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The temperature dependence of the viscosity and stress-
relaxation kinetics of sol-gel-derived SiOC glasses that contain
up to 14 at.% carbon have been characterized in the temper-
ature range of 1000°-1400°C. The viscosity, as determined
from relaxation experiments, is in good agreement with the
creep viscosity and is typically two orders of magnitude higher
than the viscosity of vitreous silica. However, materials suffer
from partial crystallization at >1150°C, and the precipitation
of B-SiC nanocrystals induces a flow-hardening behavior and
results in a dynamic increase in viscosity, especially at
>1200°C and for glasses with a high carbon content.

I. Introduction

HE mechanical properties, and refractoriness, of a glass are

temperatures 0f>1200°C, as observed via X-ray diffractometry
(XRD) and high-resolution transmission electron microscopy (HR-
TEM), have been studied. These effects are reported in this paper.

Il.  Materials

As the degree of crosslinking of the network is increased, a
rapid increase of the glass refractoriness follows, so that common
melting techniques cannot be used anymore: at such temperatures,
most of the carbon escapes from the melt through the volatilization
of carbon monoxide (CO) gd$.The sol-gel route used in the
present work already has been reported in détdiln its main-
lines, a (B',T") gel (where I and T represent HSIQ and
HSIO; units, respectively) first is synthesized from the polycon-
densation of a mixture of methyldiethoxysilane (HMeSi(QEt)

Tstrongly dependent on the atomic bond strength and the degreeand triethoxysilane (HSi(OE{). Then, the gel is pyrolyzed at a

of polymerization (crosslinking) in the atomic network. Indeed,
remarkable improvement in the elastic moduli, hardness, fracture

temperature of 1000°C, under inert atmosphere, to obtain a black
glass that consists of (i) an oxycarbide phase, where carbon atoms

resistance, and fracture toughness is observed when trivalentform C(Si), tetrahedra (the stoichiometric composition is written

nitrogen (N**) ions substitute for divalent oxygen tO) ions in
silicate glasse$? For instance, the replacement of one in fivé O
anions increases the elastic moduli by 30% and the viscosity
coefficient by two orders of magnitude at a given temperature (or
a 50°C shift for a given viscosity) These overwhelming changes
clearly correlate with the increase in the average coordination
number in the glass netwofi€ Quite recently, silicon oxycarbide

as SiGO,(;_); (i) free carbon microdomains; and eventually (iii)
free silicon precipitates. This latter situation occurs when the
D"/T" molar ratio is <0.5, whereas the free carbon content
increases as the'tsT™ molar ratio increases at0.5. Let us note
this ratio asy and the corresponding glass aST'y. Two grades
of glass were studied: ™0.5 and O'TM1.

The number of C atoms in four-fold coordination to silicon and

(SiOC) glasses were synthesized successfully using sol-gel meththe free carbon content are key parameters to understand the
0ds®”In such glasses, there is approximately one C atom per threeproperties of these glasses. The number ef-Sibonds can be

Si atoms; in addition?°Si magic angle spinning—nuclear magnetic estimated from the O/Si ratio in the gel, using the charge-balance
resonance?®Si MAS-NMR) has shown that most of the C atoms  equation, assuming that, in the oxycarbide phase, each C atom
get into C(Si), four-fold coordinated sites, although some of the replaces two O atoms and no-S&i nor G—O bonds form:

carbon is present as free carbon domains, which gives the glasses

a black colo® These oxycarbide glasses exhibit remarkable
mechanical properties at room temperattirand their transition
range is estimated to be1300°C.

Following a preliminary work on the high-temperature viscosity
and elasticity of a sol—gel-derived oxycarbide glass that contained
12 at.% carbor}! the effect of carbon content on the viscosity,

stress-relaxation kinetics, and microstructural changes that occur at
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The O/Si ratio can be calculated from th&'/D" ratio, which
can be given by the relation

y+3

(O/Si)gel = (2)
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or is determined via chemical analysis. The difference between
(C/Si)ye and (C/Siy,,, gives an estimation of the minimum amount
of free carbon that remains in the glass. The (G/igtio is given
by the relation

(C/Si)gel = y+1

®)



May 2001 Creep Viscosity and Stress Relaxation of Gel-Derived Silicon Oxycarbide Glasses 1053

and the free carbon content () is expressed as

Ctotal - c:oxy
=— = 4
ree Col ( )

The results of thab initio calculation are summarized in Table
I, along with the results of the chemical analysis and some physical
properties. The studied materials were pyrolyzed via treatment at
1000°C for 1 h, and they contained1l wt% hydrogen (via
chemical analysis).

Both D"TH0.5- and O'TH1-grade specimens contained some
free carbon after firing, although the amount of free carbon was
>10 times greater in the latter grade. A'D"0.5-grade powder '
specimen was observed via HRTEM (Model 002B Topcon micro-
scope, operating at 200 kV with a resolution of 0.18 nm). The
material was dense, homogeneous, and almost completely amor-;
phous. Very few isolated heterogeneities were visible; these
features mainly consisted of turbostratic ribbonlike carbon do- &
mains (free carbon4 nm thick and silicon carbide (SiC) nuclei
<3 nm in diameter (see Fig. 1). In any case, the volumetric
percentage of free carbon was3% and, hence, was assumed to
have a minor effect on the mechanical behavior.

The oxycarbide glassy phases in both grades were very similar.
Their theoretical stoichiometric compositions, as determined from
simple charge-balance considerations, were ,SiO, 55 and
SiCy 370 s for the D*TH0.5 and D'TH1 grades, respectively.
Accordingly, there should be little difference in the flow behavior,
as will be discussed in the next section.

Oxycarbide-glass rods 20 mm long and 1.5 mm in diameter
were obtained from gel rods after a pyrolysis treatment in flowing
argon at 1000°C in a silica tube (for details, see the work of Soraru
and co-worker%9). These rods later were used as test specimens in |
this study.

. . Fig. 1. HRTEM micrograph of an as-synthesized T'0.5-grade speci
lll.  High-Temperature Flow Behavior men. Turbostratic graphite units (ribbors) nm thick are visible (marked
(1) Creep Viscosity by the letter “c”). Rare and hardly observable nuclei (presumgbBiC)

. : . <3 nm in diameter also are present; these features are marked by arrows.
Three-point bending creep experiments (span length of 15 mm) P y

were conducted under a pressure of 100 MPa in a nitrogen

atmosphere (in a gas-tight chamber). The specimen deflection was

recordedin situ via differential measurement, using a linear regime. Stationary creep rates again are observed after this
variable displacement transducer (LVDT) (for details, see Rouxel treatment, at 1315° and 1365°C. It was previously repoté°

et al'®. Temperature jumps were conducted in the temperature that, in such glasses, crystallization starts-at150°C and leads to
range of 995°-1365°C. No creep was observed225°C. Results the formation of 3-SiC nanocrystals and, to a lesser extent,
obtained on a BTH1-grade specimen are plotted in Fig. The B-cristobalite B-SiO,) (reflections are observed ab Zngles of
creep curves exhibit relatively stationary flow stages as long as the 35°, 60°, and 72° in the XRD spectra of specimens that were
temperature remains lower than 1150°C. From 1150°C to 1215°C, heated t0>1150°C). The average size of the crystallites, as
the creep rate continues to decrease during the testing. A soak timeestimated from the XRD spectra, after 12 h at 1200°C, was 2.5 nm.
of 1 d was applied at 1215°C, to follow the creep-hardening The crystallization process resulted in a composite microstructure

Table I. Glass Composition and Physical Properties of SiOC Glasses

Value
Property/characteristic Sio, DHTHO.5" pHTHLT
Gel
Atomic ratio
O/Si 1.33 (1.4) 1.25 (1.4)
C/Si 0 0.33 (0.35) 0.5 (0.51)
Glass
Chemical formula SiQ SiCy 301 39 SiCy 401 45
(CISi)yy 0 0.335 (0.31) 0.375 (0.28)
Ctee from Eq. (4) 0.0 0.03 0.4
Density, p 2.20 g/cn? 2.23 g/emt 2.20 g/cn?
Coefficient of thermal expansiok, 0.57 X 10 %°C 3.12X 10 %°C Not determined
Maximum stressg, .« Not determined 750 MPa 720 MPa
Mean stressg; mean 60 MPa 450 MPa 450 MPa
Elastic modulusk 73 GPa 104+ 4 GPa 110+ 6 GPa
HardnessH,, 6.2 GPa 7.7+ 0.1 GPa 8.3+ 0.1 GPa

"Data for D'T" glasses are taken from the work of Soraru and co-worké?sRResults of the chemical analyses are indicated in
parentheses; Si, C, and H contents were analyzed by Service d’Analyse Elementaire du CNRS, France. Oxygen content was estimated
using the difference.
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Fig. 2. Typical temperature-jump creep curve obtained in bendin§ & 2-grade specimen. Note that stationary flow stages are reached after a few hours
at 1035° and 1075°C, whereas a long hardening stage is observed at 1215%: ahldg-axis origins of the portion of the curve recordedlat 1215°C

were shifted for the sake of clarity.

where B-SiC crystals were dispersed almost homogeneously,
although some relatively large crystals (5—8 nm in diameter) were
observed via HRTEM (Fig. 3). Heat treatment at 1300°C led to
further enhancement of the crystallization. However, at 1300°C, an
equilibrium composition is attained after 3 h, and no further
changes are observed by heating at 1408°Chis observation
strongly suggests that crystallization was complete at 1300°C.
Thus, at this stage, the hardening behavior, which is more
pronounced in the case of thé'D"1-grade specimen, tentatively
is related to the dynamic crystallization of the glass. This phenom-
enon will be discussed further in section V.

The viscosity coefficient+f), hereafter referred as viscosity,
was calculated from the strain ratg yersus stressy data, based
on a Newtonian flow behavior:

(02

T 21+ v)e ®)

m

where v is Poisson’s ratioo and €, which are the flow stress

PS
TR ©)
. 12R) .
€ = (?)U (7)

whereP is the applied loadS the span lengthR the specimen
radius, andi the deflection rate. The Poisson’s ratio was assumed
to be equal to 0.17 (which is that of silica glasg,o,), and a stress

of 100 MPa was applied to the specimen.

Viscosity curves are plotted in Fig. 4. Our data are in good
agreement with those obtained by Renlenal*” and Anet al,*®
whose data were for chemical-precursor-derived amorphous sili-
con oxycarbide and silicon carbonitride amorphous materials,
respectively. Because of the strain hardening that was observed in
the intermediate temperature range (1150°-1215°C), the value of
v increases during testing at these temperatures, as illustrated by
the arrows on the curve that corresponds to tHéT'™-grade

during the pseudo-stationary creep stage and the correspondingspecimen. In this temperature range, crystallization produces a

strain rate, respectively, are given by the following relations:

glass-matrix particulate composite and affects the flow kinetics,
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B-SiC crystallites, a few nanometers in size, are visible (marked by arrows). Aagi€ precipitate 7 nm in size also is observed ([110] zone axis).

especially for the BT"1-grade specimen. In the case of the the actuator during the relaxation experiments to keep the speci-
D"TH0.5-grade specimen, the volume fraction of SiC is probably men position constant. It must be emphasized thatsfreximen

not large enough to have a noticeable effect on the viscous flow. deformation is much smaller than the actuator displacement
Moreover, the presence of SiC results in a tendency for the especially at relatively low temperature, when the specimen
activation energy for flow to be higher at1200°C, approaching  deforms little while attainment of the thermal equilibrium of the
the value for a pure silica glass with low hydroxyl contéht.  entire equipment requires a long time. Approximately 2000 points
Hence, it is likely that this change reflects the decrease of the were recorded for a single experiment. Such a large population of
carbon content in the residual glass that follows crystallizatiqp. In (stress,time) points is required to model the behavior, especially
the temperature range that corresponds to the glass transition oljuring the early times of the relaxation stage, when the relaxation
vitreous silica T, ~ 1190°C), the viscosity of the oxycarbide glass  kinetics are very fast. The heating and cooling rates each were
is still very high (>10'* Pas). Furthermore, the difference be  10°C/min. Rapid loading (using a cross-head speed of 0.5 mm/
tween the data from the SiOC glasses and those of fused silicamin) up to an initial stresso(,) of 100 MPa was performed. The
increases as the temperature increases, and the apparent activatiofy serimental results are plotted in Fig. 5 and reported in Table II.
energy for ﬂgw is much smaller for the oxycarbide glass¥8(= Because of crystallization, the relaxation is slower at 1240°C than
296 kJ/mol}* than for silica G, ~ 500700 kJ/mol), regardless 1200°C, and the curves that are obtained-2200°C must be

of the hydroxyl content (up to 0.12 wt%). A transition temperature -, jersto0d to be those of a glass-matrix particulate composite. The
of 1350°C is determined by extrapolating the viscosity curve of the relaxation kinetics could be remarkably well modeled by the

HTH ; ; ; 2 2.6
gal— tr?é? i%lzssssgc):ig;: dcevrimetnﬁg)rt]rzlln\gi?i%%sny range of£a0" so-called Kohlrausch-Williams-Watt (KWW) equation that is
' quoted often in glass scienée:

(2) Stress Relaxation

b
Stress-relaxation experiments were conducted during bending d(t) = exp[—<£> ] (8)
in a gas-tight chamber under a nitrogen atmosphere, by enslaving T
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Fig. 4. Temperature dependence of the viscosgitf silicon oxycarbide glasses. Arrows indicate ranges where dynamic crystallization occurs f86n
and, to a lesser exterf-SiO, precipitates. Data concerning vitreous silica are reprinted from Hetherirgtai'®

wherer is the characteristic relaxation time. (One must recall that v 1
n= Tl b (20)

¢(t) is defined ash(t) = o(t)/o,.) Following previous works;!22 o
the parameteb is called the correlation factor and can be related

tentatively to the mobility of a structural unit at the atomic or
molecular scale. The value &f ranges from 0 (which indicates i ) ' )
strong intermolecular coupling, allowing for pure elastic deforma- obtallnled this Way—L_lSIng_the experimental datapt_cﬁrgm ROL_ler

tion only) to 1 (which indicates weak correlation, corresponding to €t al™—are summarized in Table II. (Note that, similar to vitreous
the simple Debye—Maxwell relaxation of liquids). Following the Silica, the oxycarbide glass exhibits the astonishing ability to
theory of thermally activated deformationgan be regarded as the ~become stiffer and stiffer with increasing temperature!) The
waiting time of the activation process, and, according to an Viscosity for the D'T™0.5-grade specimen, relative to temperature,
Arrhenian dependence, an activation energy of 617 kJ/mol was is plotted in Fig. 4. These values fall in the range that is determined
determined from the data of Table Il below the temperature range by creep, and, again, the crystallization of finely distribute8iC

for crystallization. This value is close to that reported for the and -SiO, crystals leads to an increase in the valuevpft
viscous flow of vitreous silica; therefore, relaxation is suggested to temperatures in the range of 1200°-1250°C.

occur via viscous flow of the oxygen-rich region through channels

that exist between the relatively rigid carbon-rich units. The value

of m can be estimated from the values, using the Boltzmann IV. Discussion

superposition principlé®

where I' is the gamma function. Values af that have been

The results described in the previous section show that the
* introduction of carbon that is covalently bonded to silicon provides
m= Mf ¢ (1) dt 9) a significant increase im, and most data that have been reported
0 so far on glasses that contain 10—20 at.% carbon are consistent
with an~2-orders-of-magnitude shift, in comparison with vitreous
wherep is the shear modulus. silica, and result in transition ranges that cannot be attained
In the present case, where the KWW relationship is valid, the without crystallization and are virtually located at 1300°-1400°C.
relaxation function can be integrated readily and the former In this section, we will try to obtain insight into the effect of
expression can be rewritten as crystallization on the flow behavior.
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Fig. 5. Stress-relaxation curves obtained in bending™'M-grade specimen with an initial stress of 100 MPa. Curvefitting was performed using the
KWW equation (Eg. (8)).

Table Il. Stress-Relaxation Characteristics of I'T70.5 Silicon Oxycarbide Glass

Shear
Temperature modulus, Relaxation Parameteb, Gamma function, Viscosity, n

(°C) (GPa) time, 7 (s) from Eq. (8) T (1/b) (Pas)

1050 46.7 41132 0.37 1.54 7.9910'°
1090 47.1 9378 0.66 0.89 5.9310"
1130 48.0 1552 0.66 0.89 1.0010*
1170 49.4 491 0.59 0.97 3.97 10"
1200 50.4 129 0.47 1.06 1.47 10*2
1240 52.76 306 0.35 1.67 8.2410%
1300 57.53 55.5 0.30 2.77 2.9510"

The maximum volume fraction of SiC can be calculated from increase iny clearly is related to the partial crystallization of the
the stoichiometric formula of the oxycarbide glass phases, assum-glass to formB-SiC precipitates in carbon-rich regions. Further-
ing that all the carbon of the oxycarbide phase gets into SiC more, such a discrepancy already has been observed in SiC-
particles, with the free carbon reacting preferentially with oxygen. particle-reinforced oxynitride glass, which is a rather similar
Volume fractions of 17.2 and 19.9 vol% SiC particles are esti- material®®>2®In this case, the rapid increaserrfor second-phase
mated this way for the BTH0.5- and D'TH1-grade specimens,  volume fractions of>10% was discussed, relative to the effect of
respectively. Attempts to predict the shear viscosity of glass- particle size, which, of course, is not considered in elasticity
matrix particulate composites have created several models over theschemes that are based on continuum mechanics. For a given
past twenty years. In most cases, the models start from constitutivevolume fraction, the value of} increases rapidly as the particle
equations that are derived from known elasticity solutions and size decreasé&$. For instance, for particulate composites that
transpose these solutions to the case of viscoelasticity, using thecontain 28 vol% SiCnJn has values of 3.68, 4.45, and 10.6 for
analogy between pure Hookean elasticity and pure Newtonian particle sizes of 31, 13, andi8m, respectively. In regard to these
flow. It follows that displacements are reinterpreted as velocities data, a value of)/m = 14 for a glass-matrix composite with 20

and the correspondence between the shear modulasd the
viscosity coefficientr is expressed by the relatigqn/p. = nJn,
where the subscript “c” refers to the composite.

vol% SiC particles that are 2.5 nm in diameter (i.e., in a material
similar to D"'TH1) at >1200°C seems realistic.
Deviation from the model might have different sources. First of

The solution for the effective shear modulus of a dilute medium all, the non-shape-conservative nature of flow makes the use of the
of elastic spherical particles in a continuous phase of another elasticity—viscosity analogy questionable, especially for large elon-

material can be found in several textbooks. Using a simpl
composite spheres mod&l,and considering a second-phase-vol
ume fraction of 20% (withn. = 180 GPa and = 0.17 for SiC),
one can obtain the following relations; = 1.23u, orm, = 1.23y.
As also noted by Aret al,*® this increase is much less than that

e gations, when changes in the interparticle distances, relative to a
growing number of inclusion—inclusion contacts and eventually
agglomerates formation, are involved. These latter phenomena
increase the viscosity and lead to strain hardening, i.e., a strain-(or
time-)dependent viscosity. Second, models have been developed

observed experimentally, which, in the present case at 1215°C foressentially for spherical inclusions, independent of the inclusion
the D'TH1-grade specimen, reaches a factor of 14. However, in size. It is well recognized that the particle morphology and size are

contrast to the conclusions by Ast al,*® in the present case, the

the most-important variables, relative to suspension rheology.
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Indeed, a small particle size usually results in a high viscosity, and

the smaller the size, the lower the percolation and rigidity
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1349-52 (1998).

19G. Hetherington, K. H. Jack, and J. C. Kennedy, “The Viscosity of Vitreous
Silica,” Phys. Chem. Glassgs [5] 130-36 (1964).

20gee, for example, F. L. Cumbrera, F. Sanchez-Bajo, F. Guiberteau, J. D. Solier,

crystallization process induced a dynamic increase in the viscosity, and A. Munoz, “The Williams-Watts Dependence as a Common Phenomenological

especially in the BT"1-grade glass specimen, which contained

Approach to Relaxation Processes in Condensed MatteMater. Sci. 28, 5387-96

~14 at.% carbon, and impeded the experimental determination of (1993). (Also see Ref. 23.)

the glass-transition range, which would be otherwise expected to
be observed at 1350°-1400°C, according to extrapolation of the

viscosity curves.
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