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CERAMIC COATINGS USING QUASISTEADY MPD ARCIETS

HIROKAZU TAHARA". KAZUNORI MITSUO™, LULU ZHANG". TOSHIAKI YASUI".
YOICHI KAGAYA™ and TAKAO YOSHIKAWA®

For applications of quasi-steady magneto-plasma-dynamic (MPD) arcjets to ceramic
coatings, an MPD arcjet with a cathode covered with a ceramic material was developed.
The front velocities of ablated Al atoms inferred with a streak camera were much higher
than velocities of 200-500 m/s for conventional plasma torches. This is effective for
deposition of rigid films adhering strongly to substrate surfaces. The MPD plasma spraying
showed that a dense uniform ceramic film with above 1200 Vickers hardness was deposited.
Furthermore, from the XPS spectra the peak area ratio of Si/Al for the coating almost
equaled that for the raw ceramic material, and the valence numbers of Al and Si did not
change.

Introduction

The quasi-steady magneto-plasma-dynamic (MPD) arcjet is a promising plasma
accelerator. which has a coaxial electrode structure similar to that of conventional thermal
arcjets. However, their acceleration mechanisms are different: that is, the MPD arcjet
utilizes principally electromagnetic acceleration of the interaction between the. discharge
current of kiloamperes and the azimuthal magnetic field induced by it, although the working
gas 1§ accclerated aerodynamically through a convergent-divergent nozzle in the thermal
arcjet[1],[2]. Also, the MPD discharge feature, acceleration process and exhaust plume
feature can be widely controlled by applications of external magnetic fields[3]-[6].

MPD arcjets can produce higher-velocity, higher-temperature, higher-energy-density and
lurger—arca plasmas than thosc of conventional plasma sources, becausc the MPD plasmas
arc accclerated  cfficiently by electromagnetic  body forces in MW-class input power
operations during the discharge[7]-[9].  The discharge plasmas arc cxpected to be utilized
for various matcrial manufacturing processes(10]-[12]. In the present studv. an MPD arcjet
with a typical clectrode structure for a high-speed plasma source, i.c.. for a thruster. which
is called the benchmark MPD arcjet, is demonstrated, and its opcrational characteristics and
plusma features generated arc cxamined.  Secondly, an ablation-typc MPD arcjet is devel-
oped for ceramic coatings.  Discharge voltages and ablation rates of ccramic materials are
cxamined. and front velocitics of ablated Al atoms of the ceramic component arc  also
cstimated using a streak camcra. The cross sections of coated films arc obsenved with a
scanning clectron microscope (SEM): their surfaces are analyzed by N-ray photoclectron
spectroscopy (XPS). and  their Vickers hardnesses are measured.

" Associate Professor, Faculty of Engincering Scicnce, Osaka University,
I-3. Machikancyama, Toyvonaka, Osaka 560, Japan.

** Graduate Student of Osaka University.

+ Rescarch Associate, Osaka University.

++ Assistant Engincer, Osuka University.

# Professor, Osuka University.



- 1220 -

Experimental Apparatus

Gas ports |
\ |

)
o
0
-
@Q
L]
o
o
=
o
Q
®
7

(a) Benchmark MPD arcjet.

lectrode
Anode Cathode Anode
Ceramic cover

Gas port Floating

—_—

30mm

(b) Ablation-type MPD arcjet
for ceramic coating.

Fig.1  Cross sections of quasi-steady MPD arcjets.

Figure 1 shows the cross sections of
the coaxial MPD arcjets used in the
present study. The benchmark MPD
arciet, as shown in Fig.1(a), has a
conventional MPD discharge chamber for
high-speed plasma sources, ie., for
thrusters.  For ceramic spraying, this is
modified as an experimental ablation-
type MPD arcjet, as shown in Fig.1(b).
Both MPD arcjets are provided with
straight-divergent anodes made of copper
although the benchmark MPD arcjet has
a longer straight part of the anode. The
anode nozzles are 58 mm in exit
diameter with a 20° half-angle. The
benchmark MPD arcjet has a cylindrical
cathode 17.5 mm in length » 9.5 mm
in diameter. On the other hand, the
MPD arcjet for ceramic spraying is
equipped with a cathode 6 mm in
diameter, of which the side surface is
covered with a cylindrical ceramic
material as shown in Fig.2(a). Both
cathodes are made of thoriated tungsten.
The composition of the ceramic cover is
AlLO;: 56 wt%, SiO, 41 wt% and other
components including CaO 3 wt%. The
end of the ceramic material is set up at
the samec axial position as that of the
upstream end of the discharge chamber,
and the cathode end covered with the
ceramic material is placed S5 mm
recessed from the ceramic cover end.
Hence, ceramic vapor is supplied

(a) Before (b) After

Fig.2 Photographs of ceramic cover 6 mm i.d.
before and after spraving.
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Fig.3 Experimental system with MPD arcjet and
substrate stand installed in vacuum tank.
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Fig.4 Typical waveforms of discharge current Fig.5 Typical output from streak
and discharge voltage of MPD arcjets for Ar camera for measurement of front
at 1.37 g/s.  Benchmark MPD arcjet:(a), (b); velocity of ablated Al atoms. The
Ablation-type MPD arcjet: (c), (d). output is for Al 396.1 nm with Ar

and 1.37 g/s at 9.26 KA.
to the discharge and acceleration zone by its ablation process due to a high current arc.

The MPD arcjets are provided with auxiliary electrodes at floating potential. The MPD
arc tends to ignite at the upstream end of the discharge chamber. Since the current flows
from the anode to the cathode through the floating electrodes at the initial state of the
discharge, they arc uscful in relaxing current concentration near the bascs. Working gases
arc injected with a cathode slit / anode slit ratio of 50/50 into the discharge chamber
through a fast acting valve (FAV) from a high pressure reservoir.  The rise time and width
of the gas pulsc. measured with a fast ionization gauge, are 0.5 and 6 ms. respectivelv. The
mass flow rates are controlled by adjusting the reservoir pressure and the orifice diameter of
thc FAV.

The main power-supplying pulse forming network (PFN) is capable of storing 62 kJ at 8
kV and delivers  a single nonreversing maximum quasi-steady current of 27 kA with a
pulse width of 0.58 ms. A high PFN charging voltage is applicd between the electrodes
cexactly at 3.4 ms after the gas pulsc is triggered; arc discharge then begins.  The interval
between discharges is about 20 s, ie., at a repetitive frequency of 0.05 Hz.  The MPD
arciet is installed on a stand in a vacuum tank 1 m in diamecter > 1.2 m in length, as

shown in Fig.3. The tank pressure is kept 2-52 107" Pa during periodical operations.
Unprepared substrate plates 4.5 mm thick, made of stainless steel S45C. arc placed 50-200)
mm downstream from the arcjet exit. The substratc temperature is kept constant in the

range of 100-400 “C by an electrical heater placed behind the substrate.

Discharge currents arc measured with a Rogowski coil calibrated with a known shunt
resistance.  Voltage mcasurement is performed with a current probe (Iwatsu CP-502), which
detects the small current through a known resistor (10 kQ) between the clectrodes. Figure
4 presents the typicai current and voltige waveforms.

Average cxhaust  plasma velocities are mcasured by o pendulum  method: energy
conversion cfficiencics. which arc defined as ratios of the axial kinetic cnergy  to the input
power. arc also cvaluated|3]-[6].  The MPD arcjet and FAV  arc  mounted on a stand
suspended with a brass bar. and the posiiion of the stand is detected by a lincar differcatial
transformer. The reaction forces are calibrated beforc and after a series of cxperiments by
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applying impulses of known magnitude using small steel balis in an atmospheric—pressure
environment. The reaction force due to arc discharge alone is discussed; that is, it is
obtained by subtracting the force due to cold gas flow from the force measured in the arc
operation.  In addition, front velocities of ablated particles of the ceramic component, just
after the start of discharge, arc inferred using a streak camera (Hamamatsu C4187).  The
line spectrum of 396.1 nm, emitted from ablated aluminum atoms. is used, and the profiles,
as shown in Fig.5, are measured at a location 10 mm from the arcjet exit on the center axis.
It was confirmed that the Al line spectrum was not observed using the benchmark MPD
arcjet without a ceramic cover. Thus, we can simply evaluate front velocities of Al atoms
using the streak camera, but not by using the time-of-flight or laser Doppler method.

Axial and radial profiles of electron temperature and ion number density are measured at
downstream positions using an electrostatic double probe in order to understand the structure

of the exhaust plume.

Results and Discussion

Fundamental Operational Characteristics and Plasma Features
of Benchmark MPD Arcjet

Typical discharge voltage vs discharge current characteristics for the benchmark MPD
arcjet are shown in Fig.6(a). The discharge voltage gradually increases with the current at
low current levels because the input power is mainly consumed in chemical reaction
processes such as dissociation and ionization with increase of temperature. However, an
increase in the discharge current drastically raises the voltage with high current levels. This
is because the fraction of the kinetic energy due to electromagnetic acceleration increases at
high discharge current levels. As shown in Fig.6(b), the energy conversion efficiency
increases with the average exhaust velocity.  The exhaust velocity ranges from 5 to 100
km/s with various working gases, and the conversion efficiencies above 30 % are achieved
with H,.

Figure 7 shows the axial and radial profiles of the eclectron temperature and the ion
number density at downstream locations from the arcjet exit. The electron temperature
gradually decreases from 4-6 eV to about 1 eV downstream on the center axis of the arcjet.
The ijon number density decreases to about 1> 10 m™. On the other hand, the radial
profilc of the electron temperature for Ar is almost flat with about 1 eV although that for
H. has a ncgative slope. The ion number densities for both gases have almost constant
values of 3-5> 10" m™ up to a radial location of about 30 mm. Also, it is noted that the
heavy species temperature was expected to range from 0.5 to 2 eV in the discharge
chamber|13].

Accordingly, it can be seen that MPD arcjets produce high-velocity, high-temperature,
high-density, large-area plasmas.

Discharge Voltage. Ablation Rate and Discharge Chamber Condition
After Ceramic Spraving

Ceramic coatings are performed using the ablation-type MPD arcjet with Ar at 1.37 g/s.
The weights of the ceramic covers are measured before and after 100-shot operations, and
the change in the weights, ie., ablation rates, are estimated. After spraying, ablated ceramic
covers and electrodes are observed, and the features of the ablation arc are recorded.
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Fig.6  Operational characteristics of benchmark MPD arcjet
for various working gases.
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In  100-shot operations, the discharge

voltages for Ar with the ceramic cover are Table 1  Front velocities of ablated
about 200 and 350 V at discharge current Al atoms for Ar and H, at 1.37 g/s
levels of 5 and 10 KA, respectively, as and 0.40 g/s, respectively.

shown in Fig.4, although they are 40-60

V with no ccramiF cover. After IQO Working gas  Discharge current  Velocity
shots, the inner diameter of the ceramic (KA) (km/s)
cover increases to about 8 mm, as shown

in Fig.2(b). The ablation rates of the :: g:gs gg
ceramic cover are 1.1 and 7.5 mg/shot at 5 Ar 737 34
and 10 kA, respectively. On the inner Ar 9.26 4.7
surface of the ceramic cover many axial H 5.1 4.0
grooves have been formed due to current H. 10.2 5.4

spokes.  Since the entire discharge current
flows in the narrow ceramic cover, the ablation of the ceramic material occurs extensively.
After 100 shots, both electrodes were negligibly eroded.

Ablated Aluminum Atom Velocity

The front velocity of ablated Al atoms of the ceramic component, just after the start of
discharge, is estimated. Table 1 shows the front velocities evaluated with the ceramic cover
for Ar and H, at 1.37 g/s and 0.40 g/s, respectively. The velocity increases with the
discharge current, although they are much lower than average exhaust velocities estimated
from reaction forces, as shown in Fig.6(b). The front velocity is higher for the lower
molecular weight of the working gas. It is noteworthy that the velocities of ablated Al
atoms evaluated are much higher than velocities of 200-500 m/s for conventional plasma
torches for ceramic spraying. This is expected because the ablated Al atoms are accelerated
drastically in a cathode jet confined by a strong azimuthal magnetic field[1],[7]. This
property is effective for the deposition of rigid films adhering strongly to substrate surfaces.
Also. it is noted that the front velocity of Al atoms was less than that of Ar ions or H
atoms of the working gas, inferred using the streak camera.
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Fig.8 SEM Photograph of cross section temperature on Vickers hardness of
of coating after 100 shots with Ar and surface of coating on the center axis
1.37 g/s at 5 KA. for Ar and 1.37 g/s at 5 KA.
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Fig.10  XPS spectra of surface of raw ceramic material and coating
after 100 shots with Ar and 1.37 g/s at 5 KA.

Coating Film Analysis

Figure 8 shows the SEM photograph of the cross section of the substrate coated in the
100-shot operation for Ar and 1.37 g/s at 5 KA. The substrate is located 100 mm
downstream of the arcjet exit. As seen in this figure, a dense uniform film 15 Zm in
thickness is deposited. As shown in Fig.9, the Vickers hardness increases with the substrate
temterature, and it reaches about 1200 at a substrate temperature of 400 C. A hard film
with above 800 Vickers hardness was deposited within 3 cm in diameter from the substrate
center.

Figure 10 shows the XPS spectra of the coating and the raw ceramic material in the
100-shot operation. The peak areca ratio of Si/Al for the coating almost equals that for the
raw ceramic cover. In addition, the valence numbers of Al and Si are found to be un-
changed.

Conclusions

A quasi-steady magneto-plasma-dynamic (MPD) arcjet was introduced as a high-speed
plasma source, and it was found to .efficiently produce high-velocity, high-temperature,
high-density, large-area plasmas.  For applications of MPD arcjets to ceramic coatings, an
ablation-type MPD arcjet with a cathode covered with ceramic materials was developed. In
100-shot operations, the discharge voltages with the ceramic covers drastically increased
compared with those with no ceramic cover.  The ablation rates of the ceramic covers
ranged from 1.1 to 7.5 mg/shot with Ar working gas. The front velocities of ablated Al
atoms were much higher than the velocities of 200-500 m/s reported for conventional plasma
torches, making the present method effective for the deposition of rigid films adhering
strongly to substrate surfaces. The MPD plasma spraying showed that a dense uniform
ceramic film with above 1200 Vickers hardness was deposited. From the XPS spectra, the
pcak arca ratio of Si/Al for the coating almost equaled that for the raw ceramic material,
and the valence numbers of Al and Si did not change. Consequently, the MPD arcjet was
found to have a high potential for material processing.
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