enlarged view of the portion marked in sample 1
showing micro-cracks

Enalarged view of the portion marked in S6
showing micro-cracks

@ Springer



854

J Mater Sci (2010) 45:850-858

Fig. 3 SEM micrographs
showing cross section of
coatings for S2 and S6

Cl Substrate

a
9468 20KV %13

S1

Ra in micrometre

width in cm

Ra in micrometre

width in cm

9472 28KV

BC-Bond Coat

Sample 1(C| substrate)

length in cm

Fig. 4 3D maps with average surface roughness R, as the criteria for S1 and S6

surface at which the maximum shear stress occurs as well
as elastic or plastic deformation state. Assessments of the
friction coefficient against loads of 5, 10, and 15 N under
dry conditions are shown in Figs. 5, 6, and 7, respectively.
It is found that there is a very short period of an increase in

@ Springer

friction coefficient related to a running-in-step followed by
a decrease. After the decrease, the coefficient of friction
almost remains the same for some period and again
increases till the end of cycle. This trend is similar for all
samples under a given load conditions. At the beginning of
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testing, the increase in coefficient of friction is more fre-
quent, due to the initial roughness of the two surfaces in
contact. The SEM micrographs of as-sprayed coatings in
Fig. 2 show that the top coat possesses semi-molten and
unmolten splats. Wear debris is generated from these par-
ticles during running-in-period. Thus, the process of wear
after the initial running-in-step becomes a case of three
body abrasion rather than two body sliding with the release
of wear debris. This is the main reason for the rise in
coefficient of friction. It may be also due to the removal of
hard reinforcement from the comparatively soft matrix.
Such ploughing action likely causes an increase in

Time, S

tangential forces, in turn increasing the coefficient of
friction. The decrease in coefficient of friction in the next
step is due to smoothening of top coat hard particles that
are not removed during first step and this produces a glazed
surface. From this stage onwards the friction coefficient
more or less same until the top coat is removed. Now the
bond coat of the specimen comes in contact with the disk.
Since the bond coat material is soft, material is removed
rapidly from the specimen by increasing the coefficient of
friction. The SEM micrographs of worn surfaces show that
the maximum portion of top coat is removed exposing
bond coat in S3 and S4 under 5 N, S1 and S2 under 10 N
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Fig. 8 SEM micrographs of
worn surface for S3 and S4
under 5 N loads

Fig. 9 SEM micrographs of
worn surface for S3 and S6
under 10 N loads

load in Figs. 8 and 10, respectively. S3 and S6 in Fig. 9, S4
and S6 in Fig. 10 show the delamination of maximum
portion of the bond coat from the substrate. Thus the trend
of the graph in Figs. 5, 6, and 7 can be correlated with the
SEM micrographs of worn surfaces of the coating in
Figs. 8, 9, 10. (SEM micrographs are shown only for few
samples. Similar trend is obtained for the other samples).

From Figs. 5, 6, and 7, it is observed that coefficient of
friction increases with increase in the load. This is mainly
due to increase in contact area with respect to load. It is
also observed that in many cases friction coefficient has
been increased with increase in top coat thickness. It is
mainly due increase in porosity and roughness with respect
to coating thickness [35]. It is also observed that the
coefficient of friction is more for ZrO,5CaO coatings as the
roughness of these coatings is little bit high.

Figures 5, 6, 7 show the variation of wear with time. It is
observed that there is a very short period of an increase in
wear followed by a decrease. After this, wear gradually
increases till the end of the test. The reason for sudden
increase in wear during running in step is similar to that
explained for coefficient of friction. The decrease in the
wear after running in step is mainly due to the combined
polishing and abrading of hard Al,O; particles of the
coating with the disk material. Further increase in the wear
is due to the removal of top coat remaining which has been
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completely cracked during the previous stage. From the
graphs, it is found that wear increases with increase in load
and top coat thickness. It is also observed that the wear of
Zr0,5Ca0 coatings is more than that of Al,O3 coatings
which is mainly due to their high porosity, dense structure
of microcracks as noticed in SEM micrographs (Fig. 2).
The wear rates are calculated as the volume loss per unit of
applied load and unit of sliding distance. The wear rate of
samples S1, S2, S3 with Al,O3 top coat and samples S4,
S5, S6 with ZrO,5CaO top coat under 15 N loads is
0.8642 x 10 e, 1.34 x 10 e, 1.267 x 10 e™>, 1.45 x
10e™, 1.645 x 10e, and 1.876 x 10 e mm’/Nm,
respectively.

Wear mechanism

The wear tracks for 5, 10, and 15 N loads are shown in
Figs. 8, 9, 10. The micrographs of the worn surfaces
indicated that the wear is taking place mainly by abrasion
mechanism. The width of the wear track is observed to
increase with the increase in load. This is clearly due to the
increase in the initial contact area as the load increases.
Plough marks are observed in the wear tracks. The 15 N
load wear track appears to have deeper plough marks than
the 10 and 5 N tracks. This is mainly due to that a particle
trapped between the harder disk material and soft coating
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Fig. 10 SEM micrographs of worn surface for the samples S1, S2, S4, S5, and S6 under a load of 15 N

under the highest load would indent deeper into the coating
and that cause deeper ploughing marks, leading greater
amount of material removal. From the SEM micrographs
(Figs. 8, 9, and 10) it can be seen that the dominating
mechanism of material removal for the Al,O3; and ZrO,
5CaO coatings is the combination of grain dislodgement
due to grain boundary fracture and lateral crack chipping. It
is commonly indicated that the wear resistance of material
is closely related to its micro hardness, toughness, micro-
structure, defect coating, and the ratio of its hardness to the
hardness of the abrasive [36—41]. From the literature, it is
found that, high hardness is desirable for both brittle and
ductile materials while a brittle material benefits further
from improved toughness [36, 42], but wear is a complex
process that many factors will influence it. In certain cases
one or more factors will dominate wear resistance of the
material. In addition to the effect of toughness and hard-
ness, the microstructure of ceramics especially grain size
has an immense influence on the wear resistance.

Conclusions

In this study, two plasma-sprayed oxide ceramic coatings,
namely Al,O5; and ZrO,5CaO have been characterized in
terms of microstructure and wear properties. The experi-
mental results lead to the following conclusions.

1. The average roughness of Al,O; and ZrO,5CaO
coatings lies in the range of 3.5-5.5 pm and 4.5-
6.8 um, respectively.

2. The increase in top coat thickness slightly increases the
roughness as well as porosity. The porosity of
7r0,5Ca0 coatings was slightly greater than that of
Al,O35 coatings.

3. The observed increase in coefficient of friction is mainly
due to 3-body abrasion with the release of wear debris.

4. Coefficient of friction and wear mainly depends on
loading conditions. Initially, mechanism of wear is
mainly due to abrasion and once the bond coat is
exposed to the disk, it loses material by adhesion.

5. It was found that the coefficient of friction and wear for
ZrO,CaO coatings is more than that of Al,O3 coatings.

6. The results obtained showed that the pin-on-disk test
was able to discern the effects of the changes in the
imposed test conditions.
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