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Abstract: The joining of graphite, ceramic SiC and C:/SiC composites via preceramic silicone resin( SR) at high

temperature (800 = 1400 C) was studied. The curing and pyrolysis process of SR, pyrolysis temperature, inert and

active fillers were especially discussed. The results show that the curing process of SR was accomplished by consu-

ming Si—OH. The temperature of 1200 C is the appropriate treating temperature for graphite and SiC ceramic, and

the temperature of 1400 C is suitable for C¢/ SiC composites. Inert filler SiC powder(5% , mass fraction) has much

positive influence on the shear strength of the joints. Active filler nano Ai, Sipowder can greatly improve the prop-

erties of the joints treated at high temperature. The improvement is over 700% .
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1 INTRODUCTION

Ceramic matrix composites(CMC) have many
advantages, such as high strength at high tempera-
ture, high rigidity, high wearability, high endur-
ance of chemical erode, and low coefficient of ther-

U2l " But it is difficult to manufac

mal expansion
ture complex ceramic or CMC components. So
joining simple components into complex ones is
necessary under such a situation. Joining tech-
niques of ceramics and CMC have been researched
in the areas of solid phase diffusion, high tempera-
ture welding and the methods by the similar mech-
anisms. The disadvantages of these methods lie in
huge energy waste at high temperature, high facili-
ty cost of the process, and severe damage to the

4]

substrates' Pyro-joining ceramics and CMC

with preceramic at high temperature is a relatively

158 which relies on the joining

new joining process
by the ceramic pyrolyzed from the preceramic with
enhancing the joining properties of the materials at
high temperature. Compared with other methods,
it needs low joining temperature, short heat pres-
ervation, no pressure and vacuum, which can be
widely applied with relatively simple process. The
method can also maintain the similar joining phase
compared to the substrates. In this paper, joining
between 3D-Ci/ SiC composites by ceramics pyro-
lyzed from SR was realized. The influences of

pyrolysis temperature, inert and active filler

(Si powder and Al/Si nano-powder respectively)
were researched. In the mean while, the joining of
graphite and SiC ceramic as the components of the
3D-Ci/ SiC composites was discussed.

2 EXPERIMENTAL

2.1 Main raw materials

Preceramic SR ( chemical pure) is produced by
Dow Corning, USA. SiC powder (industrial pure)
with average grain diameter of 0. 4 H is made by
Zhengzhou No. 2 Grinding Wheel Works, China.
Al nano-powder (average diameter is 30 = 70 nm)
with purity of 98%~99. 9% is produced by Zhong-
kangda Nanotech Institute. Si nano-powder (aver
age diameter <30 nm) with purity over 99% is
produced by Institute of Metal Research, Chinese
Graphite is produced by
Xiangbei Graphite Works. SiC ceramic ( relative
density 99%) is fabricated by hot press method in
the laboratory. 3D-C:/SiC composites are prepared

Academy of Sciences.

by precursor infiltration process with carbon fiber
(Jilin Carbon Corp., China) as reinforcement and
8: 1: 1 asthe fiber volume fraction in X, Y, Z dr
rections. The fiber volume fraction is 45% .

2.2 Experimental process and testing characteriza-
tion
SR(adding SiC powder or Al/Si nano-powder
partially) and ethanol were mixed in solution and
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daubed on the substrates whose surfaces had been
Then the
joints were cured at 250 C for 2 h and pyrolyzed in

polished and ultrasonically cleaned.

Ar atmosphere with heating speed of 2 C/ min to a
certain temperature. They were cooled down at the
same speed. Shear strengths were tested, and in-
frared ray (IR, Hitachi270-30) spectrum, thermo-
gravimetry analysis( TGA, TAS10-0), X-ray dif-
fraction( XRD, Siemens-D500) and scanning elec
tron microscope( SEM, JSM-5600LV) information

were got from the joints.

3 RESULTS AND DISCUSSION

3.1 Curing and pyrolysis of SR
3.1.1 Curing of SR
The IR spectra of SR cured at 250 C for 2 h

are shown in Fig. 1.
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Fig. 1 IR spectrums of SR before(a) and

after(b) curing at 250 C for 2 h

As illustrated in Fig. 1, Si—0O —Si bonds are
the main chain in general, and —CH;, —OH,
—Ph are in the side chains. Evident Si —OH peak
exists in 3600 3000 cm™'. Comparing curves ( a)
with (b) in Fig. 1, it can be seen that the curing of
SR is accomplished by the method of consuming
Si—OH. The reaction is

—Si—OH+ HO —Si———

—Si—0 —8Si—+ H:20 (1)

Si—0 —Si structure is formed by dehydration
reaction in SR. The poly molecules construct a
structure of highly cross-linked reticulation that is
not melted and dissolved, and gain higher stability
and ceramic yield at high temperature.

3.1.2 Pyrolysis of SR

TGA of SR pyrolyzed at 5 C/ min is shown in
Fig. 2. As shown in Fig. 2, SR emits molecular
fragments and loses its mass gradually with the in-
creasing heating temperature. The remarkable
mass loss between 400 and 600 C is mainly due to

the breaks of the side chains of SR and the emitted
molecular fragments. With the temperature going
up to about 1000 C, the mass-loss ratio reduces to
a low level and the former SR changes to Si—0 —C

ceramic structure.
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Fig.2 TGA curves of SR

In Fig. 3, the XRD curves of Si —0 —C ceram-
ics pyrolyzed at 800 and 1 000 C are smooth with a
protuberant shape at about 20= 21°, corresponding
to the amorphous C. No SiO:2 and SiC crystals ex-
ist under thus conditions. Small peaks appearing in
the XRD curve at 1 200 C means SiO2 and SiC
crystals begin to appear, but most of these matters
are amorphous. Under this condition, the crystals
are generally small, which is beneficial to the prop-
erty of the joints!”.
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Fig. 3 XRD patterns for SR pyrolyzed at

different temperatures
(a) —800 C; (b) —1000 C; () —1200 C; (d) —1 400 C

3.2 Influence of pyrolysis temperature
Different structures and properties of the
joints are achieved at different pyrolysis tempera-
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tures. Table 1 lists the properties of the joints
achieved from the SR/ethanol solution treated at
different temperatures for 5 h.

Table 1 Shear strengths of joints made by
4 ¢/ mL. SR/ ethanol solution treated at
different temperatures for 5 h( M Pa)
Joint 800 C 1000 °C 1200 C 1400 C

SiC/ SiC 1.31 9.17 14. 14 4.27

Graphite/ graphite  0.38 0.44 3.84 3.30
Ci/ SiC/ Ci/ SiC 0 0 1.40 3.51

As listed in Table 1, the shear strengths have
been enhanced until the temperature of 1 200 C,
while decrease when the temperature is beyond
1400 C. The structures and properties of Si—0 —
C ceramics achieved at different pyrolysis tempera-
tures are the main reason of the tendency. The ce
ramic yield alters from 84% at 800 C to 78% at
1400 C.

Fig. 4 shows the SEM photographs of the
joints made by 6 g/ mL. SR/ ethanol solution treated
for 5h at different temperatures. Fig. 4 shows that
the higher the pyrolysis temperature is, the thin-
ner the joints are. For instance, the thickness of
the bonding layer between graphite treated at 1 000

e v ¥ e W 4 i o

-4

(a) i BEA, 1» 8 Nl
’ u i

I 15 -Mavxea T

C is about 40 Mm, while it is about 5 ~6 Hm at
1400 C. The thickness of the bonding layer
between Ci¢/ SiC treated at 1200 C is about 25 Um,
while it is about 1Hm at 1 400 C. Suitable thin
bonding layer is good for the properties of the
joints.

Fig. 5 shows the SEM photographs of the
joints treated at different temperatures for 5 h.
The bonding layer treated at 1200 C is more com-
pact than that at 1400 C as shown in Fig. 5. Al
though in the bonding layer there are cracks,
which are vertical to the interface, they are not the
source of cracks in the shear strength test and do
no harm to the properties of the joints. The rup-
tures of the samples treated at 1400 C often occur
in the interface between the bonding layer and the
substrates. It is mainly because of the growth of
the crystals, loose bonding layer and defects crea
ted at such temperature. So the temperature of
1200 Cis the appropriate treating temperature for
graphite and SiC ceramic, and the temperature of
1400 C is suitable for Ci/SiC composites. The
reason is probably that the ceramic pyrolyzed from
SR is located on the complex and rough surface of
the composites to enhance the properties of the
joints. Its mechanism is to be further investigated

in the future research.

Fig.4 SEM photographs of joints made at different temperatures

(6 g/ mL. SR/ ethanol with heating rate 2 C/ min)
(2) —Graphite, 1000 C; (b) —Graphite, 1400 C; (¢) —Ci/SiC, 1000 C; (d) —Ci/ SiC, 1400 C
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Fig. 5 SEM photographs of joints made at different temperatures
(Heating rate is 2 C/ min, holding time is 5 h)
(a) —Graphite, 1000 C; (b) —Graphite, 1400 C

3.3 Influence of inert filler

Appropriate amount of inert filler SiC powder
is added into the SR/ ethanol solution to decrease
the volume shrinkage of the Si —0 —C ceramic dur-
ing the process of the pyrolysis.

The shear strengths of the joints with differ-
ent contents of SiC powder treated at 1400 C for
2h with heating rate of 2 C/min are shown in

Table 2.

Table 2 Shear strengths of joints
with SiC powder

Mass ratio of SiC to SR/ % Shear strength/ MPa

0 3.51
2 3.43
5 5.44
10 1.45
20 0.44
30 0

Table 2 indicates that adding SiC powder
greatly influences the shear strength of the joints.
The main mechanism of inert filler SiC powder en-
hancing the properties is to restrict the volume
shrinks of the Si —0 —C ceramic during the pyroly-
sis. When the mass fractions of SiC powder are too
low, the powder can not control the volume
shrinks of the SR, but is just the impurity in the
ceramic which decreases the properties of the
joints. Too high mass fraction of SiC powder
decreases the mass fractions of the pyrolyzed
ceramic, and increases the probability of SiC pow-
der existing at the surface of the joints, which de-
creases the actual contacting area and the proper-
ties of the joints'"”. Furthermore, too much SiC
powder also makes the bonding layer much thic
ker, which will increase the appearing probability

of cracks and defects, and decrease the properties
of the joints. Deduced from Ref. [ 11], the critical
volume fractions ( which make the volume shrink-
age 0 when the preceramic is pyrolyzed) of the prece-

ramic and the inert filler § SR, c¢) and HIF, c) are

ASR, o)=a/(1- B (2)
AIF, ¢)=1- ¢/(1- af) (3)
where g is the pore fraction, ais the mass ratio of

the ceramic and the preceramic, i.e. ceramic yield.
Bis the density ratio of the preceramic and the ce-
ramic. In the paper, ¢ =0.56, a=0.83, B=0.51,
so ®(IF, ¢) =0. 02. The critical mass fraction is
converted to be 0. 05. The calculating result ac
cords with the experimental test. That is to say,
low shrinkage of the preceramic in the process of
the pyrolysis is an important factor to enhance the
properties of the joints.

3.4 Influence of active filler

Active filler can react with the production of
the pyrolysis and the protective atmosphere, and
enhance the ceramic yield of the preceramic. The
result of the reaction is to form new ceramic phase
and change the volume. So adding active filler is an
effective method to increase the ceramic yield of
the preceramic, and decrease volume shrinkage and
the pore fraction. SR/ ethanol solution( SR/ AFSi=
1. 67( mass ratio, %, the same below), Al/Si=
80/20) with nano Al and Si powder is used to make
the joints treated at 1 200 C for 1 h with heating
rate 2 C/ min.

The ceramic yield of SR with nano active filler
is enhanced from 82% to 96% measured by tests,
which is beneficial to increase the densification and
decrease the pore fraction in the ceramic.

Table 3 shows that the active filler enhances
the shear strengths of the joints. The reactions
that may occur during the pyrolysis of the SR with
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Table 3

Influence of inert and active fillers
on shear strength

Filler No filler

Inert filler Active filler

Shear strength/ MPa  1.40 5.44 11.25

nano Al, Si powder as
4A1+ 3Si0, —2A 103+ 3Si
4A1+ 3C A LCs
3Si+ ALCs —4Al+ 3SiC
Si+ C—SiC

[13]

A~ N N~
~N O\ D B
— — — —

According to
AGP = AH - T ASS -

ﬁdT/Tzﬁ Ac, (T)dT (8)

According to the raw data in Ref. [ 13], the
changes of Gibbs functions of the reactions during

800 to 1400 C are shown in T able 4.

Table 4 Gibbs functions of reactions between
SR and active fillers at different
temperatures( kJ/ mol)

e
AG o713k

. o o ©
Reaction AGrasx AGrannk  AGrensk

4Al+ 3810, —
2ALOs+ 381 690.55 — 668.85 - 647.15 - 625.45

—
Al 3C - 184.16 - 173.41 - 162.66 - 151.91
AlCs
3Si+ AliCs —
sl asic 100 T 1048 2297 = 28,66
i+ 30—
35”3;?(: - 213.69 - 199.17 - 180.93 — 159.6

Table 4 indicates that Reactions (4) and (7)
have relatively great tendency to occur at appropri-
ate temperature. However, the reaction to produce
harmful phase AliCs is relatively not easy to occur.

Fig. 6 shows the SEM image of the leftover of
the active filler in the ceramic pyrolyzed from SR.
It can be seen from Fig. 6 that the Si—0 —C ce-
ramic is very compact. Some leftover of the nano
powder ( be reunited) does not have much influence

Fig. 6 SEM image of pyrolyzed SR
added with active filler

on the integrality and the density of the ceramic.
Fig. 7 shows the XRD patterns of the ceramics
pyrolyzed from SR treated at 1 200 C. There are
peaks of Si, AliCs and Al besides the peaks of
Al20s, SiC and SiO2 anticipated in the patterns.
The chemical ratio of the active filler is inappropri-
ate to make some reactants directing the left'" .

o e — ALO3
o—SiC
¢ s — Si03
= — Si
7 0 — Al4Cs
+ — Al

30 40
20/(°)
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Fig. 7 XRD pattern for pyrolyzed SR
added with active fillers

4 CONCLUSIONS

The curing of SR is accomplished by consu-
ming Si—OH. The main mass loss occurs between
400 C and 600 C. With the temperature going up
to about 1 000 C, the mass-loss ratio reduces to a
low level and the former SR changes to Si—0 —C
ceramic structure. Effective joining at high tem-
perature is realized by Si—0 —C ceramic pyrolyzed
from SR/ethanol solution. The temperature of
1200 Cis the appropriate treating temperature for
graphite and SiC ceramic, and the temperature of
1400 C is suitable for Ci/SiC composites. Inert
filler SiC powder (5%) has much positive influence
on the shear strength of the joints. Active filler
nano Al, Si powder can greatly improve the prop-
erties of the joints treated at high temperature.
The improvement is over 700% .
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