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Abstract

The effect of injection parameters of atmospheric plasma spray process is studied on tribological behavior of Al2O3–13% TiO2 plasma

sprayed coatings.

The suggested correlations between the process parameters and the friction coefficient were mainly explained by the effect of the process

parameters on the in-flight particle characteristics and related to bounding mechanism during coating formation. This work demonstrated

experimentally that the knowledge of the particle characteristics before the coating formation is important to predict the wear behavior of the

ceramic.
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1. Introduction

Thermal spraying is a technique of coating manufactur-

ing implementing a wide variety of processes and materials.

The atmospheric plasma spraying (APS) is one of these

processes based on the creation of a plasma jet to melt a

feedstock powder. The powder particles are injected with the

aid of a carrier gas and gain their velocity and temperature

by thermal and kinematic transfers from the plasma jet. At

the surface of the part to be covered, such particles flatten

and solidify rapidly forming a stacking of lamellas. The

coating microstructure is then characterized by a hetero-

geneous phase configuration with porosity content due to the

voids left by the staking process.

Plasma sprayed alumina–titania ceramic is one of the

materials largely used in the APS process. It is known for its

wear, corrosion, and erosion resistance applications.
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Control of ceramic in-service properties and especially

wear behavior is sensitive to the large number of the

processing parameters and their interdependencies [1].

Energetic and injection parameters are some of these

parameter categories. The first category influences plasma

jet properties such as enthalpy and velocity and conse-

quently in-flight particle velocity and temperature during

their flight [2–4]. The second category controls particle

trajectory in the plasma jet [5,6] and has a secondary effect

on particle characteristics (i.e., velocity and temperature).

Spray process control considers generally the effect of the

energetic parameters, which proved to be significant to

improve in-flight particle characteristics [4], coating

mechanical properties [7,8] and consequently in-service

properties. However, few studies consider the effect of

injection parameters because of their secondary effect [9].

Marsh et al. [10] reported the decrease of the deposition

efficiency with the increase of the powder feed rate. Fisher

[11] related this decrease to the decrease of thermal

exchanges between the plasma jet and powder particles,

which decreases particle temperature [3,12–14]. Fauchais

et al. [9] discussed the effect of the injection velocity on the
ved.
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Table 1

The spray conditions

Parameter Value

Gun Sulzer-Metco F4

Arc current 530

Argon gas flow rate (SLPM) 40

Hydrogen gas flow rate (SLPM) 14

Argon carrier gas flow rate (SLPM) 2.2, 3.2, 4.4

Injection distance (mm) 6, 7, 8

Feedstock feed rate (g min�1) 22

Feedstock injector internal diameter (mm) 1.8

Spray distance (mm) 125

Spray angle (8) 90

Scanning step (mm) 12

Sample holder angular velocity (rpm) 80

Robot scanning velocity (mm s�1) 16

The reference condition values were labelled with bold characters.
particle trajectory pointing out the influence on the particle

velocity and temperature. Madejeski [15] and McPherson

[16] related the in-flight particle temperature and velocity to

flattening process and coating cohesion. Other authors

discussed the effect of particle velocity on the deposition

efficiency [3,14,17], adhesion [17,18] and other properties

[4,14,18,19]. Some studies related the process parameters to

coating in-service properties such as the wear behavior

[20,21]. Wear of ceramics and especially alumina is

identified as a complex mechanism in which different

stages operate [22]. These are tribochemical reaction, plastic

flow, microfracture and glassy surface film. These stages are

sensitive to the mechanical properties of the ceramic

coating, which, in turn, are dependent on the process

parameters.

In such a way, this study aimed at considering the effect

of the injection parameters on the wear behavior of Al2O3–

13% TiO2 plasma sprayed coatings under different spray

parameters. After spraying, sample friction coefficients were

determined using a Pin-On-Disk (POD) test.
2 Struers Inc., Cleaveland, OH, USA.
2. Experimental procedure

2.1. Coating fabrication

A commercially available alumina–titania ceramic

powder (METCO1 #130, Al2O3 13 wt.% TiO2 of +15

�53 mm typical particle size distribution) from Sultzer

Metco,1 was thermally sprayed onto metallic coupons

(25 mm in diameter and 10 mm in thickness) under

atmospheric plasma spraying conditions. The powder

compounds were fused and crushed permitting to obtain

an elongated particle shape with a low flowability and a good

thermal exchange property (Fig. 1a).

A F4—6 mm gun from Sulzer Metco1 operating at power

levels up to 50 kW was chosen to realize all the experiments.

The plasma jet was generated using a gas mixture of argon

and hydrogen. The argon gas was used also as a carrier gas

for the injection of powder particles. The gun tip was

maintained at a spray distance of 125 mm far from the

substrate plan. The powder injection was external to the

torch and directed perpendicular to the plasma flow and

parallel to the torch trajectory. This distance was varied from

6 to 8 mm (Table 1). The feed rate was 22 g min�1. The

spray configuration was a combination of a rotating sample

holder and a torch uniform and linear scan. These defined the

scanning step and velocity parameters, which were fixed.

The linear velocity of the sample holder was about

0.84 m s�1. The spray angle was set to 908. To avoid

adhesion problems due different thermal expansion coeffi-

cients between the coating and the substrate and limit the

stress level, 2 air-cooling jets were added to the spray

configuration to lower the coating temperature during
1 Sulzer-Metco AG, Rigackerstrasse 16, 5160 Wohlen, Switzerland.
deposition (Table 1). These were displaced at 110 mm from

the sample holder. The air is supplied from the building air

compressor and is controlled by a pressure regulator.

Experiments were realized considering two process

parameters: carrier gas flow rate (VCG) and injection

distance (Dinj). This last parameter expresses the distance

between the injector tip and the torch geometric axis.

Each of these parameters was varied with respect to a

reference condition to low and high levels as defined in

Table 1.

The polishing process necessary to obtain optical

micrographs was performed on a fully automatic polishing

system (Vanguard from Buehler) to reduce the bias

introduced by the operator. Samples were cross-sectioned

using the Accutom-5 machine from Struers.2 Cutting was

performed under cooling liquid jet with a rate of 0.8 SLPM.

Coating characterization was performed on the cross

sections revealing the microstructure shown in Fig. 1.

The obtained coatings exhibit a high morphological and

micorstructural anisotropies as shown in Fig. 1. The top view

reveals a significant segmentation of the coating due to large

solidification rates when the splats built up (Fig. 1a). In

addition, the cross section view (Fig. 1b) shows a certain

amount of unmolten particles which adhere weakly to the

coating and represent the source of wrenching observed

when polishing the samples.

2.2. Coating friction and wear behavior characterization

Friction and wear tests were performed using a POD

arrangement on a CSEM3 tribometer. The POD test is a

model test for determining friction characteristics and wear

behaviors of two solid surfaces being in sliding contact. The

test configuration corresponding to a single point contact is
3 CSEM: Centre Suisse d’Electronique et de Microtechnique SA, Jaquet

Droz 1, 2007 Neuchâtel, Switzerland.
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Fig. 1. (a) Particle morphology of the alumina–titania powder. Typical microstructure of alumina–titania coating obtained using reference spray conditions, (b)

cross section of the coating revealed by optical microscopy, and (c) micrograph of surface revealed by SEM.
shown in Fig. 2. Before performing the test, samples were

ground to lower their surface roughness (i.e., average

roughness less than 1 mm) in fact the relationship between

roughnesses of the slided materials is crucial to determine

the wear process. This is why it has to be lowered enough: as
the ball presents a good finishing state, a high roughness may

cause a high degradation of the ball material if the coating

roughness is large and a negative wear can operate. This

wear corresponds to the ball material deposited on the wear

track. In addition to this a technical factor limits the



S. Guessasma et al. / Ceramics International 32 (2006) 13–1916

Table 2

POD experiment parameters

Test parameter Value

Sliding velocity (m s�1) 0.33

Applied load (N) 5

Sliding time (s) 3060

Fig. 2. The POD experiment: ball on disk configuration. Fn = 5 N is the

applied load and v = 394 rpm is the angular velocity. (a) Illustration of the

principle and (b) a photograph of the setup.

Fig. 3. Evolution of the friction coefficient vs. the sliding time for the

system WC/Co—(Al2O3–13 wt.% TiO2) for reference condition (VCG = 3.2

SLPM, Dinj = 6 mm).
roughness of the material to be used when implementing a

POD test. In fact, a large roughness causes significant

vibrations of the magnetic sensor which can false the

estimation of the friction coefficient.

The coated sample was slided against a 6 mm ball made

of WC/Co under an applied load of 5 N. The sliding contact

was maintained at 6 mm from the sample centre. The sample

was rotated at 394 rpm corresponding to a linear speed of

0.33 m s�1. The sliding time was approximately 53 min. The

test parameters are summarized in Table 2.
3. Results and discussion

Fig. 3 shows the friction coefficient evolution as function

of sliding time. One can distinguish two regions called

running-in and stabilization regions [23]. These are related

to different wear mechanisms. The first one is related to the

running of the materials against themselves and the other

one consider the system of the part (i.e., the coating) and the
counterpart (i.e., the ball). As the roughness of the materials

is reduced in the running-in period, the friction coefficient

increases because of the contact surface increase. Then, the

value of the friction coefficient stabilizes representing the

wear behavior of the considered material couple. Fig. 4a

shows a top view of the coating after wear process revealed

by Laser profilometry. The wear track appears in a clear grey

level compared to the rest of the sample. Its width is

typically 2 mm. It is remarked that no considerable scuffing

is found on the worn surface despite of the fact that friction

coefficient was significantly large (Fig. 4b). Thus, the

variation of the friction coefficient could be attributed

mainly to two factors [24]:
- n
onuniform rotation of the motor;
- in
trinsic wear behavior in which unmolten particles and

porosity play determinant role.

In addition, one can distinguishes the tribofilm formed

during sliding as exhibiting a cohesive character (Fig. 4b).

Indeed, during the process, particles from mating surfaces

are detached and compacted before crushed again in the

track. This renders the tribofilm more cohesive [25,26]. The

analysis of surface texture reveals that the average roughness

in the wear track was 1.1 mm and a maximum roughness of

6.5 mm (Fig. 4c).

The running and stabilization regions were close similar

when varying each of the injection parameters (Fig. 5) which

demonstrates that friction mechanisms were the same

whatever process parameter values. Actually, this is an

obvious result as coating phase content did not change

significantly. Indeed, injection parameters have a lower

effect on alumina and titania evaporations compared to

energetic parameters if these are varied in a reasonable range

as the case of the spray conditions used in this study. This

states also that friction mechanisms were directly related to
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Fig. 4. Laser profilometry trace of wear track generated during the sliding process. (a) Top view, (b) 3-D view and (c) analysis of surface roughness.
bounding mechanisms and porosity level, which are more

believed to be sensitive to injection parameters.

Due to the variability of friction coefficient as a

consequence to the different wear regimes, calculation of
average friction coefficient values was performed using

the plot of inverse normal cumulative distribution

(Fig. 5b). In this plot, the two regimes are represented

by two linear segments clearly identified. The friction
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Fig. 5. (a) Evolution of the friction coefficient vs. the sliding time for the system WC/Co—(Al2O3–13 wt.% TiO2) for different injection parameters. (b) Plot of

the inverse cumulative distribution for the determination of the friction coefficient.

Table 3

Friction coefficients as function of the APS processing parameters

Experiment CG (SLPM) Dinj (mm) Friction coefficient m(�) � s(�) Variability s/m (%)

A1 3.2 6 0.61�0.010 1.7

B1 2.2 6 0.67�0.013 2.0

B2 4.4 6 0.66�0.010 1.5

B9 3.2 7 0.62�0.009 1.5

B10 3.2 8 0.64�0.012 1.9

Carrier gas flow rate (CG); injector stand-off distance (Dinj); mean value of the friction coefficient (m); standard deviation associated with the mean friction

coefficient (s).
coefficient represents the intersection of the abscise axis

with the line representing the interpolation of the steady-

state segment.

Based on this method, the average and standard deviation

of the friction coefficients for the considered experiments

were calculated (Table 3).

Values of the friction coefficients varied from 0.61 to

0.67. The associated variability (i.e., the ratio of the mean to

the standard deviation) did not exceed 2%. The best wear

resistance (i.e., lowest friction coefficient) was obtained

with the test A1 corresponding to the reference condition.

Friction coefficient values for low and high carrier gas

flow rate levels were significantly higher than that of

reference condition. A linear dependence could not be

assumed as seen from the bad correlation factor.

f ð�Þ ¼ 0:66 � 0:003 � VCGðSLPMÞ; R2 ¼ 0:1 (1)

At this stage, it was not possible to clearly identify the

role of carrier gas flow rate. This parameter influences the

injection velocity, which in turn depends on injection

regime. For high injection velocity, particles cross the

plasma jet and decrease spray efficiency. For low regimes,

particle velocity is weak and the penetration is rendered

difficult because of the plasma jet viscosity. In both

cases, wear resistance property could be lowered. However,

carrier gas flow rate regime considered in this study is

believed to be an intermediate case between the aforemen-

tioned limits. Thus, these results were more related to a
problem of particle injection stability, which is more

difficult to control.

The increase of friction coefficient relative to the increase

of the injection distance (test A1, B9, B10) can be described

by a linear dependence, as follows

f ð�Þ ¼ 0:52 þ 0:015 � Dinj ðmmÞ; R2 ¼ 0:98 (2)

This increase can be related to the depth of particle

penetration in the plasma jet [11]. In this case, results

suggest that when injection distance is the lowest (6 mm),

particle residence time in the plasma core region is

increased. This improves particle velocity and temperature

when impinging the substrate. In fact interlamellar contact is

consequently improved [16] and porosity level reduced

[3,8]. Some authors associate to the variation of the injection

distance, the dispersion of the particle velocity with respect

to their size [9]. As small particles are likely to be dispersed

especially near injector wall, the increase of the injection

distance causes a large amount of them to by-pass the plasma

jet. This aspect has the consequence to decrease the

deposition efficiency, which influences the coating density

and strength.
4. Summary and conclusions

The effect of injection parameters on wear resistance

property of alumina–titania coating was studied. Results
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show that friction coefficient increased linearly with the

increase of injection distance. This was explained by

bounding mechanisms related to improvement of particle

velocity and temperature before impinging the substrate.

However, a non-linear behavior was identified in the case of

carrier gas flow rate. It was not possible to clearly explain the

effect of this parameter due probably to a problem of particle

injection stability, which is difficult to control.
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