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Abstract

In this work, yttria-stabilised zirconia (YSZ) coatings were deposited by a high-efficiency supersonic atmospheric plasma spraying (SAPS)
system. During spraying, the in-flight properties (including velocity and surface temperature) of the sprayed particles were diagnosed on-line by a
commercially available Spray Watch 2i system positioned normal to the spraying axis. The effect of the in-flight properties of the sprayed
particles on the microstructure of the coatings was studied, with the aim of achieving improved knowledge on the accurate control of their coating
quality. The VT value, defined as a function of the in-flight velocity of the particles and the surface temperature of the substrate, was observed to
be directly proportional to the reciprocal of the porosity and structure uniformity of the coatings, which indicated that the structure of the SAPS-
coatings can be tailored by adjusting the VT value of the sprayed particles.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Supersonic atmospheric plasma spraying; In-flight particle; Velocity; Surface temperature

1. Introduction

Plasma spraying is a powerful materials processing techni-
que for depositing various functional coatings, especially some
important anti-wear, corrosion resistant and thermal barrier
coatings [1,2]. The microstructure of a plasma-sprayed coating
is greatly influenced by the deformation behaviour of the
particles impinging onto the substrate and by the character-
istics of the underlying surface [3-6]. Experimental and
theoretical evidence suggests that the spreading and cooling
of molten particles on the surface depends on the following:
(1) the particle size, velocity, and molten state prior to impact;
and (2) the substrate roughness, temperature, and surface
reactivity [7,8]. To date, the microstructures of plasma-
sprayed coatings are often optimised and tailored by empiri-
cally tuning a large number of process parameters, followed by
examination of the coatings by metallographic observation.
This complicated and time-consuming optimisation method
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requires control over 35 main macroscopic parameters [9].
In addition, some other factors, such as electrode erosion and
fluctuations of the powder injection geometry, are uncontrol-
lable [10]. Thus, it is a significant challenge for scientists and
engineers to accurately control the microstructure of an as-
sprayed coating during the plasma spraying process. Some
studies have suggested that the velocity and temperature of
each in-flight particle are two of the primary parameters
influencing the microstructure of coatings because they dra-
matically influence the flattening behaviour of the particles and
ultimately the microstructure of the coating [11,12].

Recently, an advanced high-efficiency supersonic plasma
spraying system (SAPS) was successfully developed by the
National Key Laboratory for Remanufacturing (Beijing, China)
for the deposition of ceramic and metallic coatings with good
performance [13—15]. Our previous results demonstrated that the
SAPS-coatings exhibited a finer microstructure and higher
bonding strength than the coatings deposited by conventional
atmospheric plasma spraying [16]. The SAPS method is primarily
used to deposit high-performance ceramic coatings at low cost.
However, little information is available on the effect of the in-
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flight properties of the sprayed particles on the microstructure of
the SAPS-coatings. Therefore, the deposition of yttria-stabilised
zirconia (YSZ) coatings using a high-efficiency supersonic
atmospheric plasma spraying (SAPS) system was studied in this
work. The influence of the in-flight properties of the sprayed
particles on the microstructure of the resulting coatings was
studied, with the goal of achieving improved knowledge of the
accurate control of the coating quality.

2. Experimental procedure

The substrate, GH3030 nickel-based superalloy with dimen-
sions of 35 mm x 14 mm x 3 mm, was ultrasonically cleaned
and subsequently grit-blasted with alumina powder. The surface
roughness (R,) of the grit-blasted substrate was 6.3 + 0.4 um, as
measured with a profilometer (TR 240, Beijing Time Group,
Beijing, China). The spray-dried and sintered ZrO,—8 wt% Y,03
(YSZ) powders with particle sizes in the range of 25-90 pm were

Table 1
Spray parameters for YSZ powders.

Parameters Value
Current (A) 400
Voltage (V) 160
Primary gas Ar (slpm) 60
Second gas H, (slpm) 17
Carrier argon gas flow rate (slpm) 7.5
Powder feed rate (g/min) 40

Spray distance (mm) 80, 100,120, 140

used as the feedstock to deposit coatings using the SAPS system.
The spray parameters are presented in Table 1. During spraying,
a commercially available Spray Watch 2i system (Osier, Finland)
was used to monitor the velocity and surface temperature of the
in-flight particles. The substrate was cooled by compressed air,
and the temperature of the substrate was held at 150 & 30 °C, as
monitored by a NiCr/NiSi thermocouple attached to the back of
the substrate. The porosity of the coatings was estimated by
quantitative image analysis (IA) using a picture analysis system
of magnified images obtained by scanning electron microscopy
(SEM; VEGAII XMU, Tescan, Czech Republic). In the image
analysis, a series of SEM images with 1000 x magnification
were obtained for individual specimens to obtain a representative
porosity value. The image resolution was 600 dpi, and the
minimum area of the detectable voids was approximately
0.1 pm?. Twenty SEM micrographs of the cross section of each
coating were randomly selected. The coating microhardness was
measured with a microhardness tester (Micro Met 3 microhard-
ness tester, Buehler Ltd., USA). The polished cross section of the
coating was measured 20 times at different areas with a load of
2.94 N and a holding time of 10 s. The microhardness data scatter
was processed using the Weibull statistical analysis [17,18].

3. Results and discussion

Fig. 1 shows the cross-sectional SEM images of YSZ
coatings deposited at the four distances of 80 mm, 100 mm,
120 mm and 140 mm. As shown in Fig. 1(a), many coarse
cracks and pores were observed in the coating deposited at
80 mm. At the higher spray distance of 100 mm (as shown in
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Fig. 1. Cross-sectional SEM images of coatings deposited at different spray distances: (a) 80 mm, (b) 100 mm, (c) 120 mm, and (d) 140 mm.
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Fig. 1b), these coarse cracks were not observed in the sprayed
coating, but some pores were still observed. However, as seen
in Fig. 1(c), the coating was almost completely dense when the
spray distance was 120 mm. For the highest spray distance
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Fig. 2. Weibull modulus (M) of coatings deposited at different spray distances.
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studied of 140 mm, as seen in Fig. 1(d), the number of pores
increased compared with the coating prepared at 120 mm.
The porosities of the four coatings determined by image
analysis were approximately 10%, 3%, lower than 1% and
3%. Fig. 2 shows the probability function of the Weibull plots
of the Vickers hardness of the four coatings. As shown in
Fig. 2, the Vickers hardness of the four coatings exhibited
some scatter due to the non-uniform microstructure of the as-
sprayed coatings. The Weibull modulus (abbreviated as M) of
the coating deposited at 80 mm was 8.9, which was the lowest
of all the coatings studied. In addition, the 120-mm sprayed
coating exhibited the highest Weibull modulus, 16.4, corre-
sponding to the higher microstructure homogeneity compared
with the other coatings.

Xiong et al. [19] used a melting index (MI), defined as the
ratio of the particle dwelling time to the time required to melt
one in-flight particle, to indicate the molten state of a particle in
the plasma jet. A higher MI indicated a better molten status.
The MI can be expressed as follows:
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Fig. 3. Relationship between the in-flight property of particles and microstructure of as-sprayed coatings; (a) velocity and surface temperature at different spray
distances; (b) VT and 1/P (reciprocal of porosity) versus spray distance; (c) VT and M (Weibull modulus) versus spray distance; and (d) 1/P as a function of VT.
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Fig. 4. Single flattened particles collected at different VT values: (a) 1.3 x 103, (b) 2.1 x 10°, and (c) 2.3 x 10°.

where MI is the melting index, Aty is the particle dwell time in
the plasma jet, At,,; is the complete melting time for one
particle in the plasma jet, k; is the thermal conductivity of a
molten particle, 7 is the flame temperature, T, is the particle
melting point, p is the density of a particle, L is the latent heat of
fusion, B; is the Biot number, and 7, is the radius of a particle
(assuming each particle is spherical).

Note that Atg, (dwell time) can be estimated as 2D/v, where
D is the spray distance and v is the particle velocity. Li et al.
[20] indicated that an optimised spray distance in terms of the
best melting state is determined by the position with the
maximum M/ value because the MI can be used as an indicator
of the melting state. Thus, the following equation should be
satisfied at the optimised spray distance:

i) _

ap @

After performing some mathematical operations, the opti-
mised spray distance D, can be expressed as follows [20]:

P_Cp Vdp(Ts_Tm)

Dopr =
"o T T,

(©)
where D, is the optimised spray distance, C, is the specific
heat of the molten particle, d,, is the diameter of each particle,
and T, is the surrounding gas temperature near the substrate.
Assuming d,, does not change during plasma spraying, from
Eq. (3), D, is directly proportional to the value of v(T,—T,,).
Therefore, a dimensionless quantity VT can be defined as:

_ V(Ts_Tm)

VT
p

(4)

where fis 1 m K s™', which makes the quantity V7" dimensionless.
The velocity (v) and surface temperature (7;) were obtained by the
Spray Watch 2i system. YSZ has a T, of approximately 2973 K
[21]. Fig. 3 shows the relationship between the in-flight properties
of the particles and the microstructure of the resulting as-sprayed
coatings. As shown in Fig. 3(a), the velocity of the in-flight
particles attained a maximum value of 434 m s~ at 100 mm, and
the surface temperature of the in-flight particles attained a
maximum value of 3503 K at 120 mm. For distances over
120 mm, the velocity of the in-flight particles dramatically
decreased. In addition, as seen from Fig. 3(b and c), the VT value
exhibited the same tendency as a function of the reciprocal of the
porosity (1/P) and as a function of the Weibull modulus (M) as the
coatings for different spray distances did. At the spray distance of
120 mm, the VT value reached its maximum value, which
corresponded to the greatest value for the reciprocal of the porosity
and the highest Weibull modulus of the coatings. The above result
indicated that the VT value can be used as feedback for controlling
the microstructure of the as-sprayed coatings. In addition, a
different VT value was designed by adjusting the spray parameters
(not shown in this work). The result of designing a different VT
value is shown in Fig. 3(d), where the reciprocal of the porosity
exhibited an exponential relationship with the VT value. When the
VT value reached approximately 2.3 x 10°, the value of the
reciprocal of the porosity significantly increased. The morphology,
shape, spreading and solidification behaviour of the single splats
are known to substantially influence the characteristics of the final
as-sprayed coatings. In this study, a single splat was deposited onto
a mirror-polished GH3030 nickel-based superalloy substrate by
placing a V-shaped shield with a 1-mm diameter hole (through
which particles could pass) in front of the substrate during spray
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coating. Fig. 4 shows the morphology of a single splat, i.e., a single
in-flight particle impacted upon the polished substrate. As shown in
Fig. 4(a), the single splat collected at the VT value of 1.3 x 10°
almost completely disintegrated, and only a central solidified core
remained on the substrate surface. As the VT value increased, as
seen from Fig. 4(b and c), the splat morphology changed from
splash-like to disk-shaped when the VT value was approximately
2.3 x 10°. Compared with the splash-like splats, the disk-shaped
splats could increase the effective bonding surface between the
splats, thereby leading to the decrease of the inter-splat pores.
Therefore, when the VT value was approximately 2.3 x 10°, the
value of the reciprocal of the porosity significantly increased,
which corresponded with the results shown in Fig. 3(d). This VT
value was defined as the “transition VI value”. Note that the
substrate was controlled to a level of 150 430 °C during the
process of coating deposition and splat collection. Thus, the effect
of the substrate temperature on the morphology of the single splats
was not discussed in this study.

4. Conclusions

In this study, yttria-stabilised zirconia (YSZ) coatings were
deposited by a high-efficiency supersonic atmospheric plasma
spraying (SAPS) system. The effect of the in-flight properties of
the sprayed particles on the microstructure of the resulting coatings
was studied. The VT value, defined as a function of velocity and
surface temperature of the in-flight particles, was observed to be
directly proportional to the reciprocal of the porosity and to the
structural uniformity of the coatings. When the VT value was
2.3 x 10° (considered the transition VT value for the coatings
studied), the porosity of the SAPS-coatings was significantly
reduced. Thus, the VT value can be used as a simple indicator
for tailoring the microstructure of SAPS-coatings.
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