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Suspension plasma spraying of nano-ceramics using an axial injection torch

J. Oberste Berghaus, S. Bouaricha, J.-G.Legoux, C. Moreau, NRC Boucherville /CAN, T. Chraska, ASCR Praque

{CZR.

Nanostructured coatings of Al;O3 and ZrO; (1.5% Y.0s) are produced by suspension plasma spraying, introducing
the liquid feedstock intermally into the central part of three converging plasma jets of a Mettech Axial !ll torch
{Northwest Mettech Corp.). Spraying nanosized ceramic powders in a liquid carrier can yield thinner coatings with
more refined microstructures than conventional plasma spraying. In-flight particle states are measured for a
number of plasma conditions of varying torch current, gas flow rates and compositions (Ar, Hz, N3), and related to
the resulting microstructure and phase composition in the coatings, as determined by EDS, SEM and XRD. Results
show that particle velocities up to 600 m/sec can be reached, yielding high impact velocities and cooling rates.
Some comparison is made to previous work performed using external injection of a suspension droplet stream into
a conventional dc plasma flame. At optimized conditions, dense y-Al,O; deposits with an average crystallite size
below 30 nm are obtained at deposition efficiency above 80%, which was not previously attainable. Eutectic
alumina-zirconia compaosite coatings with a finely layered lamellar structure are also realized. The laminates have
potential advantages as thermal barrier coatings with beneficial properties arising from nano-composite

components.

1. Introduction

Suspension plasma spraying using a liquid feedstock
carrier, is an emerging technology, which permits the
projection of much finer particles than conventional
plasma spraying. Due to the finer lamellar structure,
the formation of thinner (10-50um) thermal spray
coatings is possible [1-3]. Nano-structured coatings
can be formed with this technique, since rapid
solidification of the small impinging droplets restricts
their gain growth. Certain mechanical and physical
properties of materials exhibit remarkable
improvements as their grain size is reduced to the
nanometer range. Attractive features include
decreased thermal diffusivity for thermal barrier
coatings, increased ionic conductivity for solid oxide
fuel cell components and improvements in hardness
and ductility for protective coatings [4,5]. In dc
suspension spraying, the liquid is commonly injected
radially into the plasma flame external to the torch,
either as a straight droplet jet [2][6] or atomized
plume, for example [5]. Using an external droplet jet
injector, previous work in our laboratory has shown
that a high liquid jet velocity and precise injection
location and angle with respect to the central part of
the plasma flame is critical to ensure effective heat
transfer, which leads to adequate coating formation. A
small injection nozzle opening was suitable to fulfill
the velocity requirement, without exceeding the finite
loading capacity of the plasma [7]. However, slight
injection instabilities, for instance caused by nozzle
obstructions, lead to severe loss in process efficiency.
Diagnostics on the plasma spray plume suggested
that the particle created in flight are often so small
(< 2 ym) that they effectively follow the plasma gas
velocity in the free stream, as well as in the viscous
boundary layer in front of the substrate. This can lead
to reduced particle impact velocities for lighter
materials, such as aluminia, preventing dense and
nano-structured coating formation [7].

Building on this research, the need for improved
process robustness, increased loading capacities and

wider operating ranges, in particular, higher particle
velocities for some materials, was identified. In this
study, the suspension feedstock is axially injected into
a Mettech Axial Ill torch {Northwest Mettech Corp.),
thereby fully entraining the droplets by the encircling
three plasma streams. Zirconia and alumina coatings
are produced. The aim is to reduce the process
sensitivity to the injection conditions, maximize the
heat and momentum transfer from the plasma, and
extend the processing range. In-flight particle
velocities and temperatures are measured for different
operating conditions of the torch and related to the
resulting deposition efficiencies and microstructure of
the coatings. Finally, micro-composite coatings from
eutectic Al,O3-ZrQ, feedstock are presented, and the
prospect of nanocomposite formation is assessed.

2, Experimental

The suspension spraying system uses a Mettech Axial
Il torch, equipped with an internal injection
fatomization module. A photograph of the suspension
plume is shown in Fig.1. The suspension is delivered
by a positive-displacement dosing pump from an
agitated reservoir, and measured by a precision
flowmeter. By ensuring continuous flow and agitation
in all wetted conduits during spraying and idle
operation, sediment formation, which can cause
malfunction of the solencid valves and injector, is
avoided. Startup, shutdown, as well as rinsing and
final ethanol washing sequences of the conduits and
torch interior are fully automated and PC controlled.

The suspensions of 10 wit% solids in ethanol are
prepared for a-AlQ; (29-68nm), as well as a 50/50
mixture of undoped {29-68 nm) to 3wt% yitria doped
ZrO; (80nm) (Nanecstructured & Amorphous Materials,
Los Alames, USA), yielding a zirconia powder with a
1.5wi% average yttria content. A suspension of 57
wt% Al,O; and 43 wt% ZrO; (1.5%Y) is also prepared
by mixing the two feedstocks. At this ratio, a eutectic
Al,O5-ZrO, alloy exists. The powders are dispersed in
an ultrasonic bath. No additional dispersant is added.



Coatings are produced on 100-grid sandblasted miid-
steel substrates.

Fig. 1. Suspension plume of 10wt% ZrO, in ethanol
exiting the torch divergence at 0.04 slpm.

Microstructures are observed by SEM (Jeol JSM-610)
and FE-SEM (Hitachi S4700). The samples are
prepared by standard metallographic methods.
Porosity is assessed from cross-section SEM (500X),
using image analysis. The intensity range and
thresholds are standardized on reference materials,
and ten measurements are averaged per sample. This
method is well suited to rank porosities of
conventional thermal spray coatings. It is limited,
however, to capture some of the finer porosity and
nano-pores encountered in this study. Thermal
diffusivity a is evaluated for selected samples using a
laser flash method. The thermal conductivity k& of
these coatings is determined using the relationship
k=aC,p- Specific-heat (C;) measurements for

Al,03-ZrO, coatings are made using a standard
differential scanning calorimeter (DSC-2, Perkin-
Elmer), with sapphire as a reference material. Phase
analysis is carried out by XRD using a Brucker D8-
Discovery diffractometer with Cu-K, radiation at an
acquisition of 0.01°/sec. The crystallite size is
evaluated from the Sherrer equation and, where
applicable, Williamson-Hall type plots. Further details
are described elsewhere [7].

In-flight particle states are measured with a
commercial diagnostic system (AccuraSpray® G2
Tecknar, Canada), acquiring the thermal radiation of
the particles through two closely spaced optical fibers.
The temperature measurement is based on two-colour
pyrometry, and the velocity is determined by a time-of-
flight technique, making use of a cross-correlation
calculation. The measurement volume is centered in
the spray plume at 50 mm from the torch exit nozzle,
i.e. at the location of the substrate during deposition.
The measurement is sufficiently far from the plasma
flame, such that the gas radiation does not influence
the pyrometric reading. Since the small size of the
ceramic particles in-flight prevents individual particle
detection, an ensemble particle diagnostic system,
which senses the fluctuations of the total emitted
radiation in the field of view, is deemed necessary [7].

3. Results and Discussion
31 Spray Conditions

The plasma torch is operated at four different
conditions of varying gas flow rate and composition,
which are expected to yield distinct differences in the
particle states, as summarized in Table 1. Minimizing
electrode erosion, the current is adjusted to limit the
torch power to approximately 90 kW.

Table 1: Plasma operating conditions

Torch Gas
Cond current Flow Ar % Nz % H: % i
(kW)
x3 {slpm)

1 160 A 120 10 80 10 73

2 190 A 140 20 70 10 87.5

3 180 A 180 45 45 10 86.3

4 200 A 245 75 10 15 83.2

3.2 In-flight Particle States

The measured particle states are summarized in
Table 2. With an increase in gas flow rate and argon
concentration, particle velocities up to 600 m/sec can
be generated. Such high velocities are rarely attained
in atmospheric plasma spraying. Our previous work
has shown that for small particles entrained in an
impinging plasma flow, a faster jet can dramatically
increase the particle impact velocity during the coating
formation, possibly leading to an improved flattening
ratio of the spats. The very high velocity of cond. 4
comes, however, at the expense of a reduced particle
temperature, possibly due to a lesser heat transfer at
lower nitrogen plasma composition and a shorter
residence time of the particles in the heating plasma
flame.

Table 2. Particle states for the selected spray conditions
at a flowrate of 1.8 kg/hr.

10% AlO5-Zr0;
10% ALO, 10% Zr0, solids in EtOH
Gt | | o | Vi Tot) | Vot Tt
(misec) | () | (misec) | (C) | (misec) | (C) |
\
1 263 2610 273 2600 - - ‘
2 - - - 390 2880
3 500 2700 526 2851 518 2716
4 574 2520 600 2512 600 2557

Reducing the suspension flowrate can partially
compensate the loss in particle temperature. By
varying the flowrate of a 10% ZrO; suspension
between 19.3 ml/min and 48.2 ml/min, distinct
temperature variations are introduced at nearly
constant particle velocity, as shown in Fig. 2. The
coatings shown in the following sections are produced
at a constant mass flowrate of ~1.8 kg/hr (34.7 mi/min
for 10% ZrO,).
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Fig. 2. Particle states of 10% ZrO; in ethanol at 63.5
mm from torch nozzle; Flowrates: 19.3 to 48.2 mi/min.

3.3 Alumina

Typical SEM micrographs for the alumina coatings
from spray conditions 1,3 and 4 are shown in Fig. 3.
The substrate temperature is maintained at approx.
400°C. Deposition efficiency and porosity values are
summarized in Table 3. A fine-structured open
porosity is created at low particle velocity (cond.1),
resembling the deposits previously obtained with an
external injection system [7]. A significant
densification and higher deposition efficiencies are
attained with increasing particle velocity (cond. 3). The
higher resulting impact velocities likely impart an
improved spreading of the individual spats [2].
Furthermore, fewer of the particles in the smallest size
ranges are entrained in the viscous boundary layer
flow and thereby deflected from the substrate. Further
increase in particle velocity (cond. 4) leads to
deposition efficiencies of 84%. However, the lower
particle temperature, associated with this operating
condition, reintroduces some porosity by allowing in-
flight solidification of very fine particles, which were
identified in the coating at high magnification.
Considering the low thermal inertia of micron-sized
alumina particles [1], particle temperatures far above
the meiting point are beneficial in preventing such in-
flight solidification.

Table 3. Summary of Al,O; deposits.

Grain size (nm)
DE. | Porosity | APPrOX. {
Cond. o 9% y-Al;04
(%) (%) content | G-ALOs | y-ALD;
W.H. Sherrer
Feed 23% 59
1 48% 4 +15 68 % 40 315
3 69% 115 B8 % - 25+10
4 84% 21+2 80 % 29 276

rtSKEU Hsoa

_ YA0sCond. 1

~

}g Fi LdT
1gky # %508 1gFm MWD16

: bJ_AI"' 3_.C..0ﬂd.3 SetEs 313

ig. 3. E micrraps of alumina deposits.

The XRD spectra in Fig. 4 are summarized in Table
3. Comparing cond. 4 to cond. 1 reveals smaller
crystal grain sizes and a higher retention of the
metastable y-phase with higher particle velocities.
Further grain refinement is attained with an additional
increase in particle temperatures, as seen for cond. 3.
In the plasma spray process, the grain size and phase
is traditionally linked to the cooling rate at rapid
solidification, see [7] and references therein. Higher
flattening ratios and thinner splats, induced by both
higher impact velocities and lower viscosities of the
impacting droplets, as well as an increased thermal
conduction through the denser coatings are
contributing to the elevated quench rates. An
additional factor is the virtual absence of in-flight
solidified particles at cond.3.
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Fig. 4. XRD Spectra for Al,O5 coatings.

34 Zirconia

Highly dense and crack free coatings of ZrO,-1.5 wt%
Y:0; are produced at all plasma conditions
investigated, as shown in representative micrographs
in Fig. 5. The coating characteristics are summarized
in Table 4. Contrary to our experience with the
external injection system, initial spray tests with pure
zirconia feedstock resulted in coating detachment and
spalling. The following measures were implemented to
reduce the compressive stress in the films: The
material was stabilized with yttria to reduce the
volume expansion of the tetragonal to monoclinic
phase ftransformation. The substrate temperature
during spraying was reduced to 180°C-200°C in order
to minimize the cooling stresses, which arise from the
CTE mismatch, and the coating thickness was
reduced.

Doubling the particle velocity from 270 m/sec (cond.1)
to 530 m/sec (cond. 3), results in a densification of the
coating, an improvement in deposition efficiency and
complete disappearance of any visible lamellar
structure. Besides an enhanced spreading of the
hotter particle splats at this condition, the higher
capture of small-sized particles may explain the D.E.
improvement (7). Without substantial raise in micron-
sized porosity, further increase in velocity (cond.4)
introduces embedded zones, which resemble the
morphology of the original feedstock powder, and are
likely semi-molten particles [6]. These can arise by
virtue of the high melting point of zirconia (~2700°C),
considering the lower average particle temperature
and short residence time at cond.4. See Fig.5 c).

Table 4. Summary of ZrO,- 1.5wt%Y,0; deposits.

Grain size (nm)
ok | pe Porosity | +-ZrO; [T m-ZrO, 1-ZrO,
(%) (%) content | Sherrer Shermer
%,H,} 2{;«.&}
k +10
Feed 34 % 32
(25) (29)
30:2 316
1 55% 1+03 83
: o @) (36)
15 x5
3 64% |0.1+002| 77
3 * | @) (36)
3z 34
4 54% |0.2+004| 78% 28) “2)

a) ZrO,1.5Y Cond. 3

P .

720,157 Gond. 4

Fig. 5. ZrO,-1.5Y micrographs
For zirconia, we had previously observed that high in-
flight particle temperatures lead to smaller crystal
grain sizes, which was rationalized by the creation of
thinner splats from very liquid droplets [7]. Based on
that finding, a grain size larger than the original
feedstock, as estimated in Table 4., is a consequence
of low particle temperatures, barely at the melting
point of zirconia, at the chosen flowrate. Ultimately,
however, the zirconia coatings produced in this study
resemble the deposits previously obtained with the
external injection system.

3.5 Eutectic NzOz-ZfOz

Micro-composite coatings of alumina and zirconia are
shown in Fig. 6. A substrate surface temperature of
approximately 300°C is maintained for all spray
conditions. A feedstock composition of 57% Al.O5 and
43 % ZrO; is chosen, since the binary phase diagram
features an eutectic point with a lowering of the liquid



curve to 1900°C [8]. Besides creating thin, alternating
layers, the underlying motivation is to induce, at least
partially, an amorphous or nanocomposite structure
by melt-quenching the ceramic solution in the spray
process, preventing eutectic phase formation [8].
Alumina nanocomposites can suppresses t-ZrO; to m-
ZrO, transformation by increasing the critical nucleus
size in a constraining matrix [9]. Improvement in
mechanical properties compared to both alumina and
zirconia ,i.e. higher fracture toughness and slow crack
growth, are reported in the literature [10].
Furthermore, a low thermal conductivity in multilayer
Al,03-ZrO; coatings is generally measured [11], which
is not solely attributed to the interface resistance [12],
but to the existence of crystalline nano-grains [13]. For
the application in thermal barrier coatings, a
continuous alumina stratum could further serve as an
oxygen diffusion barrier to reduce the thermally grown
oxide layer at the bond coat interface [12].

Table 5 illustrates that high deposition efficiencies are
attained, higher than for zirconia alone. Furthermore,
the porosities are substantially lower than for pure
alumina. Both effects are likely due to some
interaction of the two materials. The particle
momentum is increased by the zirconia content,
leading to higher impact velocities; the melting point is
to some extent lowered by the eutectic reaction; and
splashing, which can create overspray losses in
zirconia splats, [7] may be reduced by the alumina.
The micrographs feature distinct compositional layers,
indicating limited dissolution of the primary alumina
and zirconia powder during the brief thermal transient
in the liquid state. In an individual particle, segregation
is likely initiated by early on melting of the Al,O; with
respect to the still unmolten ZrQO; [13], invoking solid-
liquid phase separation. The large difference in
melting points fosters the incongruent melting. Some
imperfect powder mixing, as verified by EDS mapping
of the dried suspension, also favors separation at the
outset. As a consequence of the high particle
velocities, the short residence time in the plasma
allows only modest subsequent liquid mixing and
homogenization in a completely molten particle
[14][8]. Regions of intimate mixing, reflected by the
light gray structures in the micrographs, are found
predominantly in the vicinity of the white zirconia
splats, as halos. This supports the idea that the
composition in individual particles is segregated, but
some liquid phase diffusion occurs at the zirconia-
alumina interfaces.

In addition to a higher porosity at Cond. 4,
examination of the micrographs in Fig. 6 reveals a
refinement in the layer structures with increasing
particle velocity (Cond.2 to 4). Similar to pure alumina,
more of the smaller-sized particles/splats,
homogenized or still segregated, are likely
incorporated into the coating at the higher velocity.
The zirconia splats show transverse cracks (visible
only at higher magnification), which are caused by the
lower thermal expansion coefficient of Al,O;, placing
the ZrO; layers in residual biaxial tension [15]. At very
low particle velocity and high temperature (cond. 1, no
photo), the deposit showed a curling behavior,

detaching from the substrate altogether. On the basis
of the coarsening lamellar structure, we speculate that
the stresses in thick and well-ordered layers are the
reason for the failure.

Table 5. Summary of Al,0;-ZrO,-1.5wt%Ydeposits

Cond t-Zr0,
" | D.E. | Porosity | content | m-ZrQ, | t-ZrO; | y-ALO,
(%) (%) (% in | Sherrer | Sherrer | Sherrer

Zr0y)
2 66 04%01 83 187 232 | 32
75 0.7+01 B7 18+8 21+2 | 34+3
4 69 |[1.1%0.2 81 23+2 | 21+3 | 28+3
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Fig. 6. AL,O5-ZrO,-1.5Y micrographs.

Cond. 42

The XRD spectrum in Fig. 6 does not identify a
distinct amorphous phase. However, EDX scans
through the light gray regions of the micrograph
suggest some intimate compositional mixing.
Comparison of the XRD spectrum with zirconia,
deposited under identical torch operating conditions,



shows a higher content of the metastable tetragonal
phase and a refinement in grain size, as shown in
Table 5. These are indications that some nano-
composite constituents are likely present in the
coatings.
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Fig.7. XRD Spectra for Al,O3-ZrO; and ZrOx1.5Y.

To assess the potential of these coatings for thermal
barrier applications, the thermal conductivity of the
composite coating from cond. 3 was measured as 1.7
+ 0.01 W/mK, which compares favorably with an
equally thick and dense ZrQ, coating, for which a
conductivity 2.7 + 0.02 W/mK was measured.

4. Conclusions

. An axial feed suspension plasma spraying
system is implemented. An improved robustness over
a radial injection system makes process automation
viable.

. The processing range in terms of particle
states is extended to velocities up to 600 m/sec.
Reduction in particle temperatures, associated with
the high velocity conditions, can be compensated by
adjusting the suspension loading of the plasma.

. For alumina, higher particle velocities
translate into high deposition efficiencies up to 84%,
relatively low porosities {11%), high retention of the
metastable phase and grain size refinement to 30 nm
or less, which was not previously attained in our
laboratory.  Further  improvement necessitates
elevated particle temperatures to counter in-flight
solidification of the smaller particies.

. Zirconia is less sensitive to the particle
velocity conditions, and dense coatings are produced
in all cases. However, low dwell times can lead to
incomplete particle melting.

. Microcomposite Al,03-ZrQ, coatings, with
promising properties for thermal barrier applications,
are realized. At some operating conditions, higher
deposition efficiencies, grain refinement and lower
porosities are attained than for the constituents
sprayed individually. The brief thermal transient in the
liquid phase limits homogenization, resulting in a
compositionally layered structure. High particle
velocities increase small particle capture, ensuing
layer refinement. An ongoing optimization focuses on
the characteristics and properties of these coatings.
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