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Development of refractory armored silicon carbide
by infrared transient liquid phase processing
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Abstract

Tungsten (W) and molybdenum (Mo) were coated on silicon carbide (SiC) for use as a refractory armor using a high
power plasma arc lamp at powers up to 23.5 MW/m2 in an argon flow environment. Both tungsten powder and molyb-
denum powder melted and formed coating layers on silicon carbide within a few seconds. The effect of substrate
pre-treatment (vapor deposition of titanium (Ti) and tungsten, and annealing) and sample heating conditions on micro-
structure of the coating and coating/substrate interface were investigated. The microstructure was observed by scanning
electron microscopy (SEM) and optical microscopy (OM). The mechanical properties of the coated materials were eval-
uated by four-point flexural tests. A strong tungsten coating was successfully applied to the silicon carbide substrate.
Tungsten vapor deposition and pre-heating at 5.2 MW/m2 made for a refractory layer containing no cracks propagating
into the silicon carbide substrate. The tungsten coating was formed without the thick reaction layer. For this study,
small tungsten carbide grains were observed adjacent to the interface in all conditions. In addition, relatively large,
widely scattered tungsten carbide grains and a eutectic structure of tungsten and silicon were observed through the
thickness in the coatings formed at lower powers and longer heating times. The strength of the silicon carbide substrate
was somewhat decreased as a result of the processing. Vapor deposition of tungsten prior to powder coating helped
prevent this degradation. In contrast, molybdenum coating was more challenging than tungsten coating due to the larger
coefficient of thermal expansion (CTE) mismatch as compared to tungsten and silicon carbide. From this work it is
concluded that refractory armoring of silicon carbide by Infrared Transient Liquid Phase Processing is possible.
The tungsten armored silicon carbide samples proved uniform, strong, and capable of withstanding thermal fatigue
testing.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide can be used in extremely harsh
environments due to its excellent thermal, mechani-
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cal, and chemical stability. Silicon carbide also
provides exceptionally low radioactivity following
neutron irradiation [1]. The intrinsic features of sil-
icon carbide make silicon carbide fiber-reinforced
silicon carbide matrix composites (SiC/SiC compos-
ites) a very attractive structural material for nuclear
application [2].

Refractory armored materials have been previ-
ously considered in the magnetic fusion energy
.
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community to reduce the introduction of power-
sapping impurities into the plasma [3,4] and to
reduce erosion. Recently, refractory armored mate-
rials have been considered for inertial fusion energy
systems as a means to absorb and handle the very
high impulse heat loading expected. To select the
refractory armor material for silicon carbide, CTE
is one key to obtaining a strong bond between sub-
strate and refractory armor, since CTE mismatch
causes residual thermal stress at the interface at high
temperature. Considering the CTE mismatch and
melting point, tungsten and molybdenum were
selected as potential refractory armor materials for
silicon carbide. Table 1 shows the thermal proper-
ties of silicon carbide [5], tungsten and molybdenum
[6].

Although there are many techniques to apply
refractory metals to ceramic substrates including
physical vapor deposition, chemical vapor deposi-
tion and thermal spraying, the bonding strength
between the substrate and layers produced with
those techniques is low. Moreover, most of the tech-
niques require long processing times above the reac-
tion temperature of substrate material and coating
material inducing thick reaction layers [7–9], which
causes residual thermal stress and crack initiation
due to CTE mismatch. A novel approach to forming
this refractory layer using the Oak Ridge National
Laboratory (ORNL) 300 kW infrared plasma arc
lamp (IR processing) [10] is applied to mitigate these
problems. This facility can apply up to 35 MW/m2.
Power can be delivered in a scan mode (scanning
beam over sample) as wide as 0.35 m. The assump-
tion driving application of this system for SiC/W
was that by applying transient infrared power a
layer of tungsten powder could melt and react with
the surface of the silicon carbide while keeping the
bulk silicon carbide below its sublimation tempera-
ture. The objective of this work is to develop refrac-
tory armor on silicon carbide by IR processing for
fusion applications.
Table 1
Thermal Properties of substrate and coating materials used in this
work

Material CTE
(RT, 10�6/K)

Melting
point (�C)

Thermal
conductivity
(RT, W/mK)

Hexoloy SA SiC 4.02 2797 (a-SiC) 125.6
W 4.4 3370 163.3
Mo 5.35 2617 138
2. Experimental

The substrate material for this study was Hexo-
loy� SA [5] silicon carbide (sintered a-SiC).
Substrates with dimension 25 mm (long) · 15 mm
(wide) · 3 mm (thick) for standard specimens and
50 mm (long) · 4 mm (wide) · 3 mm (thick) for flex-
ural bars were machined from plate. The refractory
armor materials, tungsten powder or molybdenum
powder of 3 lm average particle size, were sprayed
on the silicon carbide to an approximate thickness
of 200 lm. Several kinds of substrate pre-treatments
including physical vapor deposition of titanium,
tungsten for tungsten coating and molybdenum for
molybdenum coating, and pre-melt substrate anneal-
ing were applied to form thin tungsten or molybde-
num layers prior to infrared melting of the powder.
The thin tungsten ormolybdenum layer was intended
to enhance bonding with armor coating formed by
melting powder. The titanium was used to increase
wettability. The annealing was applied to enhance
bonding between the thin layer and substrate. The
thicknesses of vapor deposition of titanium, tungsten
and molybdenum were 0.20, 2.00 and 1.18 lm,
respectively. The annealing temperatures after the
vapor deposition were 1300 �C or 1500 �C for 72 h
in a vacuum. The conditions of the pre-treatments
are summarized in Table 2.

The plasma arc lamp used by IR processing is
mounted on a Cincinnati-Milacron model T3-776
robotic arm. Using the robotic arm in conjunction
with the Plasma Arc Lamp allows for a variety of
experiments to be performed in a short amount of
time. The powder on silicon carbide was heated by
the lamp with 23.5 MW/m2 for 2–5 s in an argon
flow environment at atmospheric pressure. Pre-heat-
ing and post-heating at lower power (5.2–13.1 MW/
m2) for 6–20 s were also applied to optimize the IR
processing conditions at various conditions. The
powder on silicon carbide was also heated by scan-
ning of the lamp with 17.0–23.5 MW/m2 in an
Table 2
Pre-treatment conditions

Vapor deposition (lm) Annealing (�C)

W (2.00) or Mo (1.18)
Ti (0.20) + W (2.00) or Mo (1.18)
W (2.00) or Mo (1.18) 1300 (72 h)
Ti (0.20) + W (2.00) or Mo (1.18) 1300 (72 h)
W (2.00) or Mo (1.18) 1500 (72 h)
Ti (0.20) + W (2.00) or Mo (1.18) 1500 (72 h)
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argon flow environment with atmospheric pressure.
The scanning speed used was 5.0–12.0 mm/s. The
effective heating area for the lamp used was approx-
imately 30 · 10 mm. So the effective heating area by
the scanning mode was 30 mm · scanning length.

The tungsten coated silicon carbide was sliced,
and the coating and interface were observed by
FE-SEM with energy dispersive X-ray spectroscopy
(EDS) and OM. Mechanical properties of the tung-
sten coated silicon carbide were evaluated by four-
point flexural tests with the coated side at tension,
according to ASTM C1341. The support span and
the loading span were 40 and 20 mm, respectively.
The crosshead speed was 10 lm/s.

3. Result and discussion

3.1. Tungsten coating

Tungsten powder on silicon carbide melted in a
couple of seconds by IR processing and formed a
coating on silicon carbide. An OM image is given
in Fig. 1, along with a micrograph of the as-
machined substrate, to allow comparison of the
surface roughness. In all specimens, including spec-
imens with vapor deposited tungsten, a rough inter-
face was observed. It is most likely that silicon
carbide at the surface was removed by sublimation
prior to the tungsten powder melt. No diffusion of
tungsten into silicon carbide was observed.
Fig. 1. Effect of IR processing on SiC
In the case of stationary heating (not scanning),
all tungsten coated specimens with pre-treatments
were stable following IR processing, while cracks
were observed to propagate into the substrate and
the specimens broke into several pieces for most
specimens without the pre-treatments during IR
processing. Even in the case of the broken speci-
mens, the coating was not peeled from the silicon
carbide substrate, indicating a very adherent layer
was formed. In the �pretreated� cases, the critical
ingredient appears to be the vapor deposited tung-
sten layer. The addition of a very thin titanium layer
under the vapor deposited tungsten was used in the
hope of aiding the wetting of tungsten to silicon car-
bide. It has been reported that the reaction between
tungsten and silicon carbide occurs above 1200 �C,
leading to a bulk diffusion path W/W5Si3/WC/SiC
[7]. The thickness of those regions depends on tem-
perature and time. In this work it was assumed that
a reaction layer several hundred nm thick was
formed at the interface. However, given the appar-
ent removal of surface silicon carbide through sub-
limation and the absence of titanium (using EDS), it
is felt that the use of titanium and the annealing was
unnecessary.

The IR processing conditions were optimized
using a series of specimens without pre-treatments
(tungsten vapor deposition). The maximum power
needed to melt the powder was fixed to 23.5 MW/
m2 for 3 s, which is the minimum time to melt and
surface roughness (OM images).
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form a continuous tungsten coating for the power.
Pre-heating and post-heating at reduced power
was used to decrease thermal shock, since the spec-
imen without tungsten vapor deposition was broken
into several pieces during IR processing, as
mentioned above, in the case of heating at
23.5 MW/m2 for 3 s. Post-heating in all conditions
did not improve the stability of specimens during
IR processing, with all samples fracturing into sev-
eral pieces similar to specimens without post-heat-
ing. In contrast, pre-heating at 5.2 MW/m2 for
20 s improved the stability of specimens, and the
specimens with the pre-heating was stable following
IR processing, while the specimen with pre-heating
at 5.2 MW/m2 for 10 s did not work well and the
substrate broke during IR processing. Fig. 2 is an
OM (Nomarski) image showing the effect of tung-
sten vapor deposition and pre-heating on crack
propagation into silicon carbide. In the specimen
without tungsten deposition and pre-heating, large
cracks induced from the tungsten surface propa-
gated into the silicon carbide substrate (a), while
cracks induced from the tungsten surface did not
reach the W/SiC interface in the specimens with
tungsten vapor deposition (b) and pre-heating (c).
Even in the case of specimens without tungsten
deposition and pre-heating, cracks did not propa-
Fig. 2. Effect of vapor deposited W and pre-heating on crack prop
deposition, (c) with pre-heating.
gate into the W/SiC interface, while the crack in
the substrate propagated parallel to the interface
as shown in (a). This was due to the expansion of sil-
icon carbide near the interface, keeping the rest of
silicon carbide substrate cool. It is assumed that
the tungsten powder was porous prior to the IR
processing, allowing part of the energy to be
absorbed by the silicon carbide substrate and caus-
ing expansion of the silicon carbide near the inter-
face, with crack propagation at cooling. Slowing
down the cooling by reducing the lamp power did
not prevent the armor and substrate cracking. As
a result, pre-heating reduced the propagation of
cracks into the silicon carbide. By adding a thin
tungsten layer by vapor deposition, it is thought
that the IR power is not effectively coupled to the
silicon carbide substrate, reducing expansion of
the silicon carbide near the surface. This means that
part of the silicon carbide substrate surface is more
rapidly heated without tungsten vapor deposition.

Fig. 3 shows a back scattering (composition)
electron image of a specimen with pre-heating
(5.2 MW/m2 + 23.5 MW/m2) and without tungsten
vapor deposition formed by still heating. The
SEM observation reveals a complicated microstruc-
ture within the tungsten coating. Through EDS
analysis, it was found that grains adjacent to the
agation into SiC (a) without pre-treatment, (b) with W vapor



Fig. 3. Typical SEM image (back scattering electron image) of W coating on SiC with pre-heating (5.2 MW/m2 + 23.5 MW/m2) and
without W vapor deposition formed by still heating.
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W/SiC interface within the tungsten coating were
tungsten carbide. The W5Si3 grains were found near
the surface. Silicon carbide grains were also found
within the tungsten coating. It is assumed that the
sublimated silicon carbide at the interface decom-
posed and reacted within the melted tungsten. It
has been reported that tungsten was coated on sili-
con carbide successfully by other methods. However
those tungsten coatings included relatively thick
reaction layers of tungsten and C and tungsten
and silicon [7–9]. Those reaction layers cause frac-
ture at the interface by residual thermal stress,
attributed to mismatch of the CTE. For this reason,
Fig. 4. Effect of scanning sp
tungsten coating with thin reaction layers is pre-
ferred. Through IR processing, the reaction layer
was not formed at W/SiC interface, although rela-
tively small reacted grains less than 10 lm were
observed. This grain structure can reduce the crack
initiation by CTE mismatch compared with the
reaction layers, since the stress caused by CTE
mismatch distributes to each grain boundary.

Tungsten powder on a silicon carbide substrate
was also heated by scanning of the IR lamp forming
tungsten coatings of 50–100 lm in thickness. By
increasing the scanning speed, the power imparted
to the sample is reduced. The scanned heating is
eed on coating surface.
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more attractive compared to static heating, since it
can cover a much larger area. The tungsten vapor
depositions specimens without any pre-treatment
were used for optimization of the lamp power and
scanning speed. Fig. 4 shows tungsten coating
surfaces of specimens without any pre-treatment
heated by various scanning speeds with a lamp
Fig. 5. Cross sectional SEM images of W coatings formed at 23.5 MW
(IRHW30) mm/s of scanning speed.
power of 23.5 MW/m2. Slower scanning speed
enhanced tungsten melting, however cracks were
induced and the specimen was broken as shown in
the IRHW27 specimen. The cross sections of the
other specimens, IRHW 31, 32 and 30 scanned at
11.0, 10.5 and 10.0 mm/s, respectively, were ob-
served by FE-SEM as shown in Fig. 5. The cross
/m2 of lamp power and 11.0 (IRHW31), 10.5 (IRHW32) and 10.0
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sections near the center of the dashed lines were
observed. In IRHW31, tungsten was partly melted
and a coating was formed near the interface, while
the other regions are quite porous with non-reacted
tungsten powder. In the melted region adjacent to
the interface, tungsten carbide grains, as shown in
Fig. 3, were observed, while the other reaction
grains and silicon carbide were not observed in the
tungsten coating region. There was complete tung-
sten powder melting with large pores for the condi-
tions in sample IRHW32. In the melted region
adjacent to the interface, tungsten carbide grains
were observed, while the other reaction grains and
silicon carbide were not observed in the tungsten
coating region. In IRHW30, complete tungsten
melting was observed and a dense coating was
formed. In the melted region adjacent to the inter-
face, tungsten carbide grains were observed, while
the other reaction grains and silicon carbide were
not observed in the tungsten coating region. For
the conditions shown in IRHW30, it was deter-
mined that the optimum lamp power was
23.5 MW/m2. A dense tungsten coating was formed
at the fastest scanning speed (i.e. the shortest reac-
tion time). Faster scanning speeds than the opti-
mum induces large pores in the tungsten coating
as shown in sample IRHW32 in Fig. 5. Slower scan-
ning speed induces extra cracks, as shown in sample
IRHW27 in Fig. 4. The optimum scanning speed
was obtained for the lamp power ranging from
17.0 to 23.5 MW/m2, as shown in Fig. 6. Lower
power required slower scanning speed, which means
longer heating time. Tungsten required more power
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Fig. 6. Relationship between lamp power and optimum scanning
speed for W coating and Mo coating.
to melt than molybdenum due to the higher melting
point.

Microstructures of the tungsten coating without
tungsten vapor deposition formed at higher power
and shorter heating time (faster scanning speed)
and that formed at lower power and longer heating
time (slower scanning speed) were examined. Fig. 7
shows back scattering SEM images of the tungsten
coating formed at 23.5 MW/m2 of lamp power
and at 10 mm/s of scanning speed. The silicon car-
bide region is shown as black contrast. Although
micron size tungsten carbide particles were observed
along the interface within the tungsten coating, a
thick tungsten and C reaction layer and a thick
tungsten and silicon reaction layer, normally
formed by the other coating methods, were not
formed. The silicon carbide grains and W5Si3 grains
observed within the tungsten coating, which were
formed at 23.5 MW/m2 by static heating as shown
in Fig. 3, were not observed. Fig. 8 shows back scat-
tering SEM images of the tungsten coating formed
at 18.3 MW/m2 of lamp power and at 5.5 mm/s of
scanning speed. The grains of tungsten carbide were
observed adjacent to the interface without thick lay-
ers of tungsten carbide and W5Si3. In addition, rel-
atively large scattered tungsten carbide grains were
observed in the coating through the thickness. A
eutectic structure of tungsten and silicon was also
observed. This implies that the temperature
decreased relatively slowly, inducing solidification
at different temperature. As shown in the specimens
formed by static heating, pre-heating was required
to reduce the cracking within the coating and sub-
strate. The scanned heating includes pre-heating
and post-heating by conduction from the heated
region. As a result, the crack was reduced by
scanned heating.

Fig. 9 shows the flexural strength of the tungsten
coated specimens formed by scanned heating using
the optimized condition for lamp power. The
strength of the specimens without tungsten vapor
deposition is compared with that of the specimens
with tungsten vapor deposition. Error bars show
one standard deviation. Scanning speed is in inverse
proportion to heating time. Tungsten coating was
not peeled off during the flexural test, showing
strong interfacial bond. Strength of the silicon car-
bide substrate decreased during the processing.
Dependence of heating time (scanning speed) on
strength was not clear, although the strength seems
to increase slightly with increase of the scanning
speed. As discussed above, tungsten vapor



Fig. 7. SEM images of W coating processed at 23.5 MW/m2 of lamp power and 10 mm/s of scanning speed.

Fig. 8. SEM images of W coating processed at 18.3 MW/m2 of lamp power and 5.5 mm/s of scanning speed.
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deposition was effective in preventing cracks into
the silicon carbide substrate. The scanned heating
was also applied to the specimens with tungsten
vapor deposition. Vapor deposition of tungsten
prior to powder coating prevented degradation of
the strength slightly. One of the reasons for degra-
dation of the strength by the heating is crack prop-
agation into the silicon carbide substrate, attributed
to direct heating of the silicon carbide substrate
without tungsten vapor deposition. It was a consis-
tent result that the strength of the tungsten coated
specimen with vapor deposition was larger than that



Fig. 9. Effect of processing condition on flexural strength of W coated SiC and the schematic of the four-point flexural test.
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without vapor deposition. From the view point of
mechanical strength, the specimens formed by faster
scanning speeds (shorter reaction time) and with
vapor tungsten deposition were superior, although
the effect of scanning speed and tungsten vapor
deposition on strength was limited.

3.2. Molybdenum coating

Most of the molybdenum coatings applied by IR
processing at the same condition used for tungsten
Fig. 10. Mo coating on SiC (a,b) and debonded surface of SiC (c). Th
coating and heated still at 23.5 MW/m2 for 3 s.
coating sublimated due to excessive heating. These
included specimens with molybdenum vapor deposi-
tion prior to powder coating. Fig. 10 shows OM
images of the remaining molybdenum coating
(a,b) and the debonded interface (c) of the specimen
with molybdenum vapor deposition, heated again at
23.5 MW/m2 for 3 s. The reaction layer of MoSi
determined by EDS analysis was formed at the
Mo/SiC interface. The difference in the CTEs of
molybdenum and silicon carbide is larger than that
of tungsten and silicon carbide. The reaction layer
e specimen was coated by Mo vapor deposition prior to powder
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could not withstand the stress attributed to the CTE
mismatch during cooling. The heating condition by
IR processing was optimized in the scanning mode.
The optimum scanning speed (i.e. the fastest scan-
ning speed to form the coating) was determined in
the same way as for the tungsten coating and results
are shown in Fig. 6. Most of the molybdenum
coating remained following the processing by the
optimization. However even with optimization, a
reaction layer of MoSi formed and the molybdenum
coating was partly peeled off. Coating of silicon car-
bide with molybdenum proved to be more difficult
than with tungsten.

4. Conclusions

A tungsten coating was formed successfully on a
silicon carbide substrate. The silicon carbide sub-
strates without pre-treatment or pre-heating were
broken during IR processing in the case of static
heating. It was found that vapor deposition of the
tungsten prior to powder coating and pre-heating
at lower power mitigated crack propagation into
the silicon carbide substrate. Scanned heating also
prevented cracking of the tungsten coating and sili-
con carbide substrate as shown in the pre-heating
sample heated statically. It was found that a porous
tungsten coating is formed by insufficient reaction
time and that the silicon carbide substrate tends to
break if the reaction time is too long (for constant
heat flux). The scanning speed and processing time
were optimized for lamp powers with 17.0–
23.5 MW/m2.

Tungsten carbide grains were formed near the
interface within the tungsten coating in all speci-
mens, while silicon carbide grains and the W5Si3
grains were observed in the middle and surface of
the tungsten coating in the case of static heating.
While tungsten carbide grains were observed along
the interface within the tungsten coating in all
samples, relatively large scattered tungsten carbide
grains and eutectic structure of tungsten and silicon
were observed only in the coating formed by lower
lamp power and longer heating time in the scanning
mode. It was found that a thick reaction layer,
which causes thermal residual stress due to CTE
mismatch, was not formed.

Tungsten coatings were not peeled off during
flexural tests, indicating a strong interfacial bond.
Strength of the silicon carbide substrate decreased
during the processing. The strength seems to
increase slightly with increase in the scanning speed.
Vapor deposition of tungsten prior to powder coat-
ing prevented degradation of the strength slightly.

Most of the molybdenum coatings sublimated
due to excessive heating. Furthermore, a reaction
layer of MoSi, which may have enhanced crack
propagation, was observed. The formation of a
molybdenum coating proved much more challeng-
ing than tungsten coatings on silicon carbide using
the Infrared Transient Liquid Phase Processing.
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