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Abstract

Because of thermal barrier properties, ceramic-based coatings are widely used for the design
of components at high temperature applications. Therefore, 304 L stainless steel substrates
were coated with MgZrO3 coatings using atmospheric plasma spray technique. These coatings
consist of a transition from the metallic bond layer to cermet and from cermet to the ceramic
layer. Produced samples were characterized by optical microscope, scanning electron micro-
scope and X-ray diffraction techniques. Wear tests were carried out in ball-on-disc system at
ambient and dry friction conditions under 2 N load for 0.1, 0.15 and 0.2 m s−1 sliding speeds.
The results showed that the friction coefficient values changed between 0.250 and 0.259 de-
pending on sliding speed. The specific wear rate values rise also from 3.4470 to 5.5535 × 10−3
mm3 N−1 m−1 with increasing sliding speed. Detailed examination of formed wear tracks on
sample surfaces showed plastic deformation, materials transfer and microcracks.
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1. Introduction

Surface engineering is an economic method used at
the production of materials, tools and machine parts
to improve surface properties, such as wear and cor-
rosion resistance [1]. Plasma spray technology takes
also part among surface engineering methods. Plasma
sprayed ceramic coatings have been widely used in
many industrial fields such as automotive, aerospace,
aircraft because of an excellent wear, erosion, heat,
oxidation and corrosion properties [2–5].
Compared with metallic and polymeric materials,

ceramic materials have many advantages such as high
hardness, high resistance to thermal and corrosive con-
ditions and relatively low densities [5]. In recent years,
researches have especially focused on the use of ZrO2
based ceramic coatings as thermal barrier coatings [6].
Although zirconia possesses a low thermal conductiv-
ity and a suitable expansion match with the substrate,
to use zirconia to its full potential, the polymorphism
of zirconia necessitates stabilizing with other oxides.
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Three crystal forms exist in ZrO2 ceramics, namely the
cubic, tetragonal and monoclinic structures in slowly
decreasing order of temperature. The strength and
toughness of the ceramics are closely related to the
structures resulting from these transformations. The
improvement related to the tetragonal to monoclinic
transformation has been explained in terms of form-
ation of a microcrack zone in front of the propagat-
ing crack. These microcracks form due to the strains
associated with tetragonal to monoclinic transform-
ation and toughen the materials by blunting the tip
of the microcrack [7]. It can be suppressed by adding
appropriate amounts of phase stabilizing oxides such
as Y2O3 (small content of yttrium increases the ser-
vice life of the bond coat), CaO and MgO to zirconia
ceramics [8–11].
Wear and friction are very important paramet-

ers causing tremendous losses at materials [12]. The
friction and wear characteristics of plasma sprayed
ZrO2 based coatings are greatly affected by compos-
itional and microstructural features, such as micro-
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cracks, porosity, morphology, grain size, hardness and
distribution of additions. The wear mechanisms of
ZrO2 based ceramic coatings are complicated but can
be classified by one of two dominant processes-brittle
fracture or deformation with the change of wear con-
ditions such as load, sliding speed and temperature,
etc., the transition from fracture-dominated wear to
deformation-dominated wear is often accompanied by
great change in both friction and wear [6, 13].
In this study, wear behaviour of MgZrO3 coatings

produced on AISI 304 L stainless steel substrates by
plasma spray technique had been investigated. Wear
tests were carried out using WC-Co ball using a ball-
on-disc system at ambient and dry friction conditions
under 2 N load with 0.1, 0.15 and 0.2 m s−1 sliding
speeds.

2. Experimental procedure

The powders produced by Metco Firm were used
in these experiments. NiCrAl (Metco 443 NS) for
bond coat and magnesia partially stabilized zirconia
powders (Metco 210 NS) for top coat powders were
chosen. Some properties such as particle sizes, com-
positions and melting points of using powders for coat-
ings are shown in Table 1. SEM morphologies of the
powders are shown in Fig. 1. NiCrAl powders are near-
-spherical (Fig. 1a), while MgZrO3 powders are irreg-
ular and angular (Fig. 1b). The substrate material is
stainless steel AISI 304 L that is machined into ø 30
× 8 mm in the form of circular plates. The chemical
composition of the substrate is shown in Table 2.
The powders were dried before coating at tempe-

rature of 110◦C in a drying oven. Pre-treatment of
substrates was performed by applying grit-blasting us-
ing 35 mesh Al2O3, followed by ultrasonic cleaning.
Coatings were produced using an atmospheric plasma
spray system, type Metco 3MB. A distance of 100–
150 mm was selected between the gun and substrate
during deposition of the powders. The graded coat-
ings were used in order to reduce the mismatch effect,
thermal expansion and interfacial stresses. Spray para-
meters recommended by Metco Firm were applied to
produce coatings via plasma spray process. Different
spraying conditions were used for each layer. The used
spraying conditions were summarized in Table 3. The
coatings were produced as follows: Grit-blasted sub-
strates were first coated with a bond layer using 100
wt.% NiCrAl powders. On this bond layer 70 wt.%
NiCrAl + 30 wt.% MgZrO3, 50 wt.% NiCrAl + 50
wt.% MgZrO3, 30 wt.% NiCrAl + 70 wt.% MgZrO3
powder mixtures were then coated as intermediate lay-
ers. At last, a top coat was produced using 100 wt.%
MgZrO3 powders. Figure 2 shows a schematic repres-
entation of graded coatings obtained by using an at-
mospheric plasma spray system.

Ta b l e 1. Some properties of powders

Coating Composition Particle size Melting point
powders (wt.%) (µm) (◦C)

MgZrO3 ZrO2
MgO
HfO
CaO

76
22
1.5
0.5

−100 + 40 2140

NiCrAl Ni
Cr
Al
Mn
Si
Fe

Organic
binder

72
18
6
1
1
1
1

−125 + 44 1420

Fig. 1. SEM micrographs of powders: (a) NiCrAl and (b)
MgZrO3.

The crystal structures of the top coat were ex-
amined by a X-ray diffractometer (Phillips) operating
with Co Kα (λ = 1.7902 Å) radiation. The scanning
electron microscopy (Phillips 525) was used to observe
the morphologies of both powders and the coatings.
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Fig. 2. Configuration of coatings produced by using an
atmospheric plasma system.

The surface roughness of samples was measured using
Mahr Perthometer M1.

After characterization, wear tests were conducted
with a cemented carbide (WC-Co) ball with 4.6 mm in
diameter sliding against plasma sprayed coatings. The
wear tests were performed in ambient air and relative
humidity (35 ± 5 % RH) and 25 ± 3◦C. Schematic dia-
gram of the ball-on-disc system is shown in Fig. 3. 2 N
loads and 0.1, 0.15 and 0.2 m s−1 sliding speeds were
used at the wear tests. A sliding distance of 500 m was
chosen. Microstructural observations were performed
using scanning electron microscopy (SEM). The cross-
-section area of wear track, A, was determined using a
surface profilometer. The standard deviation on a spe-
cimen was typically less than 10 percent of its average
value. The wear volume, Vd, is calculated using:

Vd = 2πrA. (1)

Here, r is the radius of the wear track [14].

3. Results and discussion

The high temperature reached in plasma spray sys-

Ta b l e 2. Chemical composition of substrate

Elements

C Si Mn Cr Ni Mo Co W Cu Fe

Composition (wt.%) < 0.003 0.33 1.589 16.68 10.99 2.232 0.100 0.035 0.231 Balance

Ta b l e 3. Spray parameters applied in coating process

Spray parameters Ar/H2 (%) Volt/Ampere Spray distance (mm) Gas pressure (Ar/H2)

100 % NiCrAl 80/20 60/500 125–150 10/40
70 % NiCrAl + MgZrO3 80/20 58/500 125–150 10/40
50 % NiCrAl + MgZrO3 80/15 54/500 125–150 150/40
30 % NiCrAl + MgZrO3 80/15 54/500 125–150 150/40
100 % MgZrO3 80/15 54/500 125–150 150/40

Fig. 3. Schematic illustration of the ball-on-disc wear system.
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Fig. 4. (a) Cross-section SEM micrograph of coating, (b)
EDS analysis through coating layer, (c) surface SEM mi-

crograph of coatings.

tem allows melting of any materials within a very short
time and leads to rough surface for as-sprayed coat-
ings. These coatings consist of a transition from the

Fig. 5. XRD pattern of plasma sprayed coating.

Fig. 6. Friction coefficient as a function of sliding speed.

Fig. 7. Specific wear rate as a function of sliding speed.

metallic bond layer to cermet and from cermet to the
ceramic layer as shown in Fig. 4a. The coating thick-
ness was measured as 622.716 µm. The line-scan taken
through coating was shown in Fig. 4b. The surface
roughness values of obtained coatings were measured
as average 6.771 µm. Microcracks and porosities on
coating surfaces exist as seen in Fig. 4c. If the cross-
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Fig. 8. Wear tracks morphologies of plasma sprayed

MgZrO3 coatings at (a) 0.1, (b) 0.15 and (c) 0.2 m s−1

sliding speed.

-section micrographs of the plasma-sprayed coatings
after polishing were examined, the oxides, porosity,
unmelted and semi-melted particles would be seen.
Furthermore, microcracks were found parallel to coat-
ing/substrate interface. All of these details are typical
features of microstructure in the plasma sprayed coat-
ings. MgZrO3 coatings deposited by plasma spraying
consist of MgO, cubic and monoclinic ZrO2 phases as
shown in Fig. 5.
The friction coefficients of plasma sprayed MgZrO3

coatings against WC-Co ball were realized using three
different sliding speeds under a load of 2 N at ambient

Fig. 9. Wear tracks morphologies of plasma sprayed

MgZrO3 coatings at 0.15 m s−1 sliding speed.

conditions (Fig. 6). It can be seen from Fig. 6, that
the friction coefficient changes slightly with increas-
ing sliding speed and decreases from 0.259 to 0.250
depending on sliding speed. Figure 7 represents the
variation of specific wear rate versus applied sliding
speed. The curve shows that the specific wear rates
of samples increase with increasing sliding speed. The
specific wear rate values rise from 3.447 to 5.554 ×
10−3 mm3 N−1 m−1 with increasing sliding speed.
This increment is almost two times greater than that
of an original one.
SEM micrographs of the wear tracks on the plasma

sprayed MgZrO3 coatings at different sliding speeds
under the load of 2 N are shown in Fig. 8. The wear
mechanism of these samples at 0.1 and 0.15 m s−1

sliding speed is abrasive wear clearly presented on
the worn surface as shown in Fig. 8a,b. The occur-
ring of this mechanism is very natural because of sur-
face roughness. It is attributed to its brittleness un-
der low load. The debris resulting from prior brittle
fracture acted as abrasive in following wear tests [13].
Wear tracks of worn surfaces on samples indicated
plastic deformation occurred at some places and mate-
rials transfer. As a matter of fact the examination
of wear tracks did not reveal an important difference
between worn surfaces at the different sliding speeds.
The single thing struck one’s eyes is increasing mi-
crocracks on the wear tracks obtained at 0.2 m s−1

sliding speed (Fig. 8c). The presence of microcracking
on the coating surface causes excessive stresses and
is attributed to fatigue fracture. These observed mi-
crocracks on the wear tracks disperse randomly and
cause the delamination wear. As a result of delamin-
ation wear, the breakaways in the form of plate oc-
cur. The delamination wear is shown clearly in Fig. 9.
It is noticed that wear debris obtained from coating
and abrasive WC ball adhered to worn surface. Wear
debris pile up mostly in cracks as shown clearly in
Fig. 10.
EDS analysis was carried out on the wear tracks
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Fig. 10. SEM photos taken from different parts of worn surface (a), and their EDS spectra (b), (c), (d).

formed during wear test. EDS results are shown in
Fig. 10. These results indicate that the particles
formed on the wear tracks consist of Mg, Zr, O. Except
for Mg, Zr, O, at the same time, W was also detected
by EDS in analysis. This result reveals damage of WC
ball during wear testing.

4. Conclusions

It was shown that the specific wear rate of plasma
sprayed MgZrO3 coatings of 304 L stainless steel in-
creased with increasing sliding speed, while the fric-
tion coefficient changed slightly with increasing slid-
ing speed. Although dominant wear mechanism was
abrasive wear, the delamination wear and brittle frac-
ture were also seen. The surface demonstrated plastic
deformation. It seems some of the wear debris adhered
on the surface. The adhered debris belongs to coatings
and also WC balls. Microcracks were seen on the wear
tracks. These microcracks increase and enlarge with
increasing sliding speed. Then they connect with each
other and break off in the form of plate. Consequently,
these cracks cause the fatigue wear.
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