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The electrothermal explosion spraying of conductive ceramic powders was characterized according to
the electric and gas dynamic behavior of heated powders. Optical observation revealed the generation of
the jetting with a leading velocity over 3 km/s. The velocity depended on the shape of the jet and the en-
ergy supplied to the powder. The heating process was related to the jetting process of the heated powders.
The total electric energy supplied to the powder was two to three times the theoretical amount needed to
melt the powder. Such electric energy was used for heating and accelerating the powder. This spray tech-
nique is characterized with the high-velocity jet consisting of high-pressure gas and molten ceramic par-
ticles.

density, 14.4 10° kg/rr13; particle size, 2 to 4um, purity,
99.5%). A pair of tungsten electrodes was fitted into both ends
of the container. The container was placed in a vacuum chamber
and connected to the electrical contacts of the electrical circuit
1. Introduction (Ref 1). High pressure gas and molten particles generated by
electrical heating of the powder should be ejected from the tube
Coatings composed of refractory ceramics with melting through the window during the electrothermal explosion. A jet
points higher than 3000 K have been sprayed from carbides andomposed of such gas and particles was photographed with the
borides by the electrothermal explosion method (Ref 1, 2). schlieren technique. The light beam used in this technique radi-
These coatings are dense with the deposition of molten particlesited the space adjacent to the window. A viewing area was ob-
and mixing of coating and substrate materials (Ref 2). However,tained (Fig. 1).
the spraying process has not been characterized sufficiently to  The light beam of 488 nm in wavelength coming from an ar-
understand the technique. The coating adhesion to the substra@on laser was enlarged in diameter with an object lens (focal
depends on many factors including the coating density, chemi-
cal composition, and microstructure (Ref 3) that have resulted

Keywords ceramic coating, ceramic powder, electrothermal
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from the heating of spray particles, the surrounding atmosphere To electrical contact
and the impact velocity. In this technique, the electrical heat-
ing of powders had been estimated by electrical measure- + lungsten electrode

ments (Ref 2), and other spraying conditions of the particles
had not been established. This spray process is characterize s
by time-resolved optical observation of the explosion.

Metal jacket ;. - Window

2. Experimental Setup

The ceramic powder was charged under argon gas in a con
tainer which was concentrically composed of an inner polyeth-
ylene tube and an outer cylindrical metal jacket. The schematic
cross section of the container is shown in Fig. 1. The jacket hac
a window 4 mm wide by 40 mm long. The powders used were

Fowader -

zirconium boride, ZrB (bulk density, 6. 1 kg/m3; particle —— - -

size, <10um; purity, 99.5%), and tantalum carbide, TaC (bulk

H. Tamura, M. Konoue, Y. Ikeda, andT. Soda,Department of Mate- * Electric insulator
rials Science and Engineering, Tokyo Institute of Technology, Nagat- To electrical contact

suta 4259, Midori-ku, Yokohama 226, JaparB. Sawaoka,Materi-
als and Structures Laboratory, Tokyo Institute of Technology, Fig.1 Schematic of a sectioned powder container and viewing area
Nagatsuta 4259, Midori-ku, Yokohama 226, Japan. of schlieren photography
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length, 4.7 mm) and a plano-convex lens. The light beam was in-in a time sequence. The first frame (a) was takgus3dfter the
troduced into the vacuum chamber via a polymethyl methacry- start of current discharge which was |66 on the time scale
late (PMMA) window, as shown in the schlieren system in Fig. shown in Fig. 4(a). In the second frame (b), a small dark spot can
2. After passing by the container in the chamber, the beam exitede observed as indicated with the arrow. Itis enlarged in the third
the chamber through another window and was focused with an-frame (c) after is. Thus, the dark region extended sequentially
other plano-convex lens to pass through an iris diaphragm of 1
mm in diameter. A neutral density filter and a bandpass filter
(central wavelength, 488 nm; band width, full-width at half
maximum, 3 nm) were placed between the iris and lens. The la-
ser beam was finally imaged by a high speed camera (Model UL-
TRANAC FS-501, Imco Electro Optics Ltd., UK). A master
trigger was used to sequentially start the digital oscilloscope,
electrical heating of a powder, and the high speed camera.

The voltage applied between the pair of tungsten electrodes
was estimated from the measurements using a high-voltage
probe (Model HV-P30, Ilwatsu Co., Japan) connected to the
electrical contacts of the chamber and a Rogowski coil (made
and calibrated by the authors) detecting a current flow in the
powder (Ref 1). Based on the voltage and current obtained, the
apparent resistance of the powder and the electric power sup
plied to the powder were calculated. The electrical heating of
the powder was evaluated from comparison of the energy
consumed in the powder to that theoretically needed to only
melt the powder.

(a)

3. Experimental Results and Discussion

3.1 Jetting of Tantalum Carbide

Fifty millimeters of tantalum carbide (TaC) powder of 46.0%
relative density was charged into a high-density polyethylene
tube of 0.94x 10%kg/nT density, with outer and inner diameters
of 6 and 3 mm, respectively. The schlieren photographs taken I:E]I
are shown in Fig. 3. Each exposure time and interframe period
was 0.8 and s, respectively. They are arranged alphabetically

I
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Fig. 3 Schlieren photographs showing the explosion of tantalum car-
bide powder. They are arranged alphabetically in a time sequence.
) Each exposure time and interframe period were 0.8 arg] B2spec-
Fig. 2 Schematic of schlieren photography observing jetting under tively. The arrows indicate the appearance of explosions in frame (a)
electrothermal explosion of powders and shock wave fronts in frames (e) to (i).
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from the window in an outward direction. In addition, thin dark charge which happened atig®on the time scale. The resistance
lines were detected around the dark region, as indicated with theexponentially decreased, while the current discharged. This
arrows in frame (e) to (i). The moving speed of the lines perpen-event was caused by the heating of argon gas, removing of oxi-
dicular to the axis of the powder container was estimated at >3dized surface layers of powder particles, and enlarging the con-

km/s due to the time-of-flight. In addition, these lines were ac-
companied by a narrow bright region behind them, which is in-
terpreted as shock waves by comparison to other schlieren
photographs. Thus, these features are interpreted as shock-wav -

fronts which propagated in the air.

Corresponding to these photos, the voltage and discharge
current applied to the powder were also measured and are show
in Fig. 4(a). The apparent resistance and electric power calcu-
lated are shown in Fig. 4(b) and (c), respectively. The resistance
and power obtained at the time when a frame was taken is
marked with the frame code. The initial voltage applied was 8.3
kV and lasted for 5fs; then it was followed by the current dis-
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Fig. 4 Electrical characteristics of the explosion shown in Fig. 3. The
applied voltage and current is shown as a function of time in (a). The
apparent resistance of the powder and the electric power supplied are
also shown in (b) and (c), respectively. The resistance and power ob-
tained when the frames in Fig. 3 were photographed are marked with

the corresponding frame order.
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Fig. 5 Schlieren photographs showing the explosion of zirconium
boride powder. They are arranged alphabetically in a time sequence.
Each exposure time and interframe period was 0.7 gms] Bespec-
tively. The arrows indicate the appearance of explosions in frame (b),
bright radiation in frames (d) to (f), and shock wave fronts in frames (f)
to (i).
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tact surfaces of the particles. These phenomena contributed to this event, the central, dark region would contain a cluster of
decrease in the apparent resistance. such heated patrticles. Although the cluster of such particles still
On the other hand, since TaC has metallic resistivity (Ref 4), extended outward, as shown in frames (h), (i), and (j), the resis-
the resistances of particles must be increased with a temperaturance and power increased again. It is assumed that the other par-
increase caused by Joule heating. Thus, such a resistance iticles remaining in the container were heated further and
crease of the particles should begin to contribute to the total ap-obtained higher resistivity.
parent resistance of the powder, as the current discharges. The At 130us, the resistance and power decreased rapidly again,
decreasing rate of the apparent resistance approximately 80 tas marked witlf8 in Fig. 4 (b) and (c). This event occurred out-
100 ps is smaller than that obtained earlier thanu80 This side the view of the photo frames. However, it is considered that
arises due to Joule heating of the particles. In fact, the electriqla) many particles can be heated and ejected outside the con-
power supplied to the powder increased in this period, (Fig. 4c).tainer so that gas with low resistivity would be left inside and/or
From 10Qus, however, the resistance started to decrease rapidly(b) another gas ejecting behind the shock wave might induce a
again, and then the power also decreased. This rapid decreaseig&w current path between the electrical contacts outside the con-
due to the removal of some heated particles with high resistivity tainer. The electric energy put into the powder until 18 es-
from the container hence leaving heated gas within the containetimated to be 9.4 kJ while the theoretical energy necessary to
with low resistivity. Since frames (e) and (f) were taken during melt just the powder is 4.6 kJ (Ref 2).

3.2 Jetting of Zirconium Boride

10 100 Fifty millimeters of ZrB, powder of 56.7% relative density
sl 180 was charged into a low-density polyethylene tube of 8.90°
N < kg/m3density, with outer and inner diameters of 5 and 3 mm, re-
Zsl leo= spectively. The schlieren photographs taken are shown in Fig. 5.
o ¥ Each exposure time and interframe period wergi8.d@nd 3us,
8Sal 140 g respectively. They are arranged alphabetically in a time se-
© 3 quence. The second frame (b) was takepS3after the start of
> 2t 420 current discharge which was p8 on the time scale shown in
Fig. 6(a). The frames (b) and (c) taken ati8land 84us show
0 L . 0 the appearance of a small dark spot and its extension, respec-
0 50 T.H:OO( ) 150 200 tively. The resistance obtained from approximatelyi6%o 85
10 ime (us Us seems to be affected by the increase of resistivity of heated
ZrB, particles in the container (as mentioned for the case of
- TaC). From 85 to 98s, the resistance decreased more rapidly
a r and was accompanied by a power decrease. Thus, the powder
o b particles that heated enough to have high resistivity were ejected
2 oal h in the extending dark region as shown in frames (d), (e), and (f).
4:,3) ¥ B In these frames, a bright region, surrounded by a dark region, is
? 001k T 4 , r“yml detected at the bottom side of the window and is marked with an
o b e arrow. This bright region was likely due to radiation from cur-
( ) rent discharge in the gas or heated particles.
0-0010 %6 1700 50 200 In addition, a thin dark line (also marked) was found adjacent
Time (us) to the periphery of the extending dark region. The narrow bright-
300 region is between the line and inner dark region. As time passed
b n from frames (h), (i), and (j), the line became more defined. Ac-
250 (C) i | cording to its moving speed of more than 3 km/s, it can be clas-
g >00k sified as a shock wave front. During this period, resistance was
= nearly constant, and power increased. Thus, energy was still
\g 150} T B supplied to the powder particles left inside the container. At 119
2 s us, however, the resistance and power decreased rapidly again,
g 1001 € as marked witlf3 in Fig. 6(b) and (c). The electric energy input to
50 | the powder until that time was estimated at 10.8 kJ; the theoretical
IM one for melting just the powder is 4.2 kJ (Ref 2). The input energy
00 50 1(')0 150 200 was 2.6 times the theoretical amount required to melt the powder.
Time (us) In this series of experiments, the explosion caused a shock

velocity in excess of 5 km/s, Fig. 7. The preparation of the pow-
Fig. 6 Electrical characteristics of the explosion shownin Fig. 5. The  der was the same as above, but the relative density was only
applied voltage and CL;rrr:ent is s;own gsr? fulnction of time in (al). ghe 59.1%. Frame (a) shows the explosion happened at the center of
apparent resistance of the powder and the electric power supplied are . )
also shown in (b) and (c), respectively. The resistance and power ob- the window, and frames (d)_’ (e), and (f) show the outward e_Xten
tained when the frames in Fig. 5 were taken are marked with the corre- Sion of the central dark region and shock waves marked with ar-

sponding frame order. rows. Such ejection is characterized by the central dark-colored
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protrusion, but its front is not as clearly distinguished as the 12.2 kJ, this being 2.8 times the theoretical energy of 4.4 kJ for
other shock fronts shown in Fig. 3 and 5. Such an indistinctive melting only the powder.
feature is due to a 3.5 mm travel, for example, the displacement
of the shock front even during the exposure time of16.7 . . . s

Figure 8 illustrates the electric features of this explosion. If 3.3 Estimation of Jetting Velocities
the power is integrated until the central protrusion is distin- The shock wave velocity perpendicular to the axis of the
guished, as shown in Fig. 7 (d), the electric energy is calculatedcontainer is summarized in Fig. 9. The velocities obtained
as 6.6 kJ. The explosion extended until that time and corre-gbove and those found in the other three explosions are
sponded to the one shown in Fig. 5(f). The energy supplied untilshown as a function of distance from the window. The con-
the time corresponding to Fig. 5(f) is 5.7 kJ. The generation of tainer, a high-density polyethylene tube, with outer and inner
such high-velocity jetting is therefore caused by the localization diameters of 8 and 3 mm, respectively, was also used to gen-
of the jetting protrusion and the higher energy supply. Further erate a TaC jet. The shock velocity was approximately 3.5
increase of jetting velocity is expected due to the optimization of km/s and is comparable to that obtained for tubes 6 mm in
the shapes of the container, window, and the energy input to theuter diameter. Although the shock wave and associated gas
powder. The total electrical energy consumed until i2&/as flow changed spatially in time, they can be evaluated by a one
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Fig. 8 Electrical characteristics of the explosion shown in Fig. 7. The

applied voltage and current is shown as a function of time in (a). The
Fig. 7 Schlieren photographs showing the explosion of zirconium apparent resistance of the powder and the electric power supplied are
boride powder. They are arranged alphabetically in a time sequence. also shown in (b) and (c), respectively. The resistance and power ob-
Each exposure time and interframe period were 0.7 argj Bespec- tained when the frames in Fig. 7 were taken are marked with the corre-
tively. The arrows indicate the shock wave fronts in frames (d) to (f). sponding frame order.
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A TaC (0.D. 6mm) ® TaC (0.D. 8mm) locity, Uy, which is the velocity of the jet driving the compres-

OTaC (0.D.6mm)  ®ZrB2 (0.D. 5mm) sion of air, is estimated at 3.0 km/s. The pressure ratigRgi®

O TaC(0.D.6mm) M ZrBz (0.D. Smm) also calculated as ~130 a5 = 343 m/s at 20 °C in Eq 1. The

highest shock velocity of 5.4 km/s which occurred for the

* + case of ZrB jetting corresponds to 4.5 km/s in the jetting ve-

5000 + locity. Consequently, it is found that the jetting shape influ-
ences its velocity.

¢ 4. Conclusions
$o ¥ ﬁ}

6000

4000 -

The electrothermal explosion spraying of conductive-ceramic
powders was investigated with time-resolved measurements
which characterized the electric and gas dynamic behavior of
2000 1 — L 1 powders under a large current discharge. The heating process of

20 30 40 50 60 70 the powders was closely related to the jetting of exploded pow-
Distance (mm) ders. The supply of the electric energy to the powder caused jet-
ting with a leading velocity of more than 3 km/s.

Fig. 9 Shock wave velocities as a function of distance from the con- . . .
tainer window. The shock velocity in excess of 5 km/s for the case of The velocity depends on the shape of the jet and the electric

ZrBomarked bym is caused by the localization of the jetting protrusion ~ €nergy supplied to the powders. Thus, optimization of the jet
and the higher energy supply to the powder. shape increases velocity. Using the present container, the total
electric energy was 2 to 3 times the theoretical energy needed to
melt the powder only. Modification of the container would also
change the total amount of the supplied energy. Therefore, this
spray process is based on high velocity jetting consisting of high
pressure gas and molten ceramic particles.

3000 |-

Shock velocity (m/s)

dimensional approximation that describes them in the region
closetotheshockfrontforaninstant. Intermsofapproximation,
itis thought that the shock wave is followed by high speed air
flow compressed by another ejecting gas flow working as a pis-
ton.
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