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Abstract

The effect of two different fiber architectures on the mechanical properties and mechanical behavior of the SiO,/SiO, composites processed by
silicasol-infiltration-sintering has been investigated. The composites were sintered at relatively low temperature (450 °C). The fiber/matrix
interface strength was weak. The characteristics of 2.5D (shallow straight-joint) structure and 3D four-directional braided structure were
determined. The tensile strength, flexural strength, shear strength and failure mechanisms of both 2.5D (shallow straight-joint) and 3D four-
directional braided SiO,¢/SiO, composites were characterized. It was found that the fiber placement in the preform will strongly affect the
mechanical property and failure behavior of the composite. The results of the tests and microstructural observations indicated that 3D four-
directional braided SiO,¢/SiO, composite had better mechanical properties than 2.5D (shallow straight-joint) SiO,¢/SiO, composite. 3D four-
directional braided SiO,¢/SiO, composite exhibited more graceful failure under loading than 2.5D (shallow straight-joint) SiO,¢/SiO, composite.
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1. Introduction

Amorphous silica is widely used in a variety of industrial
applications due to its high melting point, high thermal shock
resistance, and excellent thermal as well as electrical insulating
properties. Furthermore, silica is a desirable electromagnetic
material because of its low dielectric constant and low loss
tangents [1-3]. Unfortunately, due to the low strength and
extremely low fracture toughness of the silica in the monolithic
form, the use of silica as a structure material is limited [1-4].
However, incorporating fiber preform in the silica composites is
a good alternative to silica bulk structure material [2,5]. High-
purity quartz fiber with excellent thermal shock damage
resistance and dielectric properties is considered the most
attractive candidate fiber reinforcement in the silica composite.
Previous work mainly concentrated in incorporating short,
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unidirectional and/or two-dimensional (2D) silica fiber into the
silica matrix. It was showed that the fracture work and the
mechanical properties were enhanced. However, there is
uneven distribution of fibers density in the short silica fibers
reinforced silica composites and poor delamination resistance
in the 2D silica composites.

More recently, composites reinforced with 2.5D fiber
preforms or 3D braided fiber preforms were studied [6-9]. It
was shown that their delamination resistance and interlaminar
fracture toughness superior to that of the conventional
laminated composites. Both of 2.5D weave technique and
3D braided technique can be used to fabricate complex net or
near-net shaped components. Furthermore, the properties of the
2.5D composites and 3D composites can be tailored because of
the flexibility in fiber placement and fiber hybridization.
However, limited attention has been focused toward 2.5D and
3D braided quartz fibers reinforced silica (Si0,/SiO;)
composites.

As is well known, the fiber architecture is an important
parameter which will significantly affect mechanical properties
and mechanical behavior of the composites. In order to utilize
textile reinforcement structures and SiO,¢/SiO, composites

0272-8842/$36.00 © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2012.01.083


http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.01.083
mailto:jianxun_zhu@163.com
http://dx.doi.org/10.1016/j.ceramint.2012.01.083

4246

most efficiently, thorough understanding of their mechanical
properties and mechanical behavior are essential. In this paper,
2.5D (shallow straight-joint) preform and 3D four-directional
braided preform were used as the fiber reinforcements. The
Si0,¢/Si0, composites were prepared by silicasol-infiltration-
sintering (SIS) method. The aims of the current contribution
were to compare the mechanical properties and investigate the
difference of the mechanical behavior between 2.5D (shallow
straight-joint) SiO,¢/SiO, composites and 3D four-directional
braided SiO,¢SiO, composites, as well as to expand the
experimental knowledge for how fiber architectures impact
mechanical properties and mechanical behavior.

2. Experimental details
2.1. Composite preparation

The 2.5D (shallow straight-joint) preforms and 3D four-
directional braided preforms were provided by Nanjing
Institute of Glass Fiber. The fiber volume fraction of 2.5D
(shallow straight-joint) preform and 3D four-directional
braided preform were 47.5% and 46.8%, respectively. The
Si0,¢/Si0O, composite were prepared by SIS method, the
sintering temperature of the composites was relatively low
(450 °C) compared with other papers [2,5,10]. The preparation
process had been described previously in full detail [11].
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2.2. Mechanical properties measurement

Each of the composites provided two types of test
specimens. For 2.5D (shallow straight-joint) composite, the
specimens were parallel to the warp or weft direction. For 3D
four-directional braided composite, the specimens were parallel
to the braiding direction or normal to the braiding direction.
The as-fabricated 2.5D (shallow straight-joint) and 3D four-
directional braided SiO,¢/SiO, composite were cut parallel to
the warp direction and the braiding direction, respectively.
Mechanical properties of the composites were characterized
under tensile loading, flexural loading and shear loading.
Mechanical tests were performed on a pc-controlled electronic
universal testing machine (Model CMT5105, SANS Corp.,
China). Tensile test specimens with dimensions of
3.5mm x 23 mm X 94 mm were cut from the fabricated
composite plates and tapered aluminum tabs were glued at
both sides to provide a gauge length of 48 mm. Tensile tests
were performed at a constant cross-head speed of 0.3 mm/min.
Flexural strength was measured using the three-point-bending
method. The nominal flexural specimen dimensions were
3.5mm x 5 mm in cross section and 40 mm in length. The
bending support span size was 30 mm and the crosshead speed
was 0.03 mm/min. Shear strength was measured using the
Iosipescu shear testing method, meanwhile, the composite
panels were cut into two 45° Notched (5 mm depth) beam
specimens. The nominal shear specimen dimensions were
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Fig. 1. structures of 2.5D (shallow bend-joint) preform and 3D four-directional preform. (a) Schematic of 2.5D (shallow straight-joint) preform. (b) Schematic of 3D
four-directional preform (representative unit cell). (c) 2.5D (shallow straight-joint) preform. (d) 3D four-directional preform.
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4mm x 18 mm in cross section and 80 mm in length. The
geometry shear specimens and the test fixture of Tosipescu shear
testing method were displayed in the previous literature [11].

2.3. Microstructure observation

The Archimedes technique was used to determine specimen
density. The microstructure of the fracture surface was
observed by scanning electron microscopy (SEM, FEI CO.,
Quanta200 and JSM-6360LV). Before observing, the samples
were coated with gold (thicknesses of 10 nm) on the surface
because the SiO,¢/SiO, composites were non-conducting
samples.

3. Results and discussion
3.1. Preform structure

Fig. 1 shows the structures of 2.5D (shallow straight-joint)
preform and 3D four-directional braided preform. 2.5D
preform was a unique kind of multilayer fabric. The first set
of tows that ran in the weaving direction was called warp yarns,
while the second set of tows that ran transverse to the weaving
direction was called weft yarns. The 2.5D preform was
composed of layers of straight weft yarns and a set of sinusoidal
warp yarns, with the adjacent layers of weft yarns interlaced
together by warp yarns. The warp yarns were placed at an angle
0, called the undulation angle (see Fig. 1(a)). The warp density
and the weft density of the as-received 2.5D preform were
10 picks/cm and 4 picks/cm, respectively. The 2.5D process
could produce near-net-shape preforms for components having
complicated geometry and thus reduces the production time
and associated costs. Especially, this kind of structure could be
used to prepare dome-shaped components. Fig. 1(b) shows the
representative unit cell of the 3D four-directional braided
preform. 3D four-directional braided preforms are composed of
four directional yarns which are braided with the same braid
angles (interior braiding angle) in the interior of the material.
The yarns are solidly interlaced with each other in the space and
arrayed in a beeline interiorly (Fig. 1(d)). 3D braided preforms
as reinforcements have a number of advantages over
conventional laminate preforms, including through-thickness
reinforcement, low delamination tendency, high damage
tolerance and near-net-shape manufacturing [12].

3.2. Tensile loading

The density of the 2.5D (shallow straight-joint) SiO,¢/SiO,
composite and 3D four-directional braided SiO,¢SiO, compo-
site was 1.70 g/cm® and 1.71 g/cm?, respectively. Fig. 2 shows
the tensile stress—strain curves of 2.5D and 3D SiO,¢/SiO,
composite obtained by monotonic tensile tests. The curve (a)
and the curve (b) show the test results of 3D four-directional
braided specimen and 2.5D (shallow straight-joint) specimen.
Both of the curves exhibited highly nonlinear behavior. In
general, the curves can be divided into four stages (see curve
(a)): a very small initial linear stage followed by a large
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Fig. 2. Comparison of the tensile stress—strain curves for 2.5D and 3D
composites (a) 3D four-directional braided specimen. (b) 2.5D (shallow
straight-joint) specimen.

nonlinear stage, and then a quasi-linear stage, and the final
fracture stage [13]. At the stage II, because of the increased
stress, multiple matrix cracks were generated and the braiding
fibers were shear debonded from the matrix. At the stage III, the
crack density saturated and the bridging fibers became
completely debonded. The stage III was attributed to the
elastic response of the bridging fibers. However, different from
3D four-directional braided SiO,¢SiO, composite, 2.5D
(shallow straight-joint) Si0,¢Si0, composite exhibited a large
nearly linear-elastic behavior in stage III (Fig. 2(curve (b)). The
expected causes were: the additional matrix cracking reached
saturation early, and then the bridging fibers fracture appeared
to be the dominant damage mode. The average values of the
tensile strength for 2.5D (shallow straight-joint) specimen and
3D four-directional braided specimen were 24.5 MPa and
30.8 MPa, respectively. The average values of failure strain for
2.5D (shallow straight-joint) specimen and 3D four-directional
braided specimen were 0.75% and 0.56%, respectively. The
failure strain of the 2.5D (shallow straight-joint) SiO,¢/SiO,
composite was higher than that of the 3D four-directional
braided SiO,¢/SiO, composite. The reason for 2.5D (shallow
straight-joint) SiO,¢/SiO, composite exhibited high strain was:
the warp yarns of 2.5D (shallow straight-joint) SiO,¢/SiO,
composite were placed at an angle 6, these warp yarns exhibited
a tendency of parallel to the loading direction when subjected to
a tensile load.

3.3. Flexural loading

Fig. 3 shows the stress—deflection curves tested by three-
point bending, which were different from that of monolithic
ceramics. Toughening effect of quartz preform was obvious.
The curve (a) and the curve (b) show the test results of 2.5D
(shallow straight-joint) specimen and 3D four-directional
braided specimen, respectively. Both of the composites
exhibited a non-catastrophic load—deflection behavior. The
stress—deflection curves could be divided into three stages:
initially linear elastic region, a nonlinear region and final
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Fig. 3. Comparison of the flexural stress—deflection curves between the 2.5D
and 3D composites. (a) 3D four-directional specimen. (b) 2.5D (shallow
straight-joint) specimen.

unstable fracture. These three stages had been discussed in full
detail in literature [11,14]. As show in Fig. 3, 3D four-
directional braided composite exhibited considerable deforma-
tion after the maximum load was reached; however, 2.5D
(shallow straight-joint) composite exhibited little deformation.
The areas under the stress—deflection curve represent the
amount of energy that the composite can absorb during the
failure process, the size of the area can reflect a certain degree
of fracture toughness [15]. The 3D four-directional braided
Si0,¢/Si0, composite absorbed more energy prior to final
failure than that of the 2.5D (shallow straight-joint) Si0,¢Si0,
composite. The average values of the flexural strength for 3D
four-directional braided specimen and 2.5D (shallow straight-
joint) specimen were 64.0 MPa and 48.4 MPa, respectively.

3.4. Shear loading

The shear strength of the SiO,¢/SiO, composites was
measured by the Iosipescu shear testing method. The loading
rate was 0.3 mm/min. Shear strength was calculated by the
following equation:

_P
" ho

where P is the maximum fracture load (N), 2 and w are the
height and the minimum distance between v-notched of the
sample, respectively.

In general, CFCCs mainly have three kinds of failure modes
in the Iosipescu shear testing (Fig. 4(a—c)) [16]. If the
reinforcing fibers were perpendicular to the shear loading
direction, the failure mode occurs mainly by fiber slipping and
debonding at the fiber/matrix interface (Fig. 4(a)). If the
reinforcing fibers parallel to the shear loading direction, the
failure mode may occur by an interlaminar crack at the sample
gage length (Fig. 4(b)). If the CFCCs were reinforced by
multidirectional fiber reinforcement (e.g. plain weave fabric),
the failure mode may occur by a mixed failure mechanism:
besides fiber/matrix interface slipping and interlaminar shear,
associated with the fiber bundle splitting in the fabric mesh
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Fig. 4. Modes of failure in the Iosipescu shear testing.

(Fig. 4(c)). As it may, shear properties are mainly influenced by
the matrix and the fiber/matrix interface and the shear failure
modes are associated with a shear deformation mechanism.
Fig. 5 shows the stress—displacement curves of the shear failure
behavior of the composites. The curve (a) and the curve (b)
show the test results of 3D four-directional braided specimen
and 2.5D (shallow straight-joint) specimen, respectively. Both
of the curves exhibited mostly nonlinear behavior. The shear
failure behavior was similar to the behavior of bending failure.
Both types of the composites exhibited a non-catastrophic
fracture behavior. Fig. 6(a and b) shows the photograph of the
tested losipescu specimen of 3D and 2.5D composite,
respectively. The fracture surface of 3D four-directional
braided Si0O,¢/SiO, composite (see Fig. 6(a)) exhibited a
curved fracture path and rugged fracture morphology because
3D braided fiber reinforcement was a multidirectional structure
(see Fig. 1(b)). The failure mode of the 3D four-directional
braided SiO,¢/SiO, composites in the Iosipescu shear testing
was a mixed mechanism (mode C in Fig. 4). However, the
fracture surface of 2.5D (shallow straight-joint) SiO,¢SiO,
composite (see Fig. 6(b)) exhibited a straight fracture path.
Although 2.5D (shallow straight-joint) is a multidirectional
structure, the warp yarns and the weft yarns are relatively
independent (see Fig. 1(a)). The weft yarns parallel to the shear
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Fig. 5. Comparison of the shear stress—displacement curves between the 2.5D

and 3D SiO,¢/SiO, composites. (a) 3D four-directional braided composite. (b)
2.5D (shallow straight-joint) composite.
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(b)

Fig. 6. Photograph of the tested Iosipescu specimen of 3D and 2.5D composite. (a) 3D four-directional braided specimen. (b) 2.5D (shallow straight-joint) specimen.

loading direction, the failure mode of the 2.5D (shallow
straight-joint) SiO,¢/SiO, composites in the losipescu shear
testing was mode b in Fig. 4. The average values of the shear
strength for 3D four-directional braided specimen and 2.5D
(shallow straight-joint) specimen were 22.0 MPa and
18.0 MPa, respectively.

4. Discussion

The difference of fiber volume fraction between these two
types of composites was very small; however, there were large
differences in mechanical properties and mechanical behavior
between these two types of composites. The above results
clearly indicated that the tensile strength, flexural strength,
shear strength and impact energy-absorbing capability of the
3D four-directional braided SiO,¢/SiO, composite was superior
to that of 2.5D (shallow straight-joint) SiO,¢/SiO, composite.
Obviously, the effect of fiber placement affects the failure
behavior and toughening mechanisms of the composites. From
Figs. 2, 3 and 5, 3D four-directional braided SiO,¢/SiO,
composite exhibited more graceful failure under loading than
2.5D (shallow straight-joint) SiO,¢/SiO, composite.

Although both constituents (quartz fibers and silica matrix)
of Si0,¢/SiO, composites were brittle, the composites
displayed quasi-ductile deformation. The properties of CFCCs
were markedly influenced by the interfacial properties. It was
generally accepted that interfacial debonding at the fiber/matrix
interface was the precondition for crack energy dissipating
mechanisms, such as crack deflection, crack bridging, and fiber
pull-out [17]. Thus, the interface strength must be weak enough

to facilitate the crack energy dissipating mechanisms. There are
two main types of bonding at an interface: mechanical bonding
or chemical bonding. Mechanical bonding results from
thermally induced residual stresses, while chemical bonding
arises from chemical reaction during processing. In this study,
the composites were prepared at a low temperature, the residual
stresses of the composites was relative low. In addition, the
strong chemical reactions between the constituents or detri-
mental change in the fiber preform had been avoided. The
interface strength was weak and hence debonding at the fiber/
matrix interface was easily achieved under low mechanical load
(Fig. 7(a)).

Microscopic observation of the specimens fractured in
flexure indicated that both types of composites failed at the
tensile side, and no delamination was found for either type of
composite. It was found that the yarns were fractured at various
regions and the fracture surfaces of the yarns were very ragged.
The fracture surface of 3D four-directional braided SiO,/SiO,
composite was more ragged than that of 2.5D (shallow straight-
joint) composite. For both types of composites, the fibers
exhibited multi-step fracture (see Fig. 7(b and c)). From Fig. 7,
some fiber pull-out was observed on the fracture surfaces for
both types of composites. However, the pull-out lengths of
fibers of 3D four-directional braided SiO,¢#/SiO, composite was
longer than that of 2.5D (shallow straight-joint) composite; the
number of pull-out fibers of 3D four-directional braided
composite is more than that of 2.5D (shallow straight-joint)
composite. Fiber pull-out was a toughening process operating
in the CFCCs during failure. So these two types of composites
exhibited a certain degree of toughness. The fracture toughness
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Fig. 7. SEM micrographs of fracture surface of the SiO,¢/SiO, composites after flexural loading. (a) Interfacial debonding. (b) Fracture surface (2.5D composite). (c)
Fracture surface (3D composite). (d) Fiber pull-out (2.5D composite). (e) Fiber pull-out (3D composite).

of 3D four-directional braided SiO,¢/SiO, composites was
superior to 2.5D (shallow straight-joint) SiO,¢SiO, compo-
sites, this behavior could be more clarified from the flexural
stress—deflection curves as shown in Fig. 3.

5. Conclusions

(1) 3D four-directional braided SiO,¢#SiO, composite had a
higher tensile strength, flexural strength and shear strength
than 2.5D (shallow straight-joint) SiO,¢/SiO, composite.

(2) The fiber placement in the preform strongly affects the
mechanical property and failure behavior of the composite.
The failure modes in the Iosipescu shear testing of these two
kinds of SiO,¢/Si0, composite were distinctly different. 3D
four-directional braided SiO,¢/SiO, composite had a better
fracture toughness than 2.5D (shallow straight-joint) SiO,¢/
SiO, composite. Compared with 2.5D (shallow straight-
joint) Si0,¢/SiO, composite, 3D four-directional braided

Si0,¢/Si0, composite exhibited more graceful failure under
loading.
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