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Irradiation effect of y-ray on polyvinylsilane (PVS), which is a liquid organosilicon polymer,
was investigated and the optimum curing condition to synthesize a minute SiC product with
radiation curing was discussed. Room temperature and liquid nitrogen temperature (77 K)
were examined as the irradiation temperature. In both cases, the cured PVS maintaining its
formed shape could be obtained by y-ray irradiation under vacuum, and the cured PVS in
solid state at room temperature was obtained by irradiation with dose of above 3-4 MGy. It
was found that the efficiency of crosslinking in case of the irradiation at room temperature
is higher than that in case of irradiation at 77 K. The PVS injected into a mold was irradiated
by y-ray with dose of 3.6 MGy at room temperature under vacuum, and pyrolyzed at 1273 K

in Ar gas atmosphere. As a result, minute SiC products which had similar shapes to the
mold and the sizes of 30-60 uwm were obtained. © 2004 Kluwer Academic Publishers

1. Introduction
In the fields of aerospace technology and atomic energy
development, the maintenance of equipments such as
engines, cooling pipes, and so on, are indispensable
for safe operation. However, inside of jet engines and
inside of pipes in the nuclear power generator are haz-
ardous environment such as high temperature, narrow
space, and radiation. Therefore, it is important to de-
velop a micromachine that conduct the maintenance
of equipments in place of a human being, using mi-
croelectromechanical systems (MEMS) technology. In
such a background, ceramic materials are more useful
than polymers and metals because of their excellent me-
chanical properties, and thermal and chemical stability.
Several researchers have reported about fabrication of
minute ceramic products such as SiCN, ZrO;, Al;Os3,
SiC, and SiOC for the applications for MEMS [1-6].
Silicon carbide (SiC), which has high strength, good
thermal resistance, and stability against radiation or en-
vironment, is expected to be used as a structural material
for heat resisting material of aerospace, and first wall of
fusion reactor. If some parts of micromachines (bodies,
gears, etc.) were made of SiC, a maintenance system
which is available in hazardous environment could be
realized. Furthermore, since the SiC is inert for the liv-

00222461 © 2004 Kluwer Academic Publishers

ing things [7], an allergy-free medical catheter could
be produced if a rotating blade for treatment in a blood
vessel is made of SiC.

On the view point of fabrication of the ceramic prod-
ucts with the size ranging from several um to several
mm, the pyrolysis of preceramic polymers is a most
advantageous method. Since the preceramic polymers
have high formability, minute formed bodies with m-
order size or complex shapes are obtained easily. We
have examined synthesis of a minute SiC product with
the size ranging from several um to several mm from
preceramic polymer along the following process as one
way: (1) injection of preceramic polymer into a mold,
(2) radiation curing of the polymer, and (3) pyrolysis of
the cured polymer in an inert gas atmosphere. Itis useful
to use a liquid preceramic polymer as a starting mate-
rial in order to inject the polymer into the mold with
pm-order size. Thus, polyvinylsilane (PVS), which is a
liquid organosilicon polymer at room temperature, was
selected as the starting material in this work.

The curing treatment is necessary to synthesize a SiC
product from the PVS, because a SiC maintaining its
formed shape can not be obtained when the PVS is py-
rolyzed without curing treatment. Generally, the curing
treatment of the preceramic polymer is conducted by
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heat treatment. However, the PVS is thermally degraded
above 500 K in argon gas atmosphere. While a reflux
heat treatment is effective for the curing of PVS, it is
necessary to conduct the heat treatment above 550 K
[8]. On the other hand, in case of the radiation curing,
it is possible to conduct the curing treatment at around
room temperature, and furthermore, the irradiation con-
ditions such as atmosphere, dose rate, dose, and so on,
can be controlled optionally. Therefore, the radiation
curing is advantageous over the heat treatment, and is
adopted for the curing of PVS in this work.

In this paper, irradiation effect on the PVS was in-
vestigated, and the optimum condition for the curing of
PVS in order to synthesize a minute SiC product was
discussed.

2. Experimental procedure

2.1. Material

Polyvinylsilane (PVS) is synthesized by radical poly-
merization of vinylsilane (CH,=CHSiH3) in an au-
tocrave using azobis(isobutyronitrile) [9]. It is a vis-
cous liquid polymer with viscosity of about 200 mPa - s
at 298 K, and has a weight average molecular weight
(M,,) of 2.8 x 10, a number average molecular weight
(M) of 9.6 x 10%, and a molecular weight distribution
(My, /M) of 2.90. The chemical structure of PVS is
shown in Fig. 1. The unit ratio of n/n’ is almost 1.

2.2. Irradiation of PVS

PVS was put into a glass tube, and then the tube was
evacuated and sealed. The PVS was irradiated by ®°Co
y-ray at dose rate of 30 kGy/h and to dose of 15 MGy
as maximum at liquid nitrogen temperature (77 K), and
at room temperature under vacuum.

2.3. Measurements and analyses

The gases evolved from the PVS after the irradiation
were analyzed by gas chromatograph (Gas Chromato-
graph 163, Hitachi). The measurement was conducted
at room temperature. In case of the irradiation at 77 K,
the specimen was heated to room temperature just after
the irradiation.

Electron spin resonance (ESR) measurements for
the PVS after the irradiation were conducted (JES-
TE, Jeol). The free radical concentration was cal-
culated from the spectral intensity by using CuSO4
(1.53 x 10" spins/g) as calibration. The measurements
of the PVS irradiated at 77 K and at room tempera-
ture were conducted at 77 K and at room temperature,
respectively. In case of the irradiation at 77 K, the irra-
diated PVS was heat-treated at melting point of several
reagents such as ethanol (158.5 K), methanol (175.2 K),
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Figure 1 Chemical structure of polyvinylsilane.
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chloroform (209.5 K), carbon tetrachloride (249.2 K),
and so on, and the change of the free radical concentra-
tion was investigated.

Gel fractions of the irradiated PVS were measured by
using tetrahydrofuran (THF) as a solvent. The extrac-
tion time was 10 h, and the measurement was conducted
at room temperature. The gel fraction was estimated by
the equation as follows:

Gel fraction(%) = [Mass after extraction (g)]/[Mass

before extraction (g)] x 100

The PVS after irradiation and pyrolysis at 1273 K
in Ar gas atmosphere was observed by a digital mi-
croscope (VH-6300, Keyence) and scanning electron
microscopy (JSM-5600, Jeol).

3. Results and discussion

3.1. Radiation curing of PVS

When the PVS was irradiated by electron beam (2 MeV
of accelerating voltage, 972 kGy/h of dose rate, and
3 MGy of dose) at room temperature under vacuum, the
PVS was foamed and solidified, as shown in Fig. 2a.
This indicates that the cured PVS maintaining its
formed shape can not be obtained in this condition.
Such foaming is considered to be caused by that gas
evolution and crosslinking of molecules occur simulta-
neously during the irradiation, as discussed in the next
section. That is, the evolved gases by the irradiation are
remained inner the specimen due to sudden crosslink-
ing of molecules. There, the PVS was irradiated by ®°Co
y-ray (30 kGy/h of dose rate) with intension to reduce
the rate of crosslinking during the irradiation. Although
some specimens were foamed and solidified after the
irradiation same as the electron beam irradiation, spec-
imens which have large surface area (Fig. 2b and c)
or small aspect ratio (Fig. 2d and e) are cured without
foaming and maintain their formed shapes. That is, if
the gases evolved during irradiation can come out of
the specimen, it is possible to prevent the foaming of
PVS.

On the other hand, the PVS was irradiated in the
state of freeze by using liquid nitrogen with intension
to suppress the gas evolution during the irradiation. In
this case, the foaming of the PVS such as in the case of
electron beam irradiation did not occur, and the cured
PVS in solid state at room temperature was obtained
not depending on the shape of specimen. Since the ir-
radiation effect on the polymers such as polyethylene,
polypropylene, and so on, is almost same between y -
ray and electron beam [10], the irradiation at liquid
nitrogen temperature (77 K) is considered to be useful
in the case of the curing of PVS by electron beam ir-
radiation. And this may lead the irradiation time to be
short.

According to the results mentioned above, it was
found that the PVS can be cured without foaming by
the y-ray irradiation at room temperature or 77 K, and
it is good to select the irradiation temperature depend
on the shape of the specimen.



Figure 2 Photographs of PVS after irradiation: (a) PVS irradiated by electron beam (2 MeV of accelerating voltage, 972 kGy/h of dose rate) with dose
of 3 MGy at room temperature under vacuum, (b), (¢), (d), and (e) PVS irradiated by 0Co y-ray (30 kGy/h) with dose of 3 MGy at room temperature
under vacuum ((b) and (c): 16 mm of inner diameter of glass tube, (d) and (e): 4 mm of inner diameter of glass tube).

3.2. Irradiation effect of y-ray on PVS

Since it was found that the cured PVS without foaming
could be obtained by y-ray irradiation at room temper-
ature and 77 K, the irradiation effect on the PVS was
investigated in both cases.

Fig. 3 shows the evolved gases from the PVS af-
ter the y-ray irradiation. The measurements were con-
ducted at room temperature, and the gases measured
in case of irradiation at 77 K are what evolved during
heating up to room temperature. In both cases, hydro-
gen (Hp), ethylene (C,H,), methane (CHy4), and ethane
(C,Hg) were detected. The major gases were H, and
C,Hy4, and occupied about 98% in molar ratio of the to-
tal gas. The H, gas is considered to evolve mainly due
to scission of Si—H bonds, because the covalent bond

energy of Si—H (318.0 kJ/mol) is lower than that of
C—H (410.5 kJ/mol) [11]. The gases of hydrocarbons
are considered to evolve due to scission of end groups
or branch groups. In case of the irradiation at room tem-
perature, the amount of evolved gases is more than that
in case of irradiation at 77 K. This is because that the
scission of bonds during y -ray irradiation occurs more
frequently at room temperature due to higher mobility
of molecules compared with that at 77 K.

When the bonds are broken by y -ray irradiation, free
radicals are produced. They recombine each other, and
the gases as mentioned above evolve. On the other hand,
the free radicals trapped in the PVS recombine each
other, and crosslinking of molecules occurs. However,
the radicals, which do not contribute to crosslinking,
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Figure 3 Evolved gases from PVS after y-ray irradiation at room tem-
perature and at liquid nitrogen temperature (77 K): (a) hydrogen and
ethylene, and (b) methane and ethane.

are remained in the PVS. Such remaining radicals are
needed to be vanished without exposing to the air, be-
cause they are easy to react with oxygen in the air [12].
Fig. 4 shows ESR spectra of PVS after y-ray irradia-
tion with dose of 7 MGy. In case of the irradiation at
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Figure 4 ESR spectraof PVS after y-ray irradiation with dose of 7 MGy
at room temperature and at liquid nitrogen temperature (77 K) under
vacuum.
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room temperature, the spectrum shows no peaks except
for the peak due to quartz tube for ESR measurement
(shown as “Blank™). This indicates that there is no re-
maining radicals in the irradiated PVS. That s, all of the
radicals produced by irradiation recombine each other
after the irradiation. This fact supports that the foam-
ing of PVS as shown in Fig. 2a is caused by that the
gas evolution and crosslinking occur simultaneously
during the irradiation. Furthermore, this result means
that the treatment to vanish the remaining radicals is
not necessary in the case of irradiation at room tem-
perature under vacuum. Therefore, the cured PVS can
be pyrolyzed into the SiC product without any extra
pre-treatment.

On the other hand, in case of the irradiation at 77 K,
the spectrum shows a single broad peak with peak
to peak width of about 3.4 mT. Such spectrum has
been reported in the case of y-ray irradiation for poly-
carbosilane (peak to peak width of 2.5 mT), whose
chemical structure is represented as -(Si(CH3),CHj) -
(Si(CH3)HCH>),,y-, at 77 K under vacuum [12]. In this
report, the broad peak has been considered to be con-
sisted of Siradicals and C radicals. The PVS has Si—H,
C—H, and Si—C bonds same as the polycarbosilane.
Therefore, the remaining radicals in the PVS maybe
also consisted of Si radicals and C radicals, and the
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Figure 5 Results of ESR measurements of PVS irradiated by y-ray at
liquid nitrogen temperature (77 K): (a) free radical concentration in PVS
after irradiation, and (b) change of free radical concentration by heat
treatment.
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Figure 6 Relationship between dose of y-ray irradiation and gel fraction
of PVS.

broad peak may indicate that the environment around
the radicals in the PVS is more complex than that in
the polycarbosilane. The concentration of the remain-
ing radicals in the PVS after irradiation increased with
increasing in the dose, as shown in Fig. 5a, and is al-
most saturated above the dose of 10 MGy. However,

not depending on the dose, the concentration of the re-
maining radicals was decreased by heat treatment, and
it became almost negligible at the treatment tempera-
ture of about 270 K (Fig. 5b). This result means that
the free radicals produced by y-ray irradiation at 77 K
under vacuum can be vanished completely by heating
up to around room temperature.

Although the as-received PVS is soluble in the sol-
vent such as benzene, tetrahydrofuran, and toluene, the
PVS cured by y-ray irradiation becomes insoluble in
the solvent due to crosslinking of molecules. Fig. 6
shows the relationship between the dose of y-ray irra-
diation and ratio of the insoluble component, that is, the
gel fraction of PVS. The gel fraction was measured at
room temperature. The gel fraction of PVS irradiated at
room temperature shows higher than that of PVS irra-
diated at 77 K. At the dose of 1.5 MGy, the gel fractions
are 50 and 2% in case of the irradiation at room tem-
perature and at 77 K, respectively. This indicates that
the efficiency of crosslinking in case of the irradiation
at room temperature is higher than that in the case of
irradiation at 77 K. This is caused by that the mobility
of molecules at room temperature is higher than that at
77 K. The PVS with gel fraction of over 55% becomes
solid. It is desirable to make the PVS solid in order to

Figure 7 Photographs of minute SiC products synthesized from PVS with y-ray curing: (a) mold which is made of nickel, and coated with rhodium

(pattern depth of 10 um), (b) and (c) obtained minute SiC products.
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maintain the formed shape during subsequent pyrolysis
process, therefore, the PVS is needed to be irradiated
by y-ray with dose of over 3—4 MGy.

According to the results mentioned above, it was con-
cluded that the y-ray irradiation at room temperature
is advantageous in the curing process of the PVS if the
foaming of the PVS does not occur. And, a solid cured
PVS maintaining its formed shape is obtained by y-
ray irradiation with dose of above 3—4 MGy at room
temperature under vacuum.

3.3. Minute SiC products synthesized
from PVS with radiation curing

The PVS injected into a mold as shown in Fig. 7a was
irradiated by y-ray with dose of 3.6 MGy at room tem-
perature under vacuum. After the irradiation, the cured
PVS maintained its formed shape. The cured PVS was
converted into the SiC products by pyrolysis at 1273 K
for 1 h in Ar gas atmosphere (shown in Fig. 7b and
¢). The obtained SiC products had similar shapes to
the molds. And the sizes of the products were about
30 and 60 pm in side or diameter, and about 5 pm in
thickness. This result suggests that it is also possible
to synthesize a minute SiC product with 2-dimensional
complex shape such as a gear, in principle. The PVS
is a very useful preceramic polymer to synthesize the
minute SiC products.

4. Conclusions

In this work, irradiation effect on polyvinylsilane
(PVS), which is a liquid organosilicon polymer, was
investigated and the optimum curing condition to syn-
thesize a minute SiC product with radiation curing
was discussed. The following concluding remarks were
obtained.

(1) The PVS is crosslinked and solidified maintain-
ing its formed shape by the y-ray irradiation with dose
of 3—4 MGy under vacuum.

(2) In case of the irradiation at room temperature,
the treatment to vanish the remaining free radicals in
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the PVS after irradiation is not necessary, because all
of the radicals produced in the PVS recombine each
other. Therefore, the cured PVS can be pyrolyzed into
the SiC product without any extra pre-treatment. Even
in the case of the irradiation at 77 K, the remaining
free radicals can be vanished by heat treatment at about
270 K.

(3) Minute SiC products were synthesized from the
PVS with y-ray curing. The obtained SiC products had
similar shapes to that of the molds, and the sizes of the
products were about 30 and 60 um in side or diameter,
and about 5 pum in thickness.

References

I.L. A. LIEW, W. ZHANG, V. M. BRIGHT, L. AN, M. L.
DUNN and R. RAJ, Sens. Act. A 89 (2001) 64.

2. L. A. LIEW, Y. LIU, R. LUO, T. CROSS, L. AN, V.
M. BRIGHT, M. L. DUNN, J. W. DAILY and R. RAJ,
ibid. A 95 (2002) 120.

3. R. A. SARAVANAN, L. A. LIEW, V. M. BRIGHT and
R. RAIJ, J. Amer. Ceram. Soc. 86 (2003) 1217.

4. W. BAUER and R. KNITTER, J. Mater. Sci. 37 (2002)
3127.

5.J. F. LI, S. SUGIMOTO, S. TANAKA, M. ESASHI and
R. WATANABE, J. Amer. Ceram. Soc. 85 (2002) 261.

6. P. COLOMBO, K. PERINI, E. BERNARDO, T.
CAPELLETTI and G. MACCAGNAN, ibid. 86 (2003)
1025.

7. P. ASPENBERG, A. ANTTILA, Y. T. KONTTINEN, R.
LAPPALAINEN, S. B. GOODMAN, L. NORDSLETTEN
and S. SANTAVIRTA, Biomaterials 17 (1996) 807.

8. A. IDESAKI, Y. MIWA, Y. KATASE, M. NARISAWA,
K. OKAMURA and M. ITOH, J. Mater. Sci. 38 (2003)
2591.

9. M. ITOH, K. IWATA, M. KOBAYASHI, R. TAKEUCHI
and T. KABEY A, Macromolecules 31 (1998) 5609.

10. Y. HARUYAMA, Y. MORITA, T. SEGUCHI, R.
TANAKA, T. KANAZAWA, K. YOTSUMOTO and K.
YOSHIDA, “Report of Japan Atomic Energy Research Institute,”
JAERI-M 88-197 (1988).

11. “Chemical Bond Energy” in Chemical Handbook, Vol. 2, edited by
S. Seki (Maruzen Co. Ltd., Tokyo, Japan, 1975) p. 975.

12. M. SATOH, T. YAMAMURA, T. SEGUCHI and K.
OKAMURA, J. Chem. Soc. Jpn. 5 (1990) 554.

Received 2 October 2003
and accepted 6 May 2004



