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ABSTRACT

Zirconia powder containing 8 mol% yttria (3Y-PSZ) was coated on the cast iron substrate by plasma spraying method. Coated
specimens were then heat treated at 500°C in nitrogen plasma. Wear tests were performed on nitrogen heat treated and non heat
treated samples at temperatures from 25°C to 600°C. Wear results showed that the friction coefficient and the wear loss of both
the treated and the non-treated samples showed maximum value at 400°C. These results were explained by low temperature
thermal degradation due to the monoclinic transformation. Nitrogen plasma treatment significantly improved the tribological per-
formance. The effect of nitrogen heat treatment on tribologieal behavior was explained by the increased micro-hardness and

decreased monoclinic fraction.
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1. Introduction

lasma spraying process is a surface treatment tech-
P nique, which uses a high temperature source to melt
the powders into a molten state and propels them by at an
extremely high speed onto a base material. Plasma spraying
coating has the advantage of being able to control the coat-
ing thickness easily and apply to the complex shaped parts.
This technique can be applied to various materials requir-
ing wear-resistance, corrosion-inhibition, heat-resistance
and thermal insulation. Although plasma spray coating has
been used for several decades in various applications due to
the advantage of the process, but due to the process where
each molten particle has to be coated the bonding strength
between the coated layers and uniformity of the coating,
existence of pores are points of disadvantage and need fur-
ther research.!

Zirconia has been considered to be a good candidate coat-
ing material for high temperature tribological applications
because of its superior properties such as a low thermal con-
ductivity, high thermal expansion coefficient similar to
metal and high toughness.>® In particular, partially stabi-
lized zirconia (PSZ) is one of the most attractive tribological
materials because of its good combination of high tough-
ness, strength and hardness.” However, the effect of phase
transformation on tribological properties of PSZ should be
further studied for high temperature tribological uses, since
the significant loss of fracture strength and wear resistance
occurs in the temperature ranges of 200~400°C, in particu-
lar, in the environments containing water or its vapor.>®
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Previous studies showed that the wear loss increased with
the increase in the test temperature and reaching its maxi-
mum loss at about 400°C. This unique behavior was
explained by the tetragonal to monoclinic transformation.™
Lange et al., found the presence of Y(OH), crystallites and
suggested that dissolution of Y elements from the surface
into H,O was responsible for the low temperature thermal
degradation.'®

Many researchers have tried to improve the low tempera-
ture thermal degradation. In the case of the bulk zirconia,
the addition of stabilizers and the control of sintering tem-
perature were suggested.’™® However, these treatments
have limitation to apply to plasma spray coating, since the
control of sintering ternperature is not easy in the plasma
spray coating. Strength also decreases with addition of the
stabilizer. Lerch et al. and other researchers reported that
the nitrogen treatment at 1300~1500°C was effective for
increage in fracture strength.’*'® These heat-treatment
temperature ranges are too high to use for plasma spray
coating on metal substrate.

Therefore in this study, relatively low temperature treat-
ment with nitrogen plasma was tried to investigate the
effects of nitrogen plasma treatment on the phase transfor-
mation and tribological performance of the plasma coating
layer.

2. Experimental procedures

Coating powders used in this study were zirconia powders
containing 3 mol% yittria (Tosho product 3Y-PSZ). To
obtain the desired shape and size for plasma spraying, the
spray-drying method was used.'” Scanning electron micro-
graph of spray-dried granules is shown in Fig. 1. Typical
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Fig, 1. The SEM image of powders made by spray drying
Process.

powders produced by this method are shown in Fig. 1. Pow-
ders hag the spherical granules range in diameter from 40
to 50 wm.

FC25 cast iron wag selected as the substrate material
because it is being used ag cylinder lining in heat engines.
Substrate material samples were machined into rings
shapes having outer diameter of 30 mm, thickness 5 mm
and square shapes of width 30 mm, length 20 mm and
thickness of 5 mm.

Plasma spray coating was conducted using spray-dried
granules. Prior to plasma spray coating, Ni-Cr-Al compos-
ites were applied as a bond coat to enhance adhesion and
reduce thermal expansion mismatch between the substrate
and the coating layer. The surface of the plasma sprayed
coating was very rough so in order to achieve uniform and
minimum surface roughness it was ground using a diamond
wheel and polished with diamond paste having 6 pm size
particles.

After plasma spraying coating, the coating layer was
exposed to nitrogen plasma, At 500°C, mixed gases with
90% nitrogen and 10% hydrogen were injected to make
nitrogen plasma and then samples were exposed in these
plasma nitrogen for 30 minutes. After the heat treatment
the amount of diffused nitrogen gas info the coating layer
was measured using an Auger Electron Spectroscopy (AES).

Fig. 2 shows the schematic diagram of the high tempera-
ture wear tester used to evaluate the friction and wear prop-
erties of the sprayed coating. It is capable of conducting
wear tests from room temperature to 1000°C. The plate
gpecimen was placed on a reciprocating holder moved by a
D.C. motor. The specimen was loaded and slid against a
ring type counterpart specimen. Both the plasma treated
and non-treated coatings were prepared for the plate type
specimens and non-treated coating was used for ring type
specimen.

Wear tests were conducted in air and at temperatures of
25, 200, 400 and 600°C by ring on plate type high tempera-
ture wear tester. Each test was conducted for 1 hour after
30-minute stabilization at the desired temperature. The

The Effect of Nitrogen Plasma Treatment on Tribological Behaviors of Plasma-sprayed Zirconia Coatings 603

IDC Motol
Ll

AN
Load

Furnace Chamber

T VN
[%Computer_/l l"!ﬂdiqg{ A%‘

Fig. 2, Schematic diagram of high temperature wear tester.

sliding velocity and stroke length were fixed to 1>< 10~ m/s
and 8% 10~ m, respectively. The applied load was 15 N. The
relative wear loss was measured by weight change of the
plate specimen before and after the experiment. Worn sur-
faces were observed by using SEM (Scanning Electron
Microscopy). For observing the phase transformation before
and after the wear test, XRD (X-ray diffractormetry) was
conducted with conditions of 30 kV, 30 mA, CuK = 1.5428 A
and from 20 = 27~33° by 0.01/sec step mode. The peaks of
(111), (111) monoclinic planes and (111) tetragonal plane
were analyzed.

3. Results and discussion

Wear tests were performed from room temperature to 600
°C to study the effects of heat treatment in nitrogen plasma
atmosphere on wear properties. As shown in Fig. 8 and 4,
for both non-treated and nitrogen plasma treated specimens
the friction coefficient and the amount of wear loss incre-
ased from room temperature to 400°C and decreased at
600°C. The results showed that the friction coefficient and
the wear loss values for the nitrogen plasma treated speci-
men compared with the non-treated specimen were lower
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Fig, 3. The friction coefficient of 3Y-PSZ coatings as a fune-
tion of nitrogen plasma treatment.
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Fig. 4. The wear loss of 3Y-PSZ coatings as a function of
nitrogen plasma treatment.
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Fig. 5. XRD patterns of 3Y-PSZ coating; (a) non-treated and
(b) nitrogen plasma treated.

except at 200°C. The wear loss was maximum at 400°C and
the difference of wear rate at that temperature were great-
est.

The surface of the specimens tested for wear from room
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Fig. 6. The changes of monoclinic intensity fraction in non-
treated and nitrogen plasma treated samples, tested
at various temperatures.

temperature to 600°C were analyzed by using XRD for
phase transformation to investigate the relation between
phase transformations and wear loss. Fig. 5 shows that the
peak intensity of monoclinic or tetragonal phase changes
with the testing temperature, and that the peak intensities
of monoclinic phase in the plasma treated samples are lower
than those in the non-treated samples. The monoclinic
intensity fraction was calculated from the following equa-
tion,'®

[(111)_ + (111)_1/[ (111), + (111), + (111),] X 100 )

where (111), is the intensity of monoclinic (111) peak,
(111),is the intensity of monoclinic (111) peak and (111),1s
the intensity of tetragonal (111) peak. The calculated frac-
tion for both group of samples as a function of testing tem-
perature are shown in Fig. 6. The proportion of the mono-
clinic phase was greatest for both non-treated and nitrogen
plasma treated specimen at 400°C. The fraction of the mon-
oclinic phase was lower for the nitrogen plasma treated
specimen in the tested temperature range. The degrees of
phase transformations coincide with the changes of the fric-
tion coefficient and wear loss.

The similar behaviors of phase transformation, friction
coefficient and wear loss can be explained by the low tem-
perature thermal degradation of partially stabilized zirco-
nia.’® Low temperature thermal degradation of partially
stabilized zirconia is related to the phase transformation
phenomena from tetragonal to monoclinic phase at temper-
atures below 400°C. There is about 3% volume increase
from tetragonal to monoclinic phase transformation and
microcracks appear around the monoclinic phase. It is
reported that this phenomena in the case of repeated frie-
tion and wear increase the wear loss whereas in the case of
uniaxial stress the micro cracks inhibit the growth of cracks
and increases the toughness.” The phase transformation to
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monoclinic increases up to 400°C and the friction coefficient
and wear loss gradually increase due to the generation of
microcracks. Above 400°C the tetragonal phase is stabilized
and the friction coefficient and wear loss decreases.

The nitrogen plasma treated specimens showed lower fric-
tion coefficient and wear loss values than non-treated speci-
mens. The nitrogen diffused into the coating acted ag sta-
bilizers as suggested by Lerch ef al.,**'® suppressing the
phase transformation into monoclinic phase and thus stabi-
lization of the coating led to the decrease in the friction coef-
ficient and wear loss.

The degree of the nitrogen diffusion into the plasma treat-
ment specimen measured by AES is shown in Fig. 7. The
average thickness of the coating was approximately 200 pm.
Nitrogen contents was maintained to be 1~3 atomic % in
plasma coating layer without forming nitride layer on the
coating surface.

SEM micrographs of the wear track of 3Y-PSZ coatings
after nitrogen plasma treatment are shown in Fig. 8. Fig. 8
reveals that delaminated layers due to the frictional sliding
were most frequently observed in sample tested at 400°C.
As shown in Fig. 9, more frequent delaminated surfaces
were observed in non-treated samples compared to nitrogen
plasma treated sample. This observation supports indirectly
the explanation of suppressing phase transformation due to
nitrogen diffusion.

For the effects of the nitrogen plasma treatment on the
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Fig. 7. Atomic concentration of nitrogen in coating after
nitrogen plasma treatment.

mechanical properties. The micro-hardness was investi-
gated and the results are shown in Fig. 10. The micro-hard-
ness for non-treated coatings was 650 kg/mm?®. As the heat
treatment temperatures increased, the value of micro-hard-
ness increased. The micro-hardness for the sample treated
at 600°C was roughly 750 kg/mm® For the specimens
treated with nitrogen plasma within the whole temperature
range the micro-hardness values showed 12% increase com-
pared to the non-treated specimens. The reason for the
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Fig. 8. SEM micrographs of worn surface of nitrogen plasma treated sample at various test temperature; (a) room temperature,

(b) 200°C, (c) 400°C and (d) 600°C.
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Fig. 9. SEM micrographs of worn surface at 400°C; (a) non-
treated and (b) nitrogen plasma treated.
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Fig. 10. The micro-hardness changes of 3Y-PSZ coatings at
various heat-treated temperature.

increase in micro-hardness is thought to be due to the stabi-
lization of the tetragonal phase by plagma treatment. The
results also showed that micro-hardness increased with
increaging heat treatment for nitrogen plasma treated and
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non-treated specimen. This tendency might be due to the
removal of residual stress within the coating layers. Previ-
ous study showed that heat treatment released the tensile
residual stress that induced by plasma spraying process.’”
Both increased micro-hardness and deereased monoclinic
fraction due to suppressing phase transformation contribute
to the improvement of the high temperature tribological
performance for nitrogen plasma treated zirconia coatings.

4. Conclusion

The friction coefficient and wear loss for all the non-
treated and nitrogen plasma treated specimens showed a
gradual increase from room temperature to 400°C and
decreased at 600°C. The cause for such results was explai-
ned by the low temperature thermal degradation phenom-
ena of the zirconia that is the phase transformation from
monoclinic to the tetragonal phase. The diffused nitrogen
stabilized the tetragonal phase in the coating and resulted
in lowering the friction coefficient and wear loss of the nitro-
gen plasma treated coatings. The nitrogen plasma treat-
ment increased the micro-hardness of the coating by heat
treatment and nitrogen diffusion. Significant improvement
of the wear degradation at 400°C was explained by the max-
imization of the suppressing the phase transformation.
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