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Mechanical and thermal properties of Si-C-N
material from polyvinylsilazane
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Commercial polyvinylsilazane was crosslinked and then crushed to powder. The powder
was compacted by cold isostatic pressing at 630 MPa and pyrolysed at 1050 °C in flowing
argon. Crack-free Si-C-N material was obtained. Bulk density of the material was

1.95 Mg m~3. Open porosity was 9.6 %. The material was amorphous as a result of X-ray
diffraction analysis. Elastic modulus measured by pulse-echo method was 105 GPa.
Vicker’s hardness calculated from indentation at 98 MPa was 6.1 GPa. Fracture toughness
measured by indentation fracture method was 2.1 MPam'/2. Average bending strength was
118 MPa. The material shrank 1.9 % in length during heating up to 1400°C in nitrogen. The
thermal expansion coefficient of the material heat treated up to 1400°C increase from

3.08 x1078°C~"at 100°Ct03.96 x 107°6°C~" at 1200°C. © 1998 Kluwer Academic Publishers

1. Introduction static pressing. Subsequent pyrolysis at 100 ar-
Silicon nitride and silicon carbide are candidates forgon orammonia atmosphere of the obtained green body
high temperature structural materials since they havgielded ceramic monoliths. §i3C1oN156 and SgNa
higher strength than metals and oxide ceramics at mommaterials could be made in argon and ammonia, respec-
than 1000C. Conventionally, these materials are fabri- tively. Sintering additives are not necessary in the pro-
cated by powder metallurgical method, which consistxess. The materials fabricated by the method are highly
of powder mixing, forming of green bodies and sin- heat resistant [6]. Vickers hardness of the material
tering. They are typical covalent materials, thereforepyrolysed at 1150C was 10 GPa and bending strength
sintering of pure materials is difficult, because of low was in the order of 170 MPa, respectively [7]. However,
diffusion coefficients. In order to advance sintering, ox-properties of bulk material from polyvinylsilazane and
ides and/or other impurities are added for assisting magkermal properties of the polymer-derived Si—C—N
transport. During the cooling process, they form grainmaterials have never been reported. In the present
boundary phases and/or diffuse into the primary phasepaper, bulk Si—-C—N material is fabricated from poly-
Although such grain boundary phases are advantageowfylsilazane and mechanical and thermal properties
for the low temperature mechanical properties, at higlare measured.
temperature, the grain boundary phase becomes path of
mass transport causing degradation of strength, creep
and oxidation resistance [1]. 2. Experimental procedure

One alternative route for the preparation of car-Commercial polyvinylsilazane (VT50, Hoechst AG,
bide- and nitride-based ceramics is the pyrolysis ofGermany)was heated at about 2@or 1 h in flowing
preceramic polymers. In this connection, silicon car-argon and then for 1 hin vacuum. By the heat treatment,
bide fibres were fabricated [2]. This technique can becross-linking occurred and solid polymer was obtained.
applied for the fabrication of fibre-reinforced ceramic The cross-linked polymer was crushed in a Teflon pot
matrices composites [3] and for the preparation of heatvith zirconia balls by planetary mill. After the milling,
and oxidation resistant coatings for C/C compositeshe powder was sieved to remove agglomerates and
[4]. It has been difficult to fabricate dense bulk materiallarge particles. The sieved powder was compacted by
by the method, because gaseous phase evaporates dewld isostatic pressing at 630 MPa for 1 min. The di-
ing pyrolysis and causes pores and cracks. Ried@l  mension of the compacts was aboutd 20 x 30 mm.
[5] fabricated Si—C—N and g, ceramics from poly- The compacts were pyrolysed at 108for 4 hin flow-
hydridomethylsilazane with a residual open porositying argon. The heating rate was 1@h~ up to 100°C
of 7%. After cross-linking, the polyhydridomethylsi- and 25°C h* from 100 to 1050C. Cooling was done
lazane was milled, sieved, and compacted by cold isoat the rate of 300C h.
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For metallographic investigations, the specimens
were polished and observed by an optical microscopt
(Model DAS, Leica, Bensheim, Germany). Bulk den-
sity, open porosity and pore size distribution were
measured by mercury porosimetry (Porosimeter 2000
Carlo Erba Instruments, Milan, Italy). Crystallinity was
measured by X-ray diffraction analysis (Difraktometer
D5000, Siemens, Karlsruhe, Germany). Elastic mod-
ulus was determined by pulse-echo method. Vickers
hardness was measured varying indentation loads fror
0.98 to 98 N. For the indentation at 0.98-9.8 N, micro-
hardness tester (Micromet 1, Buehler, Illinois, USA),
for 9.8-98 N, Vicker’'s hardness tester (Model 1900,
Buehler, lllinois, USA) were used. In measuring micro
Vicker's hardness, care was taken to indent on pore-fre:
area in order to obtain clear indents. More than five in-
dentations were conducted at each load. Fracture toug!
ness was measured by the indentation fracture methou
(designated IF method) as reported by Anstial. [8]. Figure 1 Appearance of a polyvinylsilazane-derived Si-C—-N ceramic
The indentation load was 98 N. The fracture toughnessnonolith.

K\c, was calculated using Equation 1

Kic = 0.016EY2HY?(P/c%/?) )

whereE is Elastic modulus (GPa} is Vicker’s hard-
ness (GPa)P is Indentation load (N)¢ is half length
of median crack (m).

For strength measurements the Four-point bend'_
ing apparatus was used. The rectangular specime
for bending were cut from the pyrolysed sample
and polished. The dimension of the specimens wery
3x4x25mm. The inner and outer span were 7:a:
and 20 mm, respectively. The cross-head speed wh".&
0.0083 mms? (0.5 mmmiY). For loading, a testing
machine (Schenck, Hydropuls PSA2017, Darmstadty
Germany) was used. "ﬁ

The specimens for dilatometric measurements werd: g ; , ;.
produced by the same procedure as explained abov 250 pm
The dimension of cylindrical mould for cold isostatic
pressing was 10 mm in diameter and 15 mm in |engthF|gure 2 Optical micrograph of the polished surface of a poly-
After the pyrolysis, the dimension of specimens was vinylsilazane-derived Si—-C—N ceremic monolith.
about 6 mm in diameter and 9 mm in length. Thermal
expansion behaviour of the pyrolysed specimens was
measured up to 140C in nitrogen using a dilatometer sured by the mercury porosimeter. The bulk density,
(Theta, NY, USA). 1.95 Mg n13, was calculated from the mass and the vol-

ume of a specimen in mercury. The open porosity was

9.6% as calculated from the mass and mercury penetra-
3. Results and discussions tion volume after a penetration pressure of 200 MPawas
3.1. Materials applied. The pore size distribution is bimodal (Fig. 3).
After the pyrolysis at 1050C, crack-free, black and The larger and smaller mode is about 30 anduh8
bulk bodies were obtained (Fig. 1). The dimensionrespectively. The larger mode supposed to come from
of the specimen in Fig. 1 was aboukd5x 23mm. the large pores observed in Fig. 2. Although the num-
No cracks were observed on the surface. To obtain &er of the larger pores is small, they are critical for the
small piece of specimen for the mercury porosimetry,strength.
the specimens were cut. Any cracks were not observed As the X-ray diffraction analysis varying 20 from 10
inside. to 80, any peaks were not detected. This means that

For microstructural evaluation, a polished surfacethe materialisamorphous. Chemical composition of the
of the specimen was observed by optical microscopas-pyrolysed material was;9iC1 N1 3 [9]. Seitzet al
(Fig. 2). White parts correspond to the solid phase andl10] reported that the ceramic contained a high amount
black parts to pores. Large pores with over ten micro-of sp’-carbon and Sill tetrahedrons. Polyvinylsi-
meter in diameter were observed. lazane contains—{SiVi(NH)qsNH—]-structural units

In order to evaluate a pore structure quantitativelyand a small number of end group$iVi(NH)NMe,—]
the pore size distribution of the material was mea-Me= CHg, Vi=CH,CH) [11].
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Figure 3 Pore size distribution of a polyvinylsilazane-derived Si—-C—N Indentation load (N)

ceramic monolith. Figure 4 Dependence of Vickers hardness on indentation load.

The reactions during cross-_linking and pyrolysis areyf each plot means the maximum and minimum value,
not clearly understood, but Rieded al. [7] suggested regpectively. For indenting at lower loads (0.98-9.8 N)
three requirements for crack-free polymer to ceramiqyicrohardness tester and for higher indentation loads
transformation. The first is infusibility of cross-linked (9.8-98 N) Vickers hardness tester were used. As the
powder, second is presence of transient porosity angheasured value with load of 9.8 N was the same with
third is formation of covalent bonds between the indi-hqth techniques, differences in measured value between
vidual powder particles. In the present work, a greenpe two tester could be neglected. The Vickers hardness
body of cross-linked powder contains a number of in-gecreases drastically from 12.1 to 6.7 GPa with the in-
terparticle pores, which provide paths for evaporationcrease of the indentation load from 0.98 to 9.8 N. At
And also the green body is compacted enough densggher indentation loads, the hardness decreases grad-
to form covalent bonds between the individual partl-ua”y with the increase of the load. The average value
cles during pyrolysis. As shown in the Fig. 2, large of the hardness at 98N is 6.1 GPa. The tendency that
pores still exist in the pyrolysed body. By optimizing nardness atlower indentation loads is higher than that at
the compaction process, denser pyrolysed bodies maygher loads is well known. Additionally, in the present
possibly be obtained. work, the effect of the pores may not be neglected. The

effect of pores is less at lower indentation loads, be-

cause the indentation was done selectively on pore-free
3.2. Mechanical properties areas. At higher loads, pores always exist in the indent,
Elastic modulus measured by pulse-echo method ibecause the size of the indent is large as compared to
105 GPa. That of silicon nitride and silicon carbide the size and distance of pores. The Vickers hardness
which are fabricated by the conventional method isof Si—-C—N materials from polyhydridomethylsilazane
about 300 and 410 GPa, respectively [1]. The primarywas 10 GPa. This material was fabricated at 1°X50
reason for the low elastic modulus is the existenceand the open porosity was 6% [7]. The present ma-
of pores. Though a number of equations on the relaterial could be densified even more because it shrank
tionship between elastic modulus and porosity havéoy heat treatment at higher 1080 as shown in the
been proposed, in any equation, the elastic modulusext section. The elastic modulus and Vickers hardness
of the porous material decreases with the increase o#ill increase with the densification by heat treatment at
the porosity [12]. The elastic modulus of glass with 2%higher temperature.
pore is 3.9% lower than that of pore-free glass [13]. Fracture toughness measured by indentation fracture
Another reason is that the material is amorphous. Thenethod is 2.1 MPa#?. The value is higher than that
elastic modulus is closely related to the force betweermf oxide glasses but lower than that of polycrystalline
atoms and increases with the increase of the atomisilicon nitride or silicon carbide [8]. The reason for
force. As has been shown, the ceramic material obthe low fracture toughness is that the material is amor-
tained by pyrolysis of the polyvinylsilazane containedphous. When a crack propagates in a pore, its propa-
a high amount of Sibltetrahedrons [10], but no long- gation may be interrupted by stress release at the crack
range order. Therefore, average force between silicotip. This means a decrement ofin Equation 1 and
and nitrogen atoms in amorphous is weaker than thaan overestimation oK,c. Because the present mate-
in the crystalline phase. rial contains 9.6% of porosity, the fracture toughness of

Vickers hardness was measured varying the indentgsore-free material is probably lower than 2.1 MP4in
tion loads. Average hardness of more than five inden- The average bending strength of seven specimens
tations is plotted in Fig. 4. Upper and lower error baris 118 MPa. The maximum and minimum values are
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146 and 88 MPa, respectively. The bending strength o™ 1.005
amorphous ceramic derived from polyhydridomethyl-
silazane fabricated 115C was in the order of 170 MPa
[7]. Because the open porosity of the material was less
this might be the primary reason for higher strength
than that of the present material. Relationship betweel
strength §¢), fracture toughnes(c) and crack size
(c) is expressed by Equation 2

0.995 -
HT1

1 Kic
of = Y cl/2 2)

Relative length

0.985

T

The Y is a constant which is related with shape of
crack. Using Equation 2, 118 MPa for the strength,
2.1 MPan¥? for K,c and 1.174 forY, crack size was
estimated to be 230m. This value is much larger than
the larger mode of pore radius, Ath and observed og7s L v o0y
large pores by optical microscope. One of the possibil- 0 500 1000 1500
ity is that single pores of that size existed in the material. Temperature (°C)

The possibility of the existence of such large pores can: - — - —

not be denied because larger pores thapmtannot Hoat lroatment | Heating rate( T min ) | Cooling rote (€ min )

be measured by the mercury porosimeter and the ok 2 2 2

served surface was a small part of the whole specimer..

Another possibility is that pore agglomeration acts asigyre 5 shrinkage curve of a polyvinylsilazane-derived Si-C—N ce-
a large fracture origin. In this case, it is difficult to cor- ramic monolith during heat treatment up to 14@in nitrogen.

relate strength and pore size distribution. Pores, which
are large enough to be a fracture origin, should be re-
moved in order to improve the strength. Dense green
compact with fine pores distributing homogeneously is
desirable.

HT2

HT3

3.3. Thermal properties o 3
In order to confirm thermal stability of the material, the ‘;o
cylindrical specimen was heated up to 14@0n nitro- X
gen. The heating and cooling rate was botA@@nin—* B2

(this heat treatment is designated HT1). For calculation
of thermal expansion coefficient, the same sample was
heated upto 1400C. In orderto obtain the relationships 1
betweentemperature and length more precisely, heating

and cooling rate were decreased aCain~! (desig-

nated HT2). Fig. 5 shows the length related to the origi- 0
nal length of the specimen during HT1 and HT2. During

HT1, the specimen expanded linearly up to 100@&nd

then shrank drastically at temperatures above 2000 Figure 6 Thermal expansion coefficient;, of a polyvinylsilazane-

In the cooling procedure, the specimen shrank linearlyferived Si-C-N ceramic monolith heat treated up to 1400

at temperatures below 1200. The amorphous ce-

ramic pyrolysed at 1050C shrank by heat treatment

above 1050C. Total shrinkage by HT1 was 1.9%. Dur- temperatures above 1300, shrinkage still occurred,
ing HT2, the specimen expanded linearly upto 1200 but the amount of shrinkage was much less than that
and shrank above 120C. This means that shrinkage at in HT2. During cooling, shrinkage was linear below
1400°C did not complete by HT1 and the ceramic was1300°C. Non-linearity observed below 70Q seemed
still unstable at 1400C. The shrinkage during cooling to be an instrumental error. Comparing the shrinking
was linear below 1308C. Though total heating time behaviour during heating at HT2 and HT3, the starting
of HT2 was longer than that of HT1, total shrinkage in temperature of shrinkage at HT3 was higher than that
HT2 was less than that in HT1. Because the specimeat HT2 and total shrinkage at HT3 was less than that at
shrank attemperatures above 12Q@luring heatingin  HT2. It seemsto take a certain long time to complete the
HT2, which meant it was still unstable, the heat treat-densification at 1400C. The Sji 73C10N1.56 material
ment for the calculation the thermal expansion coeffi-fabricated at 1000C from polyhydridomethylsilazane
cient was repeated. The heating and cooling rate washrank 3% in length by heat treatment at 140@or 1 h

2 and C min~?, respectively (designated HT3). The in nitrogen [5]. The relative length of present material
shrinkage was linear until 130C during heating. At after HT3 is 0.978. Though the chemical composition

P S S S T S S
0 500 1000

Temperature (°C)
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of the present material (§C16Ny3) is different from  of heating time is necessary. The thermal expansion
the material from polyhydridomethylsilazane, apparentoefficient increases with increase of temperature. The
shrinkage is almost the same. Using the expansion dataermal expansion coefficient at 100 and 1200s cal-
atHT3 from 40 to 1200C, the thermal expansion coef- culated as ®8x 106 and 396 x 10°6°C~1, respec-
ficient is calculated. The thermal expansion coefficientively. These values are almost in the same level as that
() at (ty +t2)/2 [°C] was calculated by of polycrystalline silicon nitride and silicon carbide.
The bulk shrinkage and thermal expansion coefficient
_(2—1) have not been reported so far. These data will be useful
T (th—ty) for determination of fabrication process and designing

3

of
wherety, t; (°C) are temperaturdy, |, are relative
lengths at; andt,. (t; — t;) was about 50C. The ther-

composites.

mal expansion coefficient at each temperature is plotReferences

ted with black circle in Fig. 6. Though the plots scatter, 1
the thermal expansion coefficient increases with the in-2
crease of temperature. The solid line was calculated,
using the least square method. The thermal expansion

coefficient of silicon nitride and silicon carbide is about 4.
5.

3x 10 and 4x 10-¢°C! respectively [1]. The solid
line lies within the range.

7.

4. Conclusions

Crack-free Si—~C—N amorphous material was fabri- 8.

cated from commercial polyvinylsilazane Elastic mod-

ing strength were measured. They are lower than those

of conventional silicon nitride and silicon carbide. The 11.

primary reason for the low value is the existence of
pores. Recently, a dense green body could be ob-
tained by uniaxial pressing the cross-linked powder,
at 250°C. During pressing and heating, the powder
deforms plastically, therefore dense pyrolysed bodies

were obtained [14]. Plasticity is one of the advan-13.

tages of polymers. Taking advantage of the plasti-
. 14
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formed and it will reduce grinding process after pyrol-
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