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Abstract

Fiber bonded silicon carbide ceramic materials provide cost-advantage over traditional
ceramic matrix composites and require fewer processing steps. Despite their interest in
extreme environment thermostructural applications no data on long term mechanical
reliability other than static fatigue is available for them. We studied the high temperature
compressive strength and creep behavior of a fiber bonded SiC material obtained by hot-
pressing of Si-Ti-C-O fibers. The deformation mechanism and onset of plasticity was evaluated
and compared with other commercial SiC materials. Up to 1400 °C, plasticity is very limited
and any macroscopic deformation proceeds by crack formation and damage propagation. A
transient viscous creep stage is observed due to flow in the silica matrix and once steady state
is established, a stress exponent n~4 and an activation energy Q ~ 700 k] mol-! are found.
These results are consistent with previous data on creep of polymer derived SiC fibers and

polycrystals.
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1 Introduction

Silicon-based ceramic materials are candidates for a number of applications in energy
production, storage, conservation, and efficiency fields due to their good thermal stability and
low density, as well as creep resistance. In particular silicon carbide-based materials, due to
their high temperature capability, low thermal expansion coefficient, and good thermal
conductivity, as well as good fracture toughness when designed into a Ceramic Matrix
Composite (CMC), have been developed and used in various applications such as gas turbines
[1, 2], thermal management [3], nuclear fusion [4-7], aerospace [8] and braking systems [9].
The development of new CMCs has greatly benefited from the introduction of novel ceramic
fibers with enhanced properties. In the case of SiC/SiC CMCs, there is a wide range of near
oxygen-free silicon carbide fibers are available [10] and a variety of composites are in

production and industrial use.

Even though CMCs are very interesting materials with numerous property attributes, their use
in non-critical applications is not widespread due to the high processing costs associated with
them. Ceramic laminates and fibrous monoliths [11] represent a low cost alternative with
many of the advantages of CMCs such as increased toughness [12, 13], thermal shock
resistance [14], lower creep rates [15], good wear behavior [16] or in-plane fracture resistance
[17]. Fiber bonded ceramics are obtained by hot-pressing of ceramic mats, resulting in
materials that can be considered halfway between CMCs and fibrous monoliths [18-22]. A
significant advantage of this approach is that their production requires fewer processing steps
than CMCs and they can be shaped into complex forms by means of molds and spacers,
significantly reducing manufacturing costs. The green fiber mates used for fiber bonded
ceramics can also be utilized for additive manufacturing using laminated object manufacturing

(LOM) technology.

Despite their interesting properties and commercial application potential, detailed studies on
high temperature mechanical properties of these materials are still limited. Matsunaga et al.
studied creep rupture at temperatures up to 1500 °C and bending stresses up to 225 MPa in Si-
Ti-C-0O fiber bonded ceramics [23], while Kajii et al. evaluated 3-point bending strength. In a
previous paper, we evaluated thermal stability and its impact on room temperature strength in
Si-Al-C-0 based ceramics and found the material to be able to withstand up to 1500 °C without

degradation [24]. Several studies exist regarding the joining and integration of these materials



to themselves, to other ceramics and to metals, mostly through the use of brazing alloys [23,

25-27].

In this paper, we study the compressive strength and creep in Si-Ti-C-O fiber bonded ceramics
in air at temperatures ranging from 1200 °C to 1500 °C. These studies are critically needed in
order to establish the stress and temperature range at which plastic deformation can be

significant since these materials contain a secondary glassy phase.

2. Materials and Methods

2.1 Si-Ti-C-0 fiber bonded ceramics

The Si-Ti-C-0 fiber bonded materials studied here were supplied by UBE Industries
(Yamaguchi, Japan) under the Tyrannohex commercial brand as ingots of different shapes.
Details of its processing have been published elsewhere [23]. In brief, continuous yarns of Si-
Ti-C-O fibers are obtained from a poly titanocarbosilane polymer precursor [28, 29] that is
melt-spun at 270 °C and cured at 170 °C and later pyrolyzed in N2 atmosphere at temperatures
ranging from 800 to 1500 °C [22]. The resulting Si-Ti-C-O fibers are then oxidized in air at
1000-1100 °C for 20h to obtain a 200-300 nm thick thermally grown oxide layer that will yield
the matrix in the final composite. Oxidized fibers are then woven in 8-HS configuration and the
resulting cloths cut and stacked in a shaper for hot pressing at 1750 °C in Ar at a pressure of 40
- 70 MPa [18]. This temperature is chosen to obtain fully dense monoliths and to induce
crystallization in the SiC fibers: experiments showed that at 1600 °C much thicker SiOz layers
were required to obtain dense monoliths [22]. During hot-pressing a thin carbon layer appears
at the interface between the SiC and the SiO2 thermally grown oxide layer, which is attributed
to an excess C in the fiber precursor that diffuses towards the outer surface of the fibers during
sintering. The oxide layer also contains small amounts of TiO2 due to the initial Ti content in
the fibers that react with the free carbon to form TiC particles. The final, dense ceramic consists
of pressed Si-Ti-C-O fibers surrounded by a mostly amorphous SiOz layer with TiC precipitates
[18, 19].

2.2 Microstructure and X-ray Diffraction
SEM observations were carried out in a Jeol 6460LV scanning electron microscope equipped
with an EDS detector, using samples prepared by conventional metallographic procedures.

TEM observations were carried out in a FEI Thalos microscope operating at 200 keV using



samples prepared as lamellas in a Zeiss Auriga dual beam FIB/SEM. X-ray diffraction was
performed in a Bruker D8 Advance A25 diffractometer in a Bragg-Brentano configuration using
Cu radiation. All these observations were carried out at the CITIUS central research facilities of

the University of Sevilla.

2.3 Mechanical Testing

Samples for compression tests were cut as parallelepipeds with nominal dimensions (2x2x3)
mm3, using a low speed diamond wafering blade. Due to the shape and dimensions of the
monoliths studied in this work, the compressive load was applied parallel to the pressing
direction used in the hot-pressing procedure, which coincided with the longest dimension in
the samples. It has been shown [24] that compressive strength tested in this direction is one
order of magnitude higher than when tested in a direction contained in the sheet plane, as also

happens in other SiC/SiC composites [30].

Compressive strength was measured using an electromechanical Universal Testing Machine
(EM1/50/FR Microtest, Madrid) with an attached furnace, using high purity Al20O3 compressive
rods. Polycrystalline a-SiC pads (Hexoloy, Saint Gobain Ceramic Materials, Kéln) were used
between rods and the samples. Samples were first tested at 1 pm min-! crosshead speed which,
for the sample dimensions used in this work, corresponded to a nominal initial strain rate of

€ = 5.5-107° s'1. These experiments were performed at temperatures in the range 1200 -

1450 °C in air.

Creep experiments were performed on identical samples using a dead weight loading creep
testing equipment (M/SCM-2-FP, Microtest, Madrid) with an attached furnace. As before, load
was applied using Al203 rods and SiC pads. Temperatures in the range 1400 - 1500 2C were
studied at nominal loads of 150 - 230 MPa. As will be explained below, long transient creep
regimes and non-steady-state deformation at some of the testing conditions precluded us from
performing dynamical changes in loading to obtain instantaneous creep parameters. Instead,
each sample was studied at a single stress and temperature until we either detected failure or

determined that steady-state was reached.



3 Results and discussion

3.1 Microstructure

The microstructure of the as received Si-Ti-C-O ceramic is shown in Figure 1. Fibers have
diameters in the 7 - 9 pm range and are arranged in two perpendicular directions. Fiber
sections are typically circular since plastic deformation during pressing takes place mostly in
the oxide matrix. An EDS mapping (lower panels) confirms that fibers contain mostly Si and C
while the matrix or interphase contains Si and O. Pore volume is very low, as measured density
using a He-pycnometer was p,,. = (2.338 £ 0.005) g cm3, resulting in 2.6 vol. % pore volume
when compared with the density of the fibers, which is larger but in line with previous reports

[18, 22].

Transmission electron microscopy observations (Figure 2) show the presence of a turbostratic
carbon interlayer between fibers and matrix 20-40 nm thick as well as TiC precipitates. These
are attributed to a carbon excess as well as the presence of Ti in the fiber precursor,
respectively. SiC crystallite size is very small with individual grains well below 100 nm. X-ray
diffraction (Figure 3) from sections perpendicular (in plane) and parallel (out of plane) to the
pressing direction reveal that SiC is very fine-grained and of the 3 polytype. The diffuse
scattering from the matrix confirms its amorphous nature, although a small cristobalite peak is
present in both orientations. TiC peaks could not be observed due to their small amount as well
as the overlap of the cubic TiC peaks with those from SiC. The main difference between
diffraction patterns in the in-plane and out-of-plane orientations is due to texture and the
amount of surface SiOz present in the diffracting volume, depending on the measurement
direction. In the out-of-plane direction the x-rays probe planes that are parallel to the fiber
mats which are stacked and pressed together to form the monoliths, whereas in the in-plane
direction the x-rays probe sections perpendicular to those. The amount of SiO2 in the
diffracting volume is larger in the first case, and that explains the larger amorphous

background.

3.2 Compressive Strength
Strength and creep measurements were performed on samples cut into parallelepipeds with
their largest direction parallel to the hot pressing direction, as depicted in Figure 4. This

direction was chosen because in previous studies in similar materials [24] it was shown that



strength in this direction was an order of magnitude higher than in the perpendicular direction

due to shearing of the individual fiber planes, as happens in similar composite materials [30].

Figure 5 shows the maximum measured compressive stress at each test, as a function of
temperature. Strengths are in the range 250 - 450 MPa and decrease with temperature up to
approximately 1350 °C and increases at higher temperatures, which can be attributed to a
crack healing and defect blunting effect typical of SiC materials [31] and produced by SiO2
formation and/or flow. Figure 6 shows stress-strain curves in compression measured at
different temperatures, showing a behavior typical of CMCs that fracture by damage
accumulation [32]. In this case, due to the presence of the vitreous interlayer between the
fibers, there is plasticity even at moderately high temperatures. Thus, failure occurs by damage
accumulation and propagation due to the material’s inability to accommodate deformation.
This is different to brittle fracture where the defect size distribution dictates strength and thus
a large number of samples need to be tested. The shape of the stress-strain curves, which slope
and curve downwards smoothly before failure rather than doing so abruptly corroborates this

hypothesis, as does the fact that standard deviations for strength are low at all temperatures

Figure 7 shows images of the lateral faces of the samples after testing: while at 1200 °C cracks
seem to propagate as they would do in a monolith, at 1250 °C open cracks tend to be
perpendicular to the fibers instead of propagating in-between them to them. This could be due
to the fact that SiO2is flowing and sealing the crack path, and this effect should be more
pronounced in the case of cracks along planes parallel to the fibers, where the amount of SiO2

the crack encounters should be higher.

One purpose of these compression tests was to establish a range in which plasticity and
especially steady state creep could occur. A prerequisite is that damage accumulation in the
range of studied temperatures and loads is negligible. In Figure 6, plastic effects are evident at
temperatures 1400°C and higher, however the absence of damage mechanisms is not clear only
from analyzing the stress-strain curves. For that reason, one test performed at 1450 °C was
stopped right after the maximum stress was reached and the sample was unloaded and cooled
down with a small contacting load to maintain its integrity. This sample is shown in Figure 8.
As can be seen in panel A, some barreling of the sample has occurred due to friction at the

surfaces contacting with the loading pads, while in B, C some small cracks are visible. For this



reason, we chose to perform our creep tests at temperatures 1400 °C and higher, using loads

between 1/3 and 2/3 of the maximum compressive strength.

3.3 Creep Experiments

Figure 9 shows log &€ — ¢ creep curves for tests at different loads and temperatures. For
samples crept at 1400 °C we were not able to reach the steady state before failure at 250 MPa,
but instead a minimum in creep rate was reached after which deformation accelerated until
failure in a process that is typically associated with damage propagation in the material. Also
at 1400 °C we were not able to measure steady state creep at 150 MPa and 200 MPa because

the creep rates fell below our testing apparatus sensitivity.

Creep deformation in Si-Ti-C-O fiber bonded ceramics probably proceeds first by viscous flow
of the SiO2 phase that resides in the fibers’ interstices. Figure 10 shows an enrichment in 02 at
the outer surface of a crept sample that can be either due to SiC oxidation or to SiO2 flow out of
the sample. During creep at 1400 °C at least 20% deformation is required to reach steady state.
Martinez-Fernandez et al. studied the creep behavior of several SiC/Si composites and found
that plastic deformation starts in the Si phase and that grain boundary sliding in the SiC grains
is required to accommodate this deformation [33]. Since below approximately 1500 °C the SiC
diffusion coefficient is very low, there is not a significant deformation of the SiC grains
themselves and the lack of accommodation mechanism results in a decreasing creep rate with
increasing deformation out of the steady-state. This mechanism can also be responsible for
transient creep in Si-Ti-C-O fiber bonded ceramics, although involving creep by viscous flow in
the SiO2 phase, a deformation mechanism which is typical of ceramics with a glassy interphase
at the grain boundary [34]. Once the glassy phase is pushed out and the fibers contact each
other, a steady state will be reached in which deformation proceeds by deformation inside the

fibers themselves.

Ishikawa [10] compared the tensile creep resistance of Si-Al-C-O fibers with other fibers such
as Hi-Nicalon-S or Sylramic, all of them highly crystalline and near-stoichiometric. Creep rates
for individual fibers at 1400 °C are shown in Figure 11 along with our results for Si-Ti-C-O at
different temperatures and applied loads. All the fibers included in the graph show a high creep
resistance, with Hi-Nicalon showing lower creep rates than Sylramic and Tyranno-SA,
attributed to the lower amount of residual oxygen in the Hi-Nicalon fiber, while the elements
incorporated in Sylramic and Tyranno fibers as sintering aids also enhance diffusion at the

grain boundaries thus increasing creep rate for a given load. Measured creep rates for Si-Ti-C-O
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fiber bonded ceramics are close to Sylramic and Tyranno-SA rates, which is reasonable since
the Tyranno-Lox fibers that compose the fiber bonded ceramic contain residual carbon and 02
at the SiC grain boundaries inside the fibers. A phenomenological creep exponent of n~4 was
measured for the individual fibers, which is consistent with our results, although no

deformation mechanism is proposed in previous works.

Steady state creep rates vs. reciprocal temperature are depicted in Figure 12 alongside values
collected from the literature for large grained monolithic SiC materials. Compressive creep
experiments carried out on a-SiC by Lane et al. [35] resulted in a creep exponent n ~1.5 which
is compatible with a grain boundary sliding deformation mechanism. They observed a change
in activation energy at ca. 1600 °C which was attributed to a change in the accommodation
mechanism, from grain boundary diffusion alongside dislocations to bulk diffusion with
enhanced dislocation activity. Creep resistance for Reaction Bonded Silicon Carbide (RBSC)
materials is lower in all cases when tested in tension [36]. Our results for Si-Ti-C-O exhibit
activation energies comparable to that of a-SiC at the high-temperature range, suggesting that
creep may be controlled by bulk diffusion as well. Given the grain size in Si-Ti-C-0, it is not

surprising that bulk diffusion can be relevant at much lower temperatures.

4 Conclusions

Si-Ti-C-0O ceramics are interesting candidates for several high temperature applications due to
their good combination of toughness, strength and near net shape processing. We have shown
that they are also highly creep resistant, exhibiting strain rates in the range of 1075 — 1077 s-1
at temperatures of 1400-1500 °C, even though they exhibit long transient creep due to the
presence of SiOz at the interface between the fibers. The large difference with respect to bulk
SiC ceramics can be attributed to the much smaller grain size, which is of the order of 20-50 nm

in these materials.
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