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Reactive Thermal Spray by
High Velocity Ceramic Jet and
Characterization of the Coatings
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A ceramic jet composed of molten particles in an electrothermally exploded powder spray was identified
by the flash, soft x-ray radiography technique. The velocity of the leading edge of the jet was estimated
to be 900 m/s. The coating obtained by a ceramic jet of titanium diboride consisted of a mixing layer of
the substrate material and sprayed ceramics. A coating, which exhibited no pores or cracks, was formed
through the dense deposition and solidification of spray droplets. The successive impacts of the droplets
caused melting and stirring of the substrate surface to form a mixing layer. Some of these layers were
formed due to capillary movement of the molten substrate material into the fractures of coarse ceramic
particles. Thermal spray by chemical reaction between titanium and boron nitride particles resulted in a
composite coating of TiN and TiB. The character of the mixing layer indicated that the depth profiles
depended on the substrate material.

Keywords ceramic jet, electrothermal explosion, microstructure, The veloc!ty of Spra}’ particles !S very |mpo_rtant to Caus_
reactive thermal spray, titanium boride, titanium nitride strong adhesion of coatings to matrices. The optical observatic

of ELTEPS by the laser Schlieren method revealed the gener
tion of a gas jet, which should include fine molten patrticles.
1. Introduction Though the Ieading velocity of _the gas jet was fognd to be 3.
km/s (Ref 9), the high gas density prevented the direct observ.

Nonoxide refractory ceramics, that is, carbides, borides, andtion of molten particles by Schlieren methods. Thus, the beha
nitrides, with resistance against corrosion and wear and highior of the particles has not been established.
hardness can be thermal sprayed. Some ceramics with high The reactive thermal spray method has already been co
melting points have been sprayed as cermets by conventionablucted to produce intermetallic-compound coatings through th
thermal spray methods in order to suppress their oxidation andchemical reaction of nickel and aluminum particles (Ref 12)
decomposition and to enhance their interparticle bonding andThe representative ceramic coatings, which are chemically re
adhesion (Ref 1-3). However, it seems that the cermet coatingsicted, are composites of titanium and titanium nitride, Ti-TiN
would not exhibit the full abilities of the ceramic under high (Ref 13, 14), and nitrogen-deficient titanium nitride, TiNRef
temperature conditions. The fraction of tungsten-monocarbide 15), through the reaction of solid titanium particles with gaseou
phase in WC-Co cermet coatings, for instance, would be de-nitrogen. Because the as-deposited coating exhibited ma
creased by the formation of metal-ceramic composites (Ref 4-pores within lamella, the coating was remelted by laser irradia
6). Thus, a new thermal spray method, which could form tion and densified under solidification (Ref 15). Thus, the proc
coatings of such refractory ceramics without any sintering ess needed a posttreatment. Considering the capabilities
agents and additives, would be beneficial. The authors have ingasy change of molar ratio, melting, and dense deposition ¢
vestigated the electrothermal explosions of such ceramic pow-tjtanium and nitride particles by ELTEPS, a new reactive pro

ders to study their application as coatings, that is, the cequre would be expected to produce titanium nitride coatin
electrothermally exploded powder spray (ELTEPS) processyithout posttreatment. If nitrogen could be supplied from
(Ref 7-11). The coatings obtained were characterized as a densg;|iq boron nitride, TiN would be produced together with ti-

depos_it of molten particles with mixing _of cera_mic'and substrate tanium diboride, TiB, through the reaction of titanium parti-
materials (Ref 8, 10, 11). Such material mixing is expected to cles and BN through the ELTEPS process. Therefore, the Ti

bring strong adhesion OT the coating to the substrate. However’might be less deficient in nitrogen due to a solid nitroge
the production mechanism and microstructure of the mixing source from BN

have not been fully characterized. In this article the behavior of ceramic jets composed of mol
ten particles was observed by flash, soft x-ray radiography. T
microstructure of coatings with material mixing was charac
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2. Experimental Setup width were emitted toward the side of the powder container. A
delayed-pulse generator allowed a time difference between x-
The ceramic powder was charged under argon gas at atmosray pulses. The generator was synchronized with the current dis-
pheric pressure in a container, which was concentrically com-charge in the powder. This observation system is also shown in
posed of an inner polyethylene tube of electrical insulation andFig. 1. The sprays of ZeBand TiB, were conducted under dry
an outer cylindrical metal jacket. The jacket contained a window air of 6.7x 10° Pa in the chamber, and the Ti-BN powder was
for the ejection of the tube contents during the explosion. Thesprayed under nitrogen of 6x710° Pa. Metal substrates were
powders used were zirconium boride, Z(Barticle size:3to 5  fixed on a plate holder, which faced the jacket window. Mild
um average, purity: 99.5%), titanium boride, F{(Particle size: steel and aluminum substrates were employed. Each substrate
10um average or less, purity: 99.5%), and the mechanical mix-had a top surface of 2010 mnf and a thickness of 2 mifihe
ing of titanium (particle size: 150m or less, purity: 99.8%) and  top surface had been mirror polished to study high temperature
hexagonal boron nitride, h-BN (particle size: i average or and high velocity effects on the surface. The plate holder was
less, purity: 99.7%). These powders were packed in the tubes apositioned at a standoff distance of 80 mm from the container
a relative density of 50%. The container was plugged at bothaxis. The micromorphology and constituent elements of the
ends with a pair of tungsten electrodes, which were fixed by ep-coatings were characterized with a scanning electron micro-
oxy resin. Reference 9 shows the schematic cross section of &cope (SEM, JEOL Co., Model: JSM-5310, Japan) and an elec-
powder container and the viewing area used for the x-ray radiog{ron probe microanalyzer (EPMA, Shimazu Co., Model:
raphy. EPMA-1400, Japan), respectively. The crystal structure of the
Figure 1 shows the electrical circuit for the electrothermal coatings was analyzed using an x-ray diffraction analyzer
explosion of the powders and the signal network. The powder(XRD, Mac Science, Model: M18XHF, Japan). Vickers micro-
container was placed in a vacuum chamber and held by the elediardness of the coatings was measured with a hardness tester
trical contacts connected to the circuit. Thus, high voltage and(Akashi Co., Model: MVK-EIIl, Japan).
large current were supplied from a large-capacity condenser to
the powder. The ceramic jet consisting of high-pressure gas ands
molten particles generated by the electrical heating of the pow-
der was ejected from the tube through the jacket window during
the e_IectrothermaI explosion. The maximum voltage and current3 1 Behavior of Ceramic Jet
applied to the powder were 8.3 kV and 90 kA. The energy sup-
plied to the powder was estimated by measuring the voltage and X-ray radiography was applied to image the shadows of the
current (Ref 8). A pair of flash x-ray tubes (Scandiflash, Model ZrB; jets, the gas flow of which had been already observed by the
150, Sweden) were used for taking time-sequential shadow-previous laser Schlieren method (Ref 9). Figure 2 shows typi-
graphs of the ceramic jet. Flash, soft x-rays of 35 ns in pulsecal electrical waveforms of the explosion. The electrothermal

. Experimental Results and Discussion
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Fig. 1 Experimental setup for electrothermally exploded powder spray
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explosion of ceramic powders is characterized by the behavior(c). The time shown in each figure originated from the onset o
of the apparent resistance shown in Fig. 2(c). According to priorthe second decrease. The figure shows faint shadows extendi
work (Ref 9), the first exponential decrease of the resistance unfrom the powder container standing at the left side to the fre
til 30 ps is due to the heating of argon gas and the enlargement opace in the right side. Because soft x-rays can be masked eas
contact surfaces of the powder particles. The plateau on thedy solid matter, but not effectively by gas, the shadows obtaine
curve during 30 and 5%s corresponds to further heating of the indicate the groups of fine particles. According to the resolutio
particles with higher resistivity. However, the second rapid de- of this radiography, individual particles less than ifcannot
crease, which started at 9 marked by arro had been con-  be imaged sharply. Thus, the shadows observed are images fr
sidered to be due to either (a) a large ejection of high-resistivelarge groups of the starting particles. Such groups start to jet
powder particles, which leaves low-resistive gas inside the con-Several positions in the jacket window and fill it up. Such ce
tainer and/or (b) the formation of another current path outside Famic jets rarefy under spreading to the free space. The leadi
the powder container. Hence, this decrease has not been pre-
cisely identified. * =

Figure 3 shows the radiographs in time sequence. Figures Pow der container
3(a) and (d) were taken at different times in the explosion shown
in Fig. 2, while another explosion was imaged by Fig. 3(b) and
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Fig. 2 Electrical characteristics of the explosion of zirconium

boride powder. The applied current and voltage are shown as a func-

tion of time in (a) and (b), respectively. The apparent resistance of Fig. 3 Soft x-ray shadowgraphs of zirconium boride jets in time se-
the powder and the electric power supplied are also shown in (c) and  quence. The white thin lines seen by the shadow of the powder con-
(d), respectively. tainer in (c) were exposures of local static electricity on a film.
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edges of the shadows are indicated by the arrows. The velocitybe observed. The energy supplied to the,iBwvder was 11.2

of the leading edge is estimated to be 900 m/s from two succeskJ, which is approximately three times the theoretical energy to
sive shadowgraphs. However, other individual small particles, heat the powder up to a melting point of 3190 K (Ref 16) without
which would be ahead of the leading edge, might be acceleratediny losses. Therefore, the molten particles impact the substrate
to velocities greater than 900 m/s due to gas flow greater than 3.@Qind flatten. The rapid cooling caused some cracks in the coating.
km/s (Ref 9). Based on the leading-edge position in the first The x-ray diffraction (XRD) analysis of the coating surface re-
frame, Fig. 3(a) and the velocity, it is found that the onset of thevealed that there was only two crystal phases o @il iron
second decrease of the resistance corresponds to the beginningithout any due to decomposition and chemical reaction.

of the large amount of jetting. . Figure 5(a) shows a SEvhage of the cross section of a 3iB
~ The total electric energy supplied to the powder until the be- coating produced on a mild-steel substrate. The element analy-
ginning of jetting indicated by the arroflv(Fig. 2c) was esti-  ses of titanium and iron on the cross section are shown in Fig.

mated to be 10.8 0.7 kJ, while the theoretical energy necessary 5(p) and (c), respectively. Each bright area is rich in the analyzed
to melt the Zrg powder was 4.6 kJ (Ref 8). Thus, the powder e|ement. The appearance of titanium indicates the existence of
should be melted. The electric energy was converted to the heat=|-i|32 according to the XRD analysis, and the iron distribution
ing gnd melting of the powgler, the kinetic energy of the molten mapped in Fig. 5(c) shows the mixing of iron with ZiBuch
particles, and the deformation of the container. mixing ranges 5qum deep from the coating top surface. No
pores or cracks were found in the mixing, while the top surface
3.2 Observation of Microstructure of TiBCoating consisting of_only the ceramics had the cracks, as shown in Fig.
4(b). Accordingly, the coating was formed through the dense

Figure 4 shows scanning electron microscopy (SEM) imagesdeposition and solidification of spray droplets. The coatings on
of the feedstock and a coating surface obtained on a mild-steeln aluminum substrate also exhibited a similar mixing behavior
substrate. No morphological details of the starting particles canof the materials.

Figure 6 shows the other SEM images of the mixing obtained
on a mild-steel substrate. The coarse (several jorl size)
and fine (<1pm) TiB, particles (dark-colored) coexist in the
mixing. According to energy-dispersive x-ray (EDX) spectros-
copy, the coarse particle marked A was composed of diilg
did not contain iron. The magnification of the area B is shown in
Fig. 6(b). Further magnification of the area C is given in Fig.
6(c). The EDX analysis on Fig. 6(c) detected bothy @il iron.

The microstructure shown consists of fine Jigarticles; the
crevices between are filled with iron. In Fig. 6(a) these fine TiB
particles profile an imaginary coarse particle, which would be as
large as particle A. Considering the good wetting of iron and
TiB, (Ref 17), and the microstructure, such an imaginary parti-
cle was originally coarse, which fragmented under rapid cooling
and densified by the capillary action of molten iron. Itis also ex-
pected that this process occurred in the cross section shown in
Fig. 5. A magnification of a square area in Fig. 5(a) is given in
Fig. 5(d). The microstructure seen is similar to that in Fig. 6(c).
Therefore, a group of fine particles surrounded by an ellipse in
Fig. 5(a) appear to have originated from a coarse particle. Such
a coarse particle would incorporate a cluster of fine molten par-
ticles, which might be produced in the powder container orin the
mixing on the substrate.

The formation process of the material mixing is modeled as
follows: The starting powder particles are joule heated in the
polyethylene tube, and some of them gather into coarse molten
particles. Coarse and fine particles spout out during the rupture
of the tube, forming a ceramic jet with high temperature and
high velocity. The jet deposits due to successive impacts of the
particles on the substrate surface. The surface begins to melt due
to heat conduction and is stirred violently by the impact of the jet
accompanied by shock waves in the substrate. Then the mixing

of molten materials occurs. When the mixing area begins to
2 'D L m cool, the TiB molten particles solidify faster than iron because
Fig. 4 Scanning electron microscope (SEM) images of (a) starting the melting point of iron is much lower (by 1300 K) than that of

powder of titanium boride and (b) coating surface obtained on a mild-  11B2. Such cooling might induce the recrystallization of fine -
steel substrate particles and the fracture of coarse particles. Because the iron is
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still molten, it penetrates cracks between the, Tirticles un-
der the fracture.

3.3 Thermal Spray Coating of the Ti-B-N System

The chemical reaction of titanium and boron nitride is ex-
pected as:

13Ti+ 10BN- 5TiB,+8TiN,, + (1 +4x) N,
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Fig. 5 (a) Scanning electron microscopy image of a cross section of
titanium boride coating obtained on a mild-steel substrate. (b) Titanium
element map on a mild-steel substrate. Bright area is rich in an ana-
lyzed element. (c) Iron element map. (d) Magnification of the area in

the square on (a)
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This molar ratio of titanium and BN was chosen to allow the
mixed powder to have sufficient electric conduction and de
crease the nitrogen-deficienayin TiN,_y. The joule heat sup-
plied to the Ti-BN powder was 7.9 kJ. The heat of formation for thé
amount of this system was 1.5 kJ. Thus the total heat was 9.4 kJ.
Figure 7 shows the SEM images of the starting powde
particles and a coating surface obtained on a mild-steel su
strate. Titanium and BN particles are marked by arrows A an
B, respectively. The coating surface shown in Fig. 7(b) does n¢
exhibit any of the morphological features of the feedstock

POMBINSY 1894
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Fig. 6 (a) Scanning electron microscopy image of other cross section
of titanium boride coating obtained on a mild-steel substrate. (b) Mag-
nification of the square area B on (a). (c) Magnification of the square
area Con (b)
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Fig. 8 X-ray diffraction patterns of (a) starting powder composed of
E D W m titanium and boron nitride, and (b) coating obtained on a mild-steel
substrate

Fig. 7 Scanning electron microscopy images of (a) starting powder
composed of titanium A and boron nitride B, and (b) coating surface  mainly by ceramics, while the proportion of the iron constituent in-
obtained on a mild-steel substrate creases gradually at én in depth up to 50% of the iron substrate.
The Vickers microhardness of the mixing layer obtained by
five tests ranged from 12.5 to 23.7 GPa (17.8 GPa average),
when the load and loading time was 50 gf and 10 s. These are
smaller than those of bulk Tiand TiN, that is, 34.4 and 20.9
GPa, respectively (Ref 18). The low experimental values result

particles. The coating was obtained by the flatting and deposi-
tion of molten particles on the substrate during the impact.
Figure 8 shows the XRD patterns of the feed stock and the
coating surface. The XRD from the coating surface consists of
only TiB, and TiN, but no titanium, BN, and iron composites. It o ) 4
is found that the composite coating of 3i@d TiN was pro- from.the mixing of iron, which has a hardness of 1.4 GPa.
duced by a chemical reaction. Though it was not confirmed  Figure 10 shows the SEMhage and element analyses of the
where the chemical reaction was caused, it is presumed thaf0SS Section of the ceramic coating produced on an aluminum
most of the mixed-powder particles would react in the polyeth- Substrate. No pores or cracks were found in the coating. The
ylene tube because the particles should be much closer togethefRD analysis revealed only the production of 7@hd TiN, but
in the tube than in the jet. no aluminum compounds. Thus, the appearance of titanium in
Figure 9(a) shows the SEMhage of the cross section of Fig. 10(b) corresponds to the existence of TaBd TiN. The _
the composite coating produced on a mild-steel substrate.comparison of these element maps shows that the material mix-
The elemental analyses of titanium and iron on the cross secinNd range is 4um. The depth profile of aluminum on the cross
tion are shown in Fig. 9(b) and (c), respectively. The appear_section is shown in Fig. 10(d). It is seen that aluminum exists
ance of titanium indicates the existence of jT@hd TiN predominantly after a few micrometers from the top surface and
according to the XRD ana'ysis’ and the iron distribution mapped that the relative pI’OpOI‘tIOI’I of the aluminum is 75% of the alumi-
in Fig. 9(c) shows the mixing of iron with Tiand TiN. This ~ Num substrate over the mixing layer.
mixing ranges over 30m deep from the coating top surface. No ~ The Vickers microhardness of the mixing layer was approxi-
pores or cracks are observed in the coating. Accordingly, themately 1.36 GPa. This resulted from the small hardness, 0.39
coating was formed through the dense deposition and solidifica-GPa, of aluminum and the heavy mixing.
tion of spray droplets. Figure 9(d) shows the depth profile ofiron ~ Considering that the melting point and density of aluminum
on the cross section. The region of the sample where detectiorre much smaller than those of iron, it is feasible that the alumi-
was employed for the profile is marked in Fig. 9(c). According num would be mixed easier with the sprayed ceramics than the
to the depth profile of iron, the top region tqib deep is occupied  corresponding behavior of an iron substrate.
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Fig. 9 (a) Scanning electron microscopy image of a cross section of composite coating of titanium boride and titanium nitridlembtaiid-steel
substrate. (b) Titanium element map on a mild-steel substrate. Bright area is rich in an analyzed element. (c) Iron eléd)ddépthaprofile of iron
in a local area marked by the arrow on (c)
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Fig. 10 (a) Scanning electron microscopy image of a cross section of composite coating of titanium boride and titanium nitridemwbtaBlemi-
num substrate. (b) Titanium element map on an aluminum substrate. Bright area is rich in an analyzed element. (c) Aluraittummaplefd) Depth
profile of aluminum in a local area marked by the arrow on (c)
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The reactive thermal spray is modeled as follows: The con- 3.
ductive titanium particles are heated preferentially during the
electric discharge in the polyethylene tube. The BN particles are
heated due to thermal conduction from the titanium. The 7.9 kJ #
heat of the powder is larger than the free energy of activation of
the BN particles, which is estimated to be 1.9 kJ. Thus, the acti-
vated BN should react with the titanium, followed by the pro-
duction of titanium boride and nitride.

4. Conclusions

The following conclusions can be drawn:

* The behavior of powder particles in the ELTEPS process 7.
was revealed by flash, soft x-ray radiography. The powder
particles and argon gas in the tube were joule heated by a
large current from the condenser. When the electric energy g
was supplied sufficiently to heat and accelerate the powder,
the powder tube was ruptured, and the high-velocity ce-
ramic jet consisting of the molten particles was generated g
following the gas ejection.

¢ The microstructure of the mixing layer consisted of the
sprayed material and substrate, and its production mecha?
nism was characterized by the invasion of the molten sub-
strate material into the fracture of coarse ceramic particles
through capillary action and by the recrystallization of fine
ceramic particles.

¢ The reactive thermal spray coating composed of TiN and
TiB,was produced by ELTEPS using a mixed powder of ti- 12,
tanium and boron nitride. It was confirmed that the depth
profile of the mixing layer depended on the substrate mate-
rial. 13.
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