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Abstract

SiC ceramics were successfully joined by Al infiltrated TiC tapes at 900-1100 °C for 0.5-2h in vacuum. Phase constituents, microstructure and
mechanical strength of the prepared SiC joints were characterized. The prepared SiC joints display dense interlayer and crack-free interface. The
interlayer primarily consists of TiC and Al phases, together with small amount of TiAl; and trace of Al,C;. With increasing the joining temperature
or time, the interface layer either thickens or grows to multiple layers. The bending strengths of the SiC joints are higher than 190 MPa as bonded
at present conditions, and are closely related with the property of interface and interlayer.
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1. Introduction

Silicon carbide (SiC) is one of the most widely used ceramic
materials for structural applications because of its combination
of exceptional properties, such as light weight, good mechan-
ical properties (high hardness, strength and elastic modulus),
low thermal expansion and high thermal conductivity.!> For
instance, the high specific strength and specific modulus of SiC
make it a desirable candidate for stepper guide and wafer stage
for semiconductor production.

SiC parts with small size and simple shape are commercially
available. For producing large-size SiC components, joining is
generally considered to be one of the promising and effective
approaches.>* Till now, various joining techniques have been
applied to produce SiC parts, including brazing,’~’ reaction
joining,3? green-state joining with polymer precursors'®-12 and
diffusion bonding.'? All these methods exhibit their merits for
the given applications. For example, brazing is a conventional
and pressureless joining method for relatively low temperature
use whereas reaction joining and diffusion bonding can produce
joints for use at much higher temperatures. In addition, melt
infiltration is a conventional method to produce metal matrix
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composites (MMCs) and reaction-bonded SiC (RBSC). As far
as we know, the successful bonding of SiC has been achieved by
RBSC technique.!4® The joining of SiC with MMCs formed
by melt infiltration, however, has rarely been reported.

In the present study, we focus on the joining of SiC with
Al infiltrated titanium carbide (TiC) tape because it exhibits the
following advantages: (1) Al melt shows good wetting with SiC
and TiC ceramics'’~1%; (2) TiC incorporated Al interlayer prob-
ably yields high strength and modulus; (3) infiltration technique
is a pressureless and low-cost process, generally requiring no
noble metals. Our motivation, therefore, is to evaluate the pos-
sibility to bind SiC ceramics using Al melt infiltration process.
The influences of joining parameters, such as temperature and
time, on the microstructure and mechanical properties of SiC
joints were investigated. In addition, the mechanisms of joining
are also discussed.

2. Experimental procedure

The preparation of TiC preform and tape was similar to that
in our previous work.2>?! Briefly, TiC powders (Grade TiC-
01, Japan New Metals Co. Ltd., Japan) with the addition of
1 wt.% dispersant and 3 wt.% binder were ball milled for 24 h
in ethanol. The mixtures were dried with a rotary evaporator,
crushed and screened through a 150 mesh sieve. Green com-
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pacts, ~®20 mm x 5 mm, were formed by uniaxial pressing at
about 32 MPa. Then the compacts were debinded at 600 °C in N,
to pyrolyze the binder. The resulting TiC particulate preforms
exhibited a green density of 2.6 g/lcm?, about 54% to the theoret-
ical density of TiC (4.9 g/cm?). Finally, the porous TiC preforms
were infiltrated with aluminium melt at 800—1000 °C for 1 h in
vacuum at a heating rate of 20 °C/min. For the preparation of TiC
tape, its powders were dispersed with fuloren G700 (Kyoeisha
Chemical Co., Japan) in a solvent of toluene and butanol, where
polyvinybutyral (PVB) and dioctyl adipate (DOA) were used as
the binder and plasticizer, respectively. Tape casting was con-
ducted in a doctor blade (DR-150, Sayama Co. Ltd., Japan)
with a blade gap of 300 wm and at a speed of 100 mm/min.
The thickness of dry tape was about 46 pm.

SiC sintered bodies with a density of 3.1g/cm® and a
room-temperature bending strength of 450 MPa were purchased
(Covalent Materials Co., Japan) and used in the present study.
SiC plates were cut into a dimensions of 15 x 13 x 6 mm?
and used for joining tests. Prior to joining, SiC plate surface
(15 x 6 mm?) was ground by 400# diamond wheel and ultrason-
ically cleaned in ethanol. The average surface roughness (Ra) of
SiC was measured to be 0.13 wm. The TiC tape was sandwiched
between two SiC plates and the sets were clamped by a graphite
jig. About 0.1 g Al was put above the tape to obtain dense inter-
layer. Joining procedures were carried out at 900-1100 °C for
0.5-2h in vacuum.

Phase constituents were determined by X-ray diffractome-
try (XRD, RINT2000, Rigaku, Japan) on the infiltrated bulk
sample. The joined SiC samples were sectioned perpendicular
to the interlayer and polished down to 0.5 pm diamond sus-
pension. Microstructure observations on the polished surface
and the fracture surface were performed via scanning electron
microscope (JSM-5600, JEOL, Japan) equipped with energy
dispersive spectroscopy (EDS JED-2300, JEOL, Japan). To
determine porosity of the samples, quantitative analyses of SEM
photographs were carried out using a free software ImageJ.?? 3-
point bending strength was measured on 4 x 3 x 26 mm?> beams
with a span of 20mm at a crosshead speed of 0.5 mm/min.
The tensile surfaces of the specimens were polished to a
0.5 pm diamond finish and the edges of tested specimens
were bevelled. At least 3 specimens were used for the strength
measurements.

3. Results and discussion
3.1. Infiltration of TiC preform by Al melts

Due to the difficulty to determine the phase constituents
of a thin joint interlayer, we conducted the infiltration of Al
melt to TiC preform and then carried out the XRD analysis
and SEM observations on the bulk composite. Infiltration of
Al into the TiC preforms was successful at 1000 °C, whereas
it was unsuccessful at 800 °C. The corresponding XRD pat-
tern of the infiltrated composite is shown in Fig. 1(a). Clearly,
the prepared sample is composed of predominant TiC and Al
phases as well as little amount of reaction-formed compounds
like TiAlz and Al4Cs. In the literature, the Al-based metal matrix

composites and the wetting of TiC ceramics by Al melt had
been extensively investigated.>32> The reactions between Al
and TiC were found to be complicatedly affected by the prepa-
ration methods and processing parameters, generally producing
new compounds including TiAlz and Al4C3 at a temperature
lower than 1000 °C,23-2* consistent with the results herein.

The low-magnification backscattered SEM (BSEM) image of
the prepared sample, as shown in Fig. 1(b), exhibits some extin-
guished features. For instance, the microstructure consists of
mainly gray areas and many bright needle-like ones with width
of 10-25 pwm and length of 50 wm to several hundred microm-
eters. The needles show obviously large size, high aspect ratio
and bright contrast. At higher magnification, as presented in
Fig. 1(c), the contrast difference between gray area and bright
needles in Fig. 1(b) is attributed to the filled phase in TiC pre-
forms.

A typical BSEM image of the gray area in Fig. 1(b) is given
in Fig. 1(d), which consists of bright TiC phase and gray Al
phase, as well as a few dark pores. Some white particles near or
within pores originate from the metal debris of polishing plate.
Fig. 1(e) shows the microstructure of a representative needle-
shaped area (surrounded by the black dot lines), which contains
bright TiC phases and light gray phases and a few micropores.
EDS analysis suggests that the light gray areas are rich in Ti and
Al elements (not shown here), which are most likely attributed
to the TiAlz phase, as discussed below. The measured porosity
of Fig. 1(d) is around 1.1% and that of the needle area in Fig. 1(e)
is about 0.9%, therefore the prepared composite is nearly fully
dense. The Al4C3 phase is hard to be distinguished from other
phases under present examinations due to its small fraction. In
fact, the needle-like TiAlz phase has been frequently observed in
Al-2024 infiltrated TiC composites and spray deposited TiC/Al
composites.’®2” The reasons for the large-sized TiAl3 grains
are not clear now, but likely attributed to the fast growth and
coalescence of smaller grains.

3.2. Joining of SiC by Al infiltrated TiC tapes

A SEM microstructural observation of SiC joint bonded at
1000 °C for 1h by Al infiltrated TiC tape (i.e. joint TCA1060)
is presented in Fig. 2(a), in which dense interlayer (poros-
ity <0.2%) with a thickness of 45 pum and crack-free interface
between interlayer and SiC base can be seen. With a further
examination at backscattered model and higher magnification,
as shown in Fig. 2(b), we find that the microstructure within the
interlayer is close to that of the bulk composite prepared at the
same temperature, although the volume fraction of each phases
might be varied with the preparation methods of TiC material.
However, the interfaces at both sides are different in layer thick-
ness and number. At the left side, the interface contains one
light gray layer close to interlayer with a thickness around 3 wm
(marked by I) and another dark gray layer near to SiC substrate
with a thickness less than 1 pwm (marked by II). On the other
hand, there is only one dark gray layer at the right interface
(marked by III).

EDS pattern indicates that the layer I (the white cross in
Fig. 2(b)) is rich in Al element and mainly consists of pure
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Fig. 1. (a) XRD pattern, (b) low-magnification and (c) higher magnification backscattered SEM examinations of TiC preform infiltrated by Al at 1000 °C for 1 h in
vacuum. The typical BSEM images of: (d) the gray area and (b) the needle-shaped area in (b).

Al metal, as shown in Fig. 2(c). The formation of Al segregation
layer is possibly related to the shrinkage of TiC tape and the fill
of gap with melted Al during infiltration. The layers Il and I1I are
attributed to the reaction-formed productions between Al melt
and SiC base, as discussed in Sections 3.3 and 3.4. In Fig. 2(b),
we also find two needle-like areas within interlayer and mark
them by black dot lines. One of them extends from interlayer to
SiC substrate. At the downside of left interface, the needle-like
grain (the black cross in Fig. 2(b)) does not contain TiC particles
and its size is large enough for EDS analysis. The correspond-
ing result, as presented in Fig. 2(d), suggests that the primary
elements are Ti and Al, and the atomic ratio of Al to Ti is close
to 3, verifying the presence of TiAlz phase. Note that the formed
TiAlz phase shows good bonding behavior with both TiC and
SiC.

3.3. Effect of joining parameters on the microstructure of
SiC joints

The observations of SiC joints bonded at different tempera-
tures and dwelling time are presented in Fig. 3(a) through (d). We
found that the microstructure within interlayer is independent
of the joining temperature and time. The interfaces, however,
vary significantly with joining conditions. As joined at 900 °C
for 1h (joint TCA960 in Fig. 3(a)) or 1000 °C for 0.5h (joint
TCA1030 in Fig. 3(c)), the interface microstructure of SiC joint
is similar to that of TCA1060 (Fig. 2(b)), which is composed of
a one-layer interface at one side and a two-layer structure at the
other side. As the joining temperature increases to 1100 °C (joint
TCA1160 in Fig. 3(b)), however, a two-layer microstructure is
observed at both sides and the thickness of this layer increases
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Fig. 2. (a) SEM and (b) backscattered SEM micrographs of the polished surface of SiC joint bonded at 1000 °C for 1 h by Al infiltrated TiC tape. EDS patterns of:
(c) the white cross and (d) the black cross in (b).

Fig. 3. Joining of SiC with Al infiltrated TiC tape at: (a) 900 °C for 1h, (b) 1100 °C for 1h, (c) 1000 °C for 0.5 h and (d) 1000 °C for 2 h.
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Fig. 4. EDS line-scan analysis on: (a) the one-layer interface and (b) the two-layer interfaces of SiC joint bonded at 900 °C for 1 h.

obviously. At the down side of right interface in Fig. 3(b), a dark
gray grain marked by white cross connects the interlayer with
SiC substrate. EDS analysis (not shown) suggests that the grain
contains mostly Al, O and C elements, possibly the mixed com-
pounds of Al,O3 and Al4C3. The Al;O3 might be a result of the
reaction between Al and the absorbed oxygen in starting powder
or the SiO; layer on the surface of SiC substrate. With extending
the joining time to 2 h at 1000 °C (joint TCA102h in Fig. 3(d)),
the microstructure similarly consists of a two-layer interface at
both sides and contains some Al;O3—Al4C3 compound grains at
interface. Also, the needle-like areas containing TiC and TiAl3
are one of the evident microstructure features in all joints, as
marked by black dot lines in Fig. 3(a) through (d).

To further clarify the difference between the one-layer and
the two-layer interfaces, joint TCA960 was selected for the EDS
line-scan analysis, with the results presented in Fig. 4(a and b).
In the one-layer case (Fig. 4(a)), the reaction layer is gener-
ally composed of Al and Si elements and their content changes
successively through this layer. Whereas in the two-layer side
(Fig. 4(b)), besides the presence of a Al-Si layer close to SiC
base, there exists another layer consisting of only Al with about
2 wm in thickness, which might be related to the low solubility
of Siand Ti in the Al melt. These results indicate that the compo-
sitions of interfaces vary with their types and hence change their
phase constituents, and finally affect their mechanical response.

Furthermore, based on the microstructure observations, we
found that the joining temperature exhibits stronger influence
on the growth rate of the interface layer thickness relative to the
dwelling time, which is closely related to the mechanical perfor-
mance of the prepared SiC joints. For example, joint TCA1160
exhibits the thickest interface layer and its reaction-formed layer
shows a thickness of about 2 um, as indicated by layer I in
Fig. 3(b).

3.4. Mechanical properties and fracture surface
observations of SiC joints

The dependence of bending strength on joining temperature
is presented in Fig. 5(a), where the SiC joint strength keeps at

about 240 MPa as joined at 900 °C and 1000 °C, and decreases
to 190 MPa at 1100°C. We also have prepared the joint at
1200 °C, but its strength is so low that the specimens fractured
from interlayer during machining process. At a fixed tempera-
ture of 1000 °C, the effect of joining time on bending strength
is depicted in Fig. 5(b). We found that the bending strength
increases from 220 MPa to 240 MPa when extending the time
from 0.5h to 1h, and keeps at this value up to 1.5h. Further
lengthening the time to 2 h leads to the increase of joint strength
to 260 MPa. The quick decline of strength at high joining tem-
peratures is attributed to the interface thickening and possibly
the increased porosity in the interlayer for the evaporation of Al
in vacuum.

From the opinion of fracture origin, joint TCA1160, namely
the one having the lowest strength, generally fractures along
the interlayer. In the other cases, SiC joints show a mixed
fracture behavior, i.e. cracking from both the interlayer and
SiC base. A typical fracture surface of joint TCA1060 is
shown in Fig. 6(a), which consists of both gray area and
bright area. Under higher magnification, as shown in Fig. 6(b),
we found that the gray area shows the transgranular mor-
phology of SiC base and the bright area exposes many
intergranular faces. The fracture origin must be located in the
bright area because the strength of joint TCA1060 (240 MPa)
is lower than that of SiC substrate (450 MPa). EDS result
suggests that the bright area contains Al-Si—-O-C elements
(Fig. 6(c)), indicating the presence of complicated reaction
products, possibly including Si, Al4Cs and Al,O3. The reac-
tions at Al/SiC interface have been reported in the literature
and similar reaction products have been identified in details
2829 In fact, the bright area corresponds to the reaction-
formed layer, e.g. layers II and III in Fig. 2(b) or layer I in
Fig. 3(b).

The infiltration process and the joint microstructure are illus-
trated by a schematic in Fig. 7: Firstly, we setup a sandwich
structure of SiC/TiC tape/SiC (Fig. 7(a)). As the temperature
increases, the binder is burned away, leading to the shrinkage of
interlayer. When Al melts, it infiltrates into the interlayer and fills
the pores, as shown in Fig. 7(b). During infiltration, Al reacts
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Fig. 5. The dependence of bending strength on: (a) different joining temperatures for 1 h and (b) varied joining time at 1000 °C.

with TiC and SiC simultaneously, forming TiAl3 phase and a
reaction-formed layer (Fig. 7(c)). TiAlz grains grow up to form
a needle-like shape and the thickness of the reaction-formed
layer increases with an increase in the joining temperature and
time, as presented in Fig. 7(d).

Finally, it is worth to emphasize the most important aspects
of the present study as follows: firstly, Al infiltrated TiC tape

is found to be feasible for the joining of SiC and can produce
SiC joint with strength higher than 190 MPa as bonded in the
temperature range from 900 °C to 1100 °C for different time up
to 2 h. Secondly, compared with the dwelling time, the joining
temperature leads to the relatively quick growth of reaction-
formed layer in thickness. Most importantly, the present results
provide a candidate method for the production of large-sized
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Fig. 6. (a) A typical fracture surface of SiC joint bonded at 1000 °C for 1h by Al infiltrated TiC tape and (b) the fracture morphology at higher magnification. (c)

EDS pattern of the area in (b) marked by a dark square.
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Fig. 7. A schematic on the microstructural evolution of interlayer during reactive infiltration process: (a) sandwich of SiC/TiC tape/SiC, (b) melt infiltration of Al
into interlayer, (c) reactions between Al and TiC/SiC, (d) the growth of TiAl3 grains and the thickening of reaction-formed layer.

engineering components and structures served at temperatures
lower than 500 °C.

4. Conclusions

Commercially available SiC ceramics were successfully
joined by Al infiltrated TiC tape at 900-1100°C for 0.5h to
2h in vacuum. The SEM observations suggest that SiC joints
show dense interlayer and crack-free interface. The phase con-
stituents of the interlayer are predominantly composed of TiC
and Al phases, together with a quantity of needle-like TiAl3
alloy and trace amount of Al4C3 compound. The interface
microstructure varies significantly with joining conditions. At
low temperatures and short dwelling time, the interlayer con-
tains a reaction-formed interface at one side and a two-layer
structure, i.e. an Al-rich layer adding a reaction-formed layer,
at the other side. With increasing the joining temperature and
time, the two-layer microstructure is formed at both sides and
its thickness increases significantly. The bending strengths of the
prepared SiC joints are measured to be higher than 190 MPa. The
significant decrease of strength with temperature is believed to
be closely related to the interface microstructure and possibly
the interlayer porosity.
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