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Common thermal-spray techniques use the strong acceleration of powder particles to produce dense ceramic
coatings with high bond strength. The residence time of the powder particles within the plasma jet is
correspondingly low, and only relatively small particles can be molten. In this work, on the contrary, an
inductively coupled radio-frequency (RF) inductively coupled plasma (ICP) torch was used to spray large
oxide-ceramic powder particles under atmospheric conditions. The slow plasma flow of a RF plasma leads
to large residence times of the powder particles, so that the powder size of the feedstock can beutB@Gnd
more. It was observed that these particles will not be strongly accelerated in the plasma and that their
velocity at the moment of impact is in the range of 10 to 20 m/s. Ceramic coatings were ICP sprayed with a
low porosity and a high bond strength, similar to direct current (DC) or high-velocity-oxygen-fuel (HVOF)
sprayed coatings. The morphology of ICP-sprayed particles on smooth steel surfaces, as a function of the
surface temperature, is described and compared with DC plasma-sprayed splats. Furthermore, the degree
of deformation was measured and determined by different models, and the pronounced contact zones
formed between the pancake and the substrate were investigated. The ICP-sprayed ceramic coatings show
some special properties, such as the absence of metastable crystalline phases, which are common in other
spray technologies.
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particle deformation, plasma spraying, RF inductivegly o .
coupled plasma The principle of the generation of ICP and the torch used

have been described previoughf he torch was run with argon
as the plasma gas with 6.7 slpm, sheath gas with 33.3 slpm, al
carrier gas with 2 slpm. The plate power was 12 kW; the fre

Recently, the development of various thermal-spraying tech- quency was 3.7 MHz.
nologies has led to continuously increasing particle velocities. ~Alumina (99.5% AJO;) and yttria-stabilized zirconia (YSZ)
The aim is to increase the kinetic energy of the particles in orderPowder (8 wt.% yttria) with a particle size between 80 and 100
to minimize the coating porosity and to maximize the bond wm are sprayed onto smooth, mild steel substrates at a sprayi
strength. As is shown in Table 1 (from Ref 1), the measured anddistance of 170 mm, measured from the powder injection point
computed values of particle velocities differ strongly with the With various substrate temperatures for the examination of thg
spray technology used. particle deformation, and on sandblasted, mild steel substratdg
In contrast to the common technologies, particles will not be for producing coatings, both under atmospheric conditions.
strongly accelerated by the laminar flow of a large-volume  Furthermore, single particles and coatings of alumina are
plasma jet, generated by an inductively coupled radio-frequency SPrayed, using a DC APS system made by MEDICOAT AG
(RF) inductively coupled plasma (ICP) torch under atmospheric (Maegenwil, Switzerland), using an argon/hydrogen gas mix-
conditions. This method of plasma generation and its use in ther-ture (88 vol.%, 12 vol.%) with the total gas flow rate of 50
mal spraying has become a growing field ofinterestin the last few SIPm and a current intensity of 600 A. The powder size used
years. Nevertheless, special low-pressure applications with highis 5 to 45um.
particle velocitie®! are the majority of the known applications
of ICP spraying. Using an ICP torch under atmospheric condi- ) .
tions for plasma spraying (IC APS) of materials, such as alumina 3. Results and Discussion
and zirconia, the spraying of large powder particles with a low
impact velocity also leads to the same high-coating quality.

1. Introduction

3.1 Plasma and Particle Properties

Some important plasma properties, such as plasma temper
B. Dzur, H. Wilhelmi, andG. Nutsch, Technische Universitat Ime-  tUre and composition, were measured with an enthalpy prob

nau, FG Plasma und Oberflachentechnik, KirchhoffstraBe 1, D-98684System made by TEKNA Plasma Systems, Inc. (Sherbrooke
limenau, Germany. Contact e-mail: gabriele.nutsch@tu-ilemnau.de. Canada). The measured isotherms are shown in Fig. 1.
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i i Table 1 Mean values of the particle velocity
a E 5 |-.] Technology Particle velocities (m/s)
220 | = Flame and arc spraying 50-100
|.] Atmospheric DC-plasma spraying 150-300
50 4 &= == Low pressure (vacuum) DC-plasma spraying 400-500
High-power plasma spraying 500-700
- 4 HVOF spraying 400-700
[ i Detonation gun 700-800
10 m/s. This value is nearly the same order as the inlet velocity
of the cold gas-carrier flow. So, the particles are little accelerated
by the plasma flow.
B35 - -
S EE00H . .
: f 3.2 Particle Deformation on Smooth Steel Surfaces
The typical splat morphology of ICP-sprayed alumina and
zirconia particles, as a function of the substrate temperature, is
shown in Fig. 3. The direct current plasma (DCP) sprayed alu-
] mina splats are shown for comparison purposes.
?’?“H On nonoxidized substrates, the so-called pancake structure
] (circular disks with no significant ragged edges) is obtained with
] -EHWH IC APS at substrate temperatures above 350 °C. However, the
] so-called flower structure is generally predominant only for

125 -—Ww— DCP-sprayed patrticles.

According to the literature, particles will form the pancake
-12 0 12 r [mm] structure at dimensionless Weber numbers, We, smaller than

1671 which can nfirm r results shown in Table 2.
Fig. 1 Temperatures measured by enthalpy probe inside and outsideso’ ch can be co ed by our results sho able

the ICP torch used The degree of deformation can be defined as
The plasma velocity reaches values of about 80 m/s atthe enc ¢, = Deencake (Egq 1)
of the torch. The laminar plasma flow results in relatively small Oearicte

comingling with the ambient air, as shown in Fig. 2. Only 4
vol.% oxygen is detected at an axial distance of 110 mm fromwhereDpancadS the mean diameter of the splat taken from more
the plasma tip because of the low plasma velocity and the shieldthan five splats, ang..iceiS the mean diameter of the powders.
ing effect created by the sheath gas cover. This value¢,, increases from 1.4 at the substrate temperature
The particle velocity was measured by evaluating the tem- of 100 °C to 2.7 at the substrate temperature of 400 °C for alu-
perature-time plots obtained with the high time-resolution py- mina and for YSZ from 1.2 at 100 °C substrate temperature to
rometer system, which is described in more detail in Ref 5. The2.3 at 400 °C. The lower degree of deformation for YSZ can be
mean particle velocity at the moment of impact was found to beexplained by the lower thermal conductivity of this material.
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Fig. 3 Typical splat morphology depending on the substrate temperature for alumina and YSZ sprayed with IC APS and DC APSH&ECEar in
splats is 37.8um, and the bar in DC splats is 24ih)

Table 2 Reynolds and Weber numbers for alumina parti-
cles

Plasma conditions Re We
ICP (80um, 10 m/s) 71.2 41.3
DCP (30um, 200 m/s) 292.5 3391.3

This leads to a nonhomogenous temperature distribution within
the particle. Thus, the temperature in the center of a particle will
be lower with a corresponding higher viscosity than in the pe-
ripheral regions of the particle.

Comparing the results for alumina with various models given
in the literature, a good agreement was found with the model,
suggested by Wachters and Westerlifig:

_ 0.39 : )
£ =0.631we (Eq 2) Fig. 4 Microcracks in the YSZ pancake (the bar is 14n6)

Calculations by other modé&i&:° using the dependency on the
Reynolds number for the calculation of the degree of deforma-nitude lower than for measured values of the DCP-spraying
tion lead to lower values than the observed ones. processes.

The time of cooling down to the substrate temperature of A higher magnification of a YSZ pancake (Fig. 4) shows a
such large alumina particles is of the order of ASGneasured distinct network of microcracks as a consequence of the cooling
by the high time-resolution pyromet8rTherefore, the cooling  down of the particles. Microcracks can also be seen in alumin
rate is about ¥K/s. This value is more than one order of mag- pancakes, and such microcracks are also found on DC-sprayé
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Fig. 6 Typical contact zones of impacted alumina and ziconia particles

splats. In some cases, gas bubbles are enclosed within the paisorption of adsorbed gases during their flight through the plasma.
cakes. This suggests that some of the particles are still boilinga Moreover, the result shows that pancakes cannot be formed
the moment of impact, and/or the bubbles are formed by de-at high substrate temperatures and strongly oxidized substrates.
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The deformation obtained is similar to the low substrate-tem-
perature deformation. In this case, the liquid material cannot
move on the oxide layer to form a pancake (Fig. 5). Because o
this impeded deformation, some liquid material is flung away
and forms a corona around the rest of the particle.
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3.3 The Formation of Contact Zones

It is well known that the particles are definitely bonded onto
the substrate surface in contact zones. Here, the cooling of thg
particles by heat conduction will take place, and some diffusion
processes may occur. A high degree of contact zones is, therg
fore, an important condition for a high bond strength. Figure 6 §
shows such contact zones for alumina and YSZ.

Portions of 75 to 80% of the splats are in close contact with
the substrate for the two materials. However, a regular arrange-
ment of such contact zones is found only for YSZ (Fig. 6). Pos- Fig. 7 Metallographic picture of an ICP APS-sprayed alumina coating
sibly, this is caused by another deformation phenomenon(the bar is 24.2:m, the lamella thickness is 194n, and its length is
dependent on the formation of a bulge at the edge and a depre222-8um)
sion at the middle of the pancakes due to the different viscosities
in the two regions.

Furthermore, for alumina, it was observed that most of the Table 3 Contact temperatures;T,, for ceramic particles
pancakes have melted the steel surface. The temperature near tlon steel substrates
melting point and higher of the incoming alumina particle yields

contact temperatures higher than the melting point of the 400 °CT ALO Te (K) vsz
preheated steel substréf&This leads to an additional anchor- MPeIting boint 1;2; oo
ing of the particles and following from that to higher bond Melting point-+ 500 K 1832 1099

strength. This effect is expected for YSZ-particles where no gjjing point 1996 1337
melting is observed. Contact temperatuliespf ceramic parti-
cles on steel at 400 °C calculated after the model given in Ref 12

are listed in Table 3 for various particle temperatufpsAs it

is shown, thd can reach the melting point of steell(700 K) for zirconia are found. These solidification times decrease wit
only for alumina not for YSZ. increasing particle temperature.

3.5 Coating Properties

3.4 Particle Deformation during Coating Buildup Ceramic coatings are ICP sprayed with a very high powde

The superposition of the pancakes in the process of coatingefficiency, which reached values of more than 90% fe®4Adn
formation leads to a distinct lamellae structure. Figure 7 showstubes as well as flat samples. This is caused by nearly 1004
typical lamellae in a cross section of an alumina coating. Themelting of the powder in the plasma (measured during powde
procedure for manufacturing the metallographic cross cuttingstreatment experiments, Ref 5).
and polishing is quite different from preparing other spray coat-  Table 4 lists some measured properties of ICP- and DCP|
ings due to the big and hard lamellae. It is described more in desprayed coatings. It is seen that under IC APS conditions, whe
tail in Ref 14. From the well-prepared metallographic pictures, there is only a low kinetic energy of the impinging particles,
the deformation degree can be estimated by measurement cdense coatings can be sprayed. The higher porosity of the YS
lamella thickness and length (diameter). The thickness of the accoatings arises because the impinging droplets are partially ho
centuated lamella is 1@m, and a mean value of }8n taken low. The measured bond strength of the DCP-sprayed alumin
from 10 measurements is obtained. This value is 5 to 10 timessamples is slightly higher than the ICP-sprayed one. It seems th
higher than for DC-sprayed samplés. the mechanic anchoring between flower-structured splats coul

With the measured length representing the diameter of lamel-be stronger than between pancake-shaped splats. On the ot
lae, a mean value of the deformation degree of 2.5 can be dehand, a measured bond strength of 60 MPa for ICP is in the rang
rived. This suggests that the deformation mechanism caused bof typical values given in the literature for DCP coatirgg (
superposition of lamellae is the same as can be observed witlRef 16). Thus, a high particle velocity is not the only way to pro-
impinging splats onto a smooth steel surface. However, becausduce high quality coatings.
of the more unfavorable conditions of heat transfer to the subja- The most interesting property of an ICP-sprayed coating ig
cent lamella, the contact temperatures between the lamellae arthe minimum amount of metastable crystalline phases
higher than between splat and steel substrate. Metastable phases, suchhaaslumina, are predominant in DCP

By using the model for computing the solidification time, coatingsg!® A phase transformation always occurs during the so-
taken from Ref 12, and assuming the impinging particle rises tolidification process when metal ions, which have a lower diffu-
its melting temperature, values of @4 for alumina and 400s sion velocity than the oxygen ions, have no time to reach their
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