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S8i04¢/Si0, composites are among the most ideal high-temperature wave-transparent materials used in hyper-
sonic vehicles. The purpose of the study is the thorough experimental investigation of the tensile behavior of a 2D
twill woven SiO,¢/SiO, composite, and the establishment of an accurate and efficient simulation method for such
composites. The digital image correlation (DIC) method was utilized to capture local deformation data during
tensile tests. Meanwhile, a progressive failure analysis (PFA) model employing the exponential damage evolution
law was subsequently developed with UMAT in ABAQUS. Simulations of the mechanical properties and strain
distributions show good consistency with experimental results. The results at room temperature and 900 °C
demonstrate that the strain distributions exhibit obvious periodic patterns related to the woven structure. In
addition, band-shaped strain concentrations can be observed at the intersection zones between adjacent longi-
tudinal and transverse fiber bundles. These zones are regarded as critical regions. This was validated by the
damage evolution observed in the simulations. Owing to the grain coarsening of quartz fibers and the embrit-
tlement of different constituents at 900 °C, notable degradation of the mechanical properties and brittle fracture
characteristics were observed.

1. Introduction

With the development of aerospace technologies, an increasing
number of advanced ceramic matrix composites (CMCs) have attracted
worldwide attention [1]. Quartz fibers reinforced silica matrix (SiOo¢/-
Si0,) composites combine excellent dielectric properties, thermal shock
damage resistance, low thermal conductivity, and acceptable mechani-
cal properties. The unique integration of these properties exceeds the
requirements for high-temperature wave-transparent materials intended
for use in the radomes and antenna windows of hypersonic vehicles [2,
3]. Recently, various SiO¢/SiO, composites have been fabricated, and
their preparation parameters (such as heat treatment temperature) were
investigated, including unidirectional [4], 2D woven [5], 2.5D woven
[6-8], 3D orthogonal [3], 3D four-directional and 3D five-directional
composites [9-11]. These studies have mainly focused on the dielec-
tric, thermophysical, and room-temperature flexural properties of the
composites. The flexural properties of SiO2¢/SiO2 composites degrade
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with increasing temperature, especially above 900 °C [12,13], which is
related to the crystallization of quartz fibers at high temperatures [14].
Investigations of the tensile behaviors of SiO,¢/SiO5 composites, at room
temperature and typical operating temperatures, are limited.

When conducting mechanical tests of woven composites, the local
deformation at the mesoscale must be analyzed to contribute to a deep
understanding of damage initiation and propagation among different
constituents. Digital image correlation (DIC) is a non-contact optical
technique used to acquire in situ information relating to the surface
displacement and strain fields. It has been proven to be a suitable
technique for measuring the local deformation of metals [15]. In addi-
tion, it is well suited for measuring pre-cracking strain distributions and
post-cracking damage evolution in woven CMCs [16]. In Ref. [16], DIC
was utilized to reveal the effect of fiber architecture on strain concen-
trations and to study the initiation and propagation of cracks in 2D
woven SiC¢/SiC composites. The damage development of a 2D braided
SiC¢/SiC tube was investigated at the tow scale under tensile loading



Table 1

The pristine properties of quartz fibers and silica matrix.
Quartz fiber
Elastic modulus (GPa) Poission’s ratio Tensile strength (MPa)
72-78 0.25 1046

Silica matrix

Elastic modulus (GPa)
35-45

Poission’s ratio
0.25

Tensile strength (MPa)
180-220

[17]. The deformation behavior and failure mechanism under the tensile
loading of 2D and 2.5D woven SiO¢/SiO2 composites were examined
using the stereo-DIC technique at room temperature in Ref. [18].
Additionally, non-uniform strains in a 2.5D woven SiO5¢/SiO3 composite
under in-plane tensile stress were observed and quantitatively analyzed
in Ref. [19]. DIC has also been applied to study the tensile behaviors of
notched SiC¢/SiC and Al;03¢/Al1203-SiO; composites [20,21].

Because of the dispersion of the properties of textile composites and
the high costs of experiments, mesoscale numerical simulation is
considered as a reliable, precise and efficient method to predict the
macroscopic mechanical properties and reproduce the damage evolu-
tion of woven or braided CMCs [22]. A mesoscale geometric model of
textile composites can be generated in computer-aided design (CAD)
software based on the geometric parameters from micro-computational
tomography (CT) [23] or microscope images [19]. For composites with
relatively simple woven structure, such as 2D twill woven composites,
geometric model can be established directly in open-source textile
modelers, such as TexGen [24] and WiseTex [25]. After determining the
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properties of the different constituents and establishing the mesoscale
geometric model, the elastic properties can be subsequently calculated
in commercial finite-element software, for example, ABAQUS. The
in-plane elastic properties of 2D twill woven T300 carbon/epoxy com-
posites were acquired by experimental and numerical methods in
Ref. [26].

In addition to calculating the elastic properties of composites, it is
also necessary to predict the damage evolution behavior and strength in
numerical simulations. For decades, progressive failure analysis (PFA)
has been applied to mesoscale simulations of textile composites [27]. In
a PFA model, the damage initiation criteria and damage evolution laws
are the two most important aspects. A 2D progressive damage model was
developed for elastic-brittle fiber-reinforced materials in Ref. [28],
Hashin criteria and damage variables defined by equivalent displace-
ments were used to identify the initial damage and degradation of the
material properties, respectively. This model was embedded into ABA-
QUS. A similar PFA was conducted to study the mechanical behaviors of
a 2D twill woven T300 carbon/epoxy composite in Ref. [29]. In
Ref. [30], exponential damage evolution laws (proposed in Ref. [31])
were used to gradually degrade the material properties of a 2.5D woven
SiO4¢/SiO2 composite.

This paper aims to investigate the tensile behaviors of a 2D twill
woven SiO,¢/SiO, composites by experiments, and to establish an
effective and efficient simulation method for engineering applications.
First, DIC was used to provide in-situ full-field information during the
tests. Numerical simulations were used to study the gauge section of
composites at mesoscale and a PFA model was subsequently

-

Fig. 1. Complete experimental system used to perform tensile tests with DIC at 900 °C.
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Fig. 2. Pictures of one tested specimen and corresponding schematic given in TexGen.

implemented via UMAT in ABAQUS. Strain fields and damage evolution
were well reproduced in the simulations. Finally, the deformation
characteristics, critical regions, and failure mechanisms of the 2D twill
woven SiO/SiO, composites under tensile loading at room temperature
and 900 °C were comprehensively discussed through the combined
analysis of the in-situ experiments and finite-element simulations.

2. Tensile tests with DIC

The quartz fibers used in the 2D twill woven SiO2¢/SiO2 composites
were provided by Feilihua Quartz Glass Corp., China, with diameters of
6-10 pm. The fibers were woven into a 2D fabric preform, followed by
heat treatment and infiltration of the silica sol. The products were sin-
tered at 800 °C The infiltration-sintering processes were repeated four
times to acquire the composites. This fabrication route is called the sol-
gel method [11,32,33]. The fiber volume fraction and density of the
prepared SiO¢/SiO, composites were 45% and 1.6 g/cm®, respectively.
The pristine properties of the quartz fibers and silica matrix are pre-
sented in Table 1 [30]. However, the properties of different constituents
are degraded when sintered at high temperatures during preparation.
Moreover, the matrix in the as-fabricated composites is porous. Eq. (1) is

usually used to degrade the stiffness and strength of the porous matrix
[34]:

S=Spe 1)

where S is the stiffness or strength of the porous matrix, and Sy is the
stiffness or strength of the pure matrix. f represents the matrix porosity,
and o is an empirical constant.

These issues can cause conspicuous degradations in the properties of
various constituents in the as-fabricated composites. The specimens used
in the present work were cut from a large SiO2¢/SiO2 composite sheet
and then machined into a dog-bone shape. Their overall size was 120 x
25 x 1.5 (length x width x thickness, mm) with a gauge section of
approximately 30 x 10 x 1.2 mm.

Tensile tests were conducted on a 5-kN-capacity WDW-100 universal
testing machine (Changchun Research Institute of Testing Machines,
Jilin, China) at room temperature and a typical operating temperature
(900 °C). The specimens were placed in a fixture with a self-adjusting
alignment function and then loaded with a crosshead displacement
speed of 0.4 mm/min. A furnace with observation windows was used for
testing when the specimens were tested at 900 °C. During the tests, a
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Fig. 3. Mesoscopic geometry and finite-element mesh of the gauge section of the composites.

charge-coupled device (CCD) camera with a double telecentric lens
(magnification ratio, 1:5) recorded images at a frame rate of 15 fps, with
a 17.25-pm pixel size. The entire experimental system used to perform
tensile tests with DIC at 900 °C is shown in Fig. 1.

DIC analysis was conducted using the software VIC-2D (Correlated
Solutions), with an image subset dimension of 29 x 29 pixels and a step
size of 5 pixels. The strain fields were calculated from the full-field
displacements using a centered three-point differentiation scheme.

3. Mesoscale finite element model
3.1. Geometric model

Before constructing the geometric model, mesoscale pictures were
taken to obtain the woven pattern and geometric parameters of the
composites. The mesoscale structure of the gauge section of the com-
posites was then recreated in Texgen. A general 2D woven pattern was
embedded in the software; the crossing of the fiber bundles required
manual adjustment. Afterwards, the size of the gauge section was
defined as 10.1 mm x 1.2 mm x 30 mm. Other parameters such as the
height of the fiber bundles (0.5 mm), the width of the fiber bundles (2.4

Table 2

The parameters used in the simulations at room temperature.
Fiber bundles
Ey;, (GPa) Eyr (GPa) Erz (GPa) Gyrr (GPa) Gy 1z (GPa) Gy1z (GPa) Hiir HiLz Hirz
11 3 3 1.8 1.2 1.2 0.26 0.26 0.26
Sy (MPa) Sf.r (MPa) S5z (MPa) S (MPa) Sf.1. (MPa) Sf.z. (MPa) Spir (MPa) Spir (MPa) Spir (MPa)
80 50 60 40 60 40 25 25 25
Gr1(J/m?) Grr(J/m?) Grz(J/m?) 1
0.8 0.8 0.8 0.005
Silica matrix
En(GPa) Gn(GPa) Hm Sm(MPa) Sm.c(MPa) Gpm(J/m?) n
2.1 1 0.35 15 15 0.1 0.005




Table 3
The parameters used in the simulations at 900 °C.

Fiber bundles

Ej; (GPa) Ejr (GPa) Eyz (GPa) Gy o1 (GPa) Gy 1z (GPa) Gy 1z (GPa) Herr K1z K1z

10 2.5 2.5 1.5 1 1 0.26 0.26 0.26

Sy (MPa) Sg.re (MPa) Sf.z (MPa) Sf.1c (MPa) Sf.re (MPa) Sf.zc (MPa) Spir (MPa) Syt (MPa) Syt (MPa)
60 35 45 30 45 30 20 20 20

Gyry J/m?) Gy (J/m?) Girz (J/m?) n

0.6 0.6 0.6 0.005

Silica matrix

Ey (GPa) Gn (GPa) Hm Sm. (MPa) Sme (MPa) Gpn (J/m?) n

1.7 0.8 0.35 12 12 0.1 0.005

Fig. 4. a) The boundary conditions and b) loading mode used in the finite-element simulations.
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Fig. 5. The experimental and simulated stress-strain curves at a) room temperature and b) 900 °C.



Table 4

mm), and the central distance between two adjacent fiber bundles (2.5

The comparison of experimental and simulated values of the elastic moduli and mm) were also defined to obtain the final model. The local coordinate
ultimate strengths at various temperatures. systems were assigned to the fiber bundles in the software TexGen. The

Room temperature

material properties of the fiber bundles were then applied according to

the local coordinate systems. Pictures of one tested specimen and the

Experimental results Simulated results i N I .
Elastic modulus (GPa) 4.36 4.31 corresponding schematic are shown in Fig. 2. Finite-element meshes of
Ultimate strength (MPa) 36.16 36.02 different constituents were also generated in TexGen. Hexahedral ele-
900°C ments (C3D8) were used to improve the efficiency and accuracy of the
Experimental results simulated results finite-element calculation. Fig. 3 depicts the mesoscopic geometry and
Elastic modulus (GPa) 4.05 4.09 finite-element mesh of the gauge sections of the composites.
Ultimate strength (MPa) 22.04 22.58
a) 18%Pmax 55%Pmax 91%Pmax
h . . exx (1] = Lagrange |8 A , exx (1) - Lagrange [ o < exx (1] = Lagrange
0.00052 % 0.00325 0.0104
0.00043375 L 0. 00259688 0.00787S
0.0003475 4 0.00194375 0.00S35
0.00026125 % : 0.00129063 0.002825
0.00017S ¢ P 5 0.000637S 0. 000299999
8.675014-05 . N Ay : -1.562494-05 -0.002225
2.50005¢-086 ~0. 00066875 =0.0047S
~8.375¢-05 ~0.00132187 ~0.00727S
=0.00017 ~0. 001975 ~0. 0098
~0. 00025625 ~0.00262812 ~0.012325
~0. 0003425 ~0.00328125 ~0.01485
~0. 00042875 ~0.00393438 =0.01737S
~0.000515 ~0.0045875 ~0.0199
~0. 00060125 ~0.00524062 -0.022425
-0. 0008875 ~0.00589375 -0.02485
~-0.0007737S ~0. 00854687 ~0.02747S
~0. 00086 vl pL % ~0.0072 -0.03
b) N o,
29%Pmax 58%Pmax 87%Pmax
exx (1] = Lagrange exx (1] - Lagrange exx [1] - Lagrange
0.00242 0.00465 0.0068
0.002157S 0.0041 0. 00600625
0.001895 0.00355 0.0052125
0.0016325 I 0.003 0.0044187S
0.00137 I 0.00245 0.003625
0.001107S U 0.0019 0.00283125
0.000845 0.00135 0.002037S
0.0005825 0.0008 0.0012437S
0. 00032 0.00025 0.00045
5. 75001 ¢-05 ~=0.0003 ~0. 00034375
~0. 000205 ~-0.00085 ~0.001137S
~0. 0004675 =0.0014 -0.00193125
-0.00073 -0.00195 -0.002725
-0, 0000825 -0.0025 ~0.00351875 Y
-0.001255 ~0.00305 -0.0043125
-0.0015175 0003 -0.00510625 X
-0.00178 ~0.00415 -0.0059 Z

Fig. 6. The evolution of the transverse strains ey, with increasing load at a) at room temperature and b) 900 °C.



a) 18%Pmax

55%Pmax 91%Pmax
eyy (1] - Lagrange eyy (1] = Lagrange eyy (1] - Lagrange
0.00276 0.021 0.03%2
0.002565 0.0195438 0.0364937
0.00237 E 0.0180875 0.0337875
~ 0.002175 I 0.0186312 0.0310812
0.00198 I 0.015175 0.028375
0.001785 0.0137187 0.0256687
0.00159 0.0122625 0.0229625
0.001395 0.0108062 00202562
0.0012 0.00935 0.01755
0.001005 000789375 0.0148437
0.00081 0.0084375 0.0121375
0.000615 0.00498125 0.00943125
0.00042 0. 003525 0.008725
0.000225 0. 00208875 0.00401875
3e-05 0. 0008125 0.0013125
-0. 000165 -0. 00084375 ~0.00139375
-0.00038 -0.0023 -0.0041
55%Pmax 91%Pmax

E, E11 E, E11 E, E11

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+3.088e-03 +2.290e-02 +3.599e-01
+2.803e-03 +2.077e-02 +3.290e-01
+2.518e-03 +1.865e-02 +2.981e-01
+2.233e-03 +1.652e-02 +2.672e-01
+1.948e-03 +1.440e-02 +2.363e-01
+1.663e-03 +1.227e-02 +2.054e-01
+1.377e-03 +1.015e-02 +1.745e-01
+1.092e-03 +8.023e-03 +1.436e-01
+8.071e-04 +5.899e-03 +1.127e-01
+5.220e-04 +3.774e-03 +8.181e-02
+2.368e-04 +1.649e-03 +5.091e-02
-4.831e-05 -4.758e-04 +2.001e-02
-3.335e-04 -2.601e-03 -1.090e-02

Fig. 7. a) The evolution of the longitudinal strains &y, with increasing load at room temperature and b) corresponding simulation results.

3.2. Damage initiation criteria

The matrix was considered as an isotropic material and the
maximum stress criterion was applied to identify the initial damage of
the matrix. The fiber bundles were modeled as unidirectional compos-
ites with transversely isotropic properties. Hashin’s failure criterion,
which considers the tensile and compressive damage of different con-
stituents, has been widely used for predicting the failure of unidirec-
tional fiber composites [35]. Therefore, the 3D Hashin criterion was
adopted for the fiber bundles. The 3D Hashin criterion including four

distinct failure modes, is presented below:
Tensile Fiber Mode 61, > 0,

o2, (i +1)
Fu=gt+-tg—=1 @
f’L( S/Z,L: SfZ,LT

Compressive Fiber Mode 67; < 0,
F=— S‘l =1 ®
f.Lc

Tensile Matrix Mode 65, + 633 > 0,



a) 29%Pmax 58%Pmax 87%Pmax
eyy (1] = Lagrange eyy (1] = Lagrange eyy (1] - Lagrange
0.00595 0.0152 0.0354
0.00S3125 0.01387S 0.0320333
0.004675 0.01215 0.0288667
0.0040375 0.010625 0.0253
0.0034 0.0091 0.0219333
0.0027625 0.00757S 0.0185667
0.002125 0.00605 0.0152
0.0014875 0.004525 0.0118333
0.0008S 0.003 0. 00846667
0.0002125 0.00147S 0.00S1
-0.000425 -5.00001¢-05 0.00173333
-0.0010625 -0.001575 -0.00163333
|
-0.0017 -0.0031 -0.005
b) 29%Pmax 58%Pmax 87%Pmax

E, E11 E, E11 E, E11

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+6.211e-03 +1.473e-02 +2.011e-01
+5.557e-03 +1.322e-02 +1.838e-01
+4.904e-03 +1.170e-02 ‘665e-
+4.251e-03 +1.019e-02
+3.597e-03 +8.679e-03
+2.944e-03 +7.167e-03
+2.290e-03 +5.655e-03
+1.637e-03 +4.142¢-03
+9.836e-04 +2.630e-03
+3.303e-04 +1,118e-03
3.231e-04 -3.945e-04
9.765€-04 -1.907e-03
-1.630e-03 -3.419¢-03

Fig. 8. a) The evolution of the longitudinal strains &, with increasing load at 900 °C and b) corresponding simulation results.
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1 [/ S\
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where ¢ and 7 are the applied stresses, and T, C, and S are the tensile,
compressive, and shear strengths, respectively.

3.3. Damage evolution model

When the stress state of one element satisfies the damage initiation
criteria as given in Section 3.2, the material properties degrade gradu-
ally according to the damage evolution law, that relates the mesoscale
damage to micromechanical failure mechanisms. Teng et al. [30] pro-
posed a continuum damage model to conduct a PFA of a 2.5D woven
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Fig. 9. Profiles of local strains measured by DIC at room temperature for two woven RVEs: a) two RVEs of the composite; b) transverse and c) longitudinal strain
distributions along the red line in a); d) the SEM image of the yellow rectangular region in a); e) the SEM image of the yellow rectangle region in d). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Si0,¢/Si0, composite, in which two damage variables dy;, and dy; with
similar forms were used to model the degradation in the stiffness of fiber
bundles. For fiber bundles, the exponential damage evolution law is
given as follows:

1 2
1- aexp[(l ~ Fu)LS}, [EraGrys| on >0
o= ©)

1
1— ReJ\rp[(l - Ff,lc)Lsle‘_/Ef’LGFf’L] 1 <0

1
1- Fir exp[(l - Ff’n)LS‘fZYT,/Ef,TGFf,T:I 63 +0313 >0
Tt

df,T = (7)
1- exp[(l — F1.)LS, / ENGFN] 0n+ 03 <0

Fyre

where F is the damage threshold in the above damage initiation criteria.
L is the characteristic element length; S, E and Gy are the strength, elastic
modulus and fracture energy of different constituents respectively; the

subscripts Lt, Lc, Tt and Tc represent the material properties in various
directions under either tension (t) or compression (c). For the matrix, the
form of the damage evolution model is similar to Egs. (6) and (7):

During the damage evolution process, the effective stiffness matrix is
reduced by the damage variables. For the fiber bundles, the damaged
stiffness matrix can be written as:

biCn bi1b,Ciy  b1bCi3
bib,C, b,Cyy  byCys 0
bib,Ciz bG35y Cy

Ca= bibsCas 0 0 ®
0 0 bibaCss 0
0 0 byCes

where by =1—df, by =1—dsr.
To improve the convergence of the calculations, viscous damage
variables are introduced:

dy, =;, (df.L - df",l_) ©



W 1
fr = \HT T,
d, ”(d” d;,) (10)

here, d}' , and d}”T are regularized damage variables corresponding to dy,,
and dy r respectively, they are used in the calculations of the damaged
stiffness matrix and the Jacobian matrix. 7 is the viscosity parameter
controlling the rate at which the regularized damage variables d}’ , and

d; ; approach the true damage variables dy, and dy -
The relationship between stress and strain can be described as:

0=Cq:¢€ a1

By differentiating the above equation, the Jacobian matrix can be
formulated as:

a) Tensile axis
—

b)

o ac, \(ody oF;\  (dc, \ (odr
m—Cd + [(W : 6) (anyL "o + ad}:T L€ aFf‘T

9 ff)] At a2

oe At+1n

where Ac and Ae are the increments of stress and strain, respectively.
The parameters used in the simulations at room temperature and at
900 °C are summarized in Table 2 and Table 3 respectively.

3.4. Boundary condition and loading mode

Considering that the geometric model is the gauge section of the
specimen, a simple displacement boundary condition is adopted in this
study. Three-direction displacements of all nodes on the surface
perpendicular to the X-axis are limited to zero, as shown in Fig. 4a.
Because a displacement-controlled loading mode is used in the experi-
ments, a similar loading mode is set in ABAQUS. More specifically, the
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Fig. 10. Profiles of local strains measured by DIC at 900 °C for two woven RVEs: a) two RVEs of the composite; b) transverse and c) longitudinal strain distributions
along the red line in a); d) the SEM image of the yellow rectangular region in a). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 11. Simulated damage evolution including that to both matrix and fiber bundles with increasing load at room temperature.
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Fig. 12. Simulated damage evolution including that to both matrix and fiber bundles with increasing load at 900 °C.

three-direction displacements of all nodes on the other surface perpen-
dicular to the X-axis are constrained by a reference point. The
displacement is applied through reference point 1 (RP1 in Fig. 4b).

4. Results and discussion
4.1. Stress-strain curves

The experimental and simulated stress—strain curves at room tem-
perature and 900 °C are shown in Fig. 5a and Fig. 5b, respectively. The
strain data of the experimental curves were derived from the mean
values of all points’ longitudinal strains within three representative
volume elements (RVEs) obtained from the DIC results. It can be seen
that the predicted curves show good agreement with the experimental
results. At room temperature, the longitudinal elastic modulus is
approximately 4.36 GPa. The simulated modulus (4.31 GPa) agrees well
with this experimental measurement. When the stress reaches 16.00
MPa (44% of the maximum stress), the curve begins to show nonline-
arity, indicating the appearance of damage. In this stage, damage
occurred by matrix cracking. The label “A” on the experimental
stress-strain curve represents the visible matrix damage, and the

11

corresponding stress is 18.08 MPa (50% of the maximum stress). “C” on
the predicted curve represents the initiation of matrix damage in the
simulation, which coincides with the nonlinear stage. Fiber bundle
damage occurs when the stress reaches 93% of its maximum value,
indicated by “D” on the predicted curve. Visible fiber bundle damage is
captured in the experiment until the stress reaches 35.07 MPa (97% of
the maximum stress). The experimental and predicted values of ultimate
strength are 36.16 MPa and 36.02 MPa, which show good agreement.
At 900 °C, owing to the degradation of the material properties of the
quartz fibers and SiO, matrix, the longitudinal elastic modulus of the
composite (4.05 GPa) is smaller than that at room temperature. This
modulus degradation was also accurately captured by the simulation
with a value of 4.09 GPa. As shown in Fig. 5, the stress—strain curve at
900 °C exhibits a different tendency compared to the curve at room
temperature. The points “A”, “B”, “C” and “D” in Fig. 5b mark typical
moments of damage evolution, which are the same as those in Fig. 5a.
The curve increases almost linearly until the stress reaches 20.10 MPa
(“B”), which reveals that initial matrix damage has little effect on the
elastic modulus. Grain coarsening at 900 °C results in the strength
degradation of the quartz fibers, leading to an earlier failure of the
composite at high temperatures. This explains the decrease in the
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Fig. 14. The condition of final failure: a) captured during the experiments and b) simulated in the PFA at 900 °C.

ultimate strength (22.04 MPa), which was also accurately predicted by
the simulation (22.58 MPa).

A comparison of the experimental and simulated results with respect
to the elastic modulus and ultimate strength at various temperatures is
shown in Table 4.

4.2. Strain distributions

Fig. 6 maps the evolution of the transverse strains ¢,, with increasing
load at room temperature and 900 °C. The distribution of transverse
strains &, exhibits obvious periodic patterns as the stress increases to a
certain level at room temperature. The strain fields are strongly related
to the woven patterns of the composite. The transverse strains &, at the
regions of the longitudinal fiber bundles are negative. The porous matrix
between longitudinal bundles has a higher level of negative strains
because of its the lower compressive modulus [1,9]. In contrast,
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transverse fiber bundles exhibit positive strains, which are probably
related to the interaction between adjacent fiber bundles as well as to
the residual thermal stresses in the fiber bundles. The loads carried by
the fiber bundles can be divided into external and internal loads. The
interaction between adjacent bundles is a form of external load. The
residual thermal stresses, as a kind of internal load, generally result from
the mismatch between the thermal expansion coefficients of the fibers
and the matrix. At 900 °C, the deformation behavior is similar to that at
room temperature, but the strain fields show weaker periodic charac-
teristics. Moreover, the strain levels at the surfaces of the longitudinal
fiber bundles are much closer to that of the porous matrix between them.
This phenomenon indicates that the severe degradation of the properties
of the quartz fibers at high temperatures notably decreases the
compressive modulus of the fiber bundles.

Fig. 7 shows the evolution of the longitudinal strains e, with
increasing load at room temperature and the corresponding simulation
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results. Similar to the transverse strain fields, the longitudinal strain
distribution also correlated well with the woven structure. However, the
distribution was more localized. In Fig. 7a, a periodic pattern with an
inclined band shape and conspicuous strain concentrations can be
observed in the strain fields. These strain concentrations occurred at the
intersection zones between adjacent longitudinal and transverse fiber
bundles. These zones resulted in the crimping and interlocking of bun-
dles, thus leading to strength degradation of the bundles and a complex
stress state. When the strain concentrations reached a certain level,
matrix cracking and subsequent damage to the fiber bundles appeared in
these regions. The strains on the surfaces of the transverse bundles are
much larger than those of the longitudinal bundles, which reveals that
the longitudinal tensile modulus is much higher. The distribution of
strains in the simulation generally reproduces the strain fields in the DIC
analysis, with a more obvious periodic pattern because of the ideal pe-
riodic geometric model. Fig. 8 shows the evolution of the longitudinal
strains ey, with increasing load at 900 °C and the corresponding simu-
lation results. The strain fields show a similar pattern to that at room
temperature. However, more severe strain concentrations can be
observed at 900 °C, indicating that the material is more prone to
cracking. This is related to the weakening of the longitudinal bundles at
high temperature, which contribute to preventing the formation and
propagation of “intersection-zone” damage in the composites.

In order to further study the strain distribution of the 2D woven
Si04¢/Si05 composites, the profiles of local strains measured by DIC at
room temperature are shown in Fig. 9 for two woven RVEs. Fig. 9b and ¢
shows the transverse and longitudinal strain distributions along the red
line in Fig. 9a. These profiles confirm the previous descriptions, that is,

the strain distribution exhibits obvious periodicity between the two
RVEs, which are divided by the white dotted line in Fig. 9a. In each RVE,
the values of the strains vary with the woven structure and the ampli-
tudes of the strains increase with the applied load. Moreover, as the load
increases, the nonhomogeneity of the strain distributions becomes more
notable, such as the three peaks of the ¢, profile in the region of
1200-1600 pixels. The surface of the tested specimen was observed by
scanning electron microscopy (SEM) after fracture. The SEM images of
the yellow rectangular region in Fig. 9a are shown in Fig. 9d and e.
Cracks appear at the SiO, matrix between adjacent fiber bundles, which
account for the sudden increase in strain under relatively high loads.
Similarly, the profiles of local strains at 900 °C are shown in Fig. 10.
Figs. 10b and c present the transverse and longitudinal strain distribu-
tions along the red line in Fig. 10a. The SEM image of the yellow rect-
angular region in Fig. 10a is shown in Fig. 10d. It can be seen from
Fig. 10d that in addition to the cracks at the matrix between adjacent
fiber bundles, the matrix on the surfaces of the fiber bundles is also
cracked.

4.3. Damage evolution and final failure

Figs. 11 and 12 present the simulated damage evolution, including
damage to both the matrix and the fiber bundles, with increasing load at
room temperature and 900 °C, respectively. As can be seen from Figs. 11
and 12, damage began at the edges of the composites both at room
temperature and 900 °C, which is related to the initial defects during the
preparation process. As the load increased, the damage at the edges
propagated to the interior of the composites. More specifically, the
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Fig. 17. The SEM images of the fracture surfaces of the composites at a), b) room temperature and c), d) 900 °C.

damage expanded through the matrix between adjacent longitudinal
and transverse fiber bundles, and subsequently affected the longitudinal
and transverse bundles on one cross-section. The bundles cross and
crimp in such areas, which are regarded as critical regions. At room
temperature, nonlinearity of the stress—strain curve occurs earlier and is
more obvious at room temperature. In contrast, at 900 °C, nonlinearity
appears only after the fiber bundles are damaged. When the load is close
to the maximum value, the matrix damage tends to be saturated. At this
time the composite still retains load-bearing capacity, indicating that the
main load-bearing constituent is the fiber bundles, which dominate the
final failure.

Figs. 13 and 14 show the conditions of final failure captured during
the experiments and simulated in the PFA at various temperatures. It can
be observed from Figs. 13a and 14a that the composites were fractured
at the longitudinal fiber bundles, and the fracture surfaces were gener-
ally parallel to the inclined bands both at room temperature and 900 °C.
In Figs. 13b and 14b, the matrix damage, longitudinal damage of fiber
bundles and transverse damage of fiber bundles are shown respectively
from left to right. The damaged zones match well with the intersection
zones mentioned above. These intersection zones are considered critical
regions in such twill woven composites, which experience the initiation
and development of damage. This further leads to the degradation of the
stiffness and strength of the composites. In Fig. 13a, fiber breakage and
pull-out on the left edge can be observed. When the stress exceeded the
maximum value, the composite did not fracture throughout the cross
section; the fracture surface exhibited jagged features. The above phe-
nomena demonstrate the non-brittle fracture of the composite at room
temperature, which results from the crack-deflection function of the
interface and the mass of pull-out of the quartz fibers. Nevertheless, the
failure of the composite presents brittle characteristics at 900 °C, which
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is related to the embrittlement of the interface and the quartz fibers. The
composite fractured rapidly throughout the cross-section after the peak
stress. The fracture surface at 900 °C is flatter than that at room tem-
perature. The ¢, evolution and damage development of individual
points near the locations of final failure were extracted from the DIC
results and simulation results respectively. Fig. 15a and Fig. 16a present
the above information from the matrix region at various temperatures.
The data from the fiber bundle regions are shown in Figs. 15b and 16b
respectively. In Figs. 15 and 16, the DIC results are presented in the form
of lines, and the simulation results are presented as lines and scatters. A
sharp increase in strains before final failure can be observed in these
figures, indicating the rapid propagation of cracks at this time. Unlike
the synchronous increase of strains and damage variable values in
Fig. 16a, the strain level in Fig. 15a remains relatively stable. This
phenomenon results from the more severe propagation of matrix cracks
at 900 °C. Additionally, the data confirm that the strain level of the
matrix is much higher than that of the fiber bundles. To display the
fracture morphology more explicitly, the SEM images of the fracture
surfaces of the composites at room temperature and 900 °C are shown in
Fig. 17.

5. Conclusion

In this study, the tensile behaviors of a 2D twill woven SiOz¢,/SiO2
composite at room temperature and 900 °C were investigated thor-
oughly by experiments and simulations. Simulations of the mechanical
properties, strain distributions and damage behaviors show good con-
sistency with the experimental results. Based on the above results and
discussions, several significant conclusions can be drawn:



(1) The distributions of strains exhibit obvious periodic patterns,

2

3

which are strongly related to the woven structures of the com-
posites. As the load increases, the nonhomogeneity of the strain
distributions becomes more notable. In addition, band-shaped
strain concentrations can be observed at the intersection zones
between adjacent longitudinal and transverse fiber bundles.
These intersection zones are regarded as critical regions of 2D
twill woven SiO2¢/SiO2 composites under tensile loading.

The elastic modulus (4.05 GPa) and ultimate strength (22.04
MPa) at 900 °C were lower than those (4.36 GPa and 36.16 MPa,
respectively) at room temperature, which is due to the degrada-
tion of the material properties of different constituents. At room
temperature, the stress—strain curve exhibited notable nonline-
arity in the early stage, and the crack deflection of the interface
and conspicuous fiber pull-out resulted in the non-brittle fracture
of the composite. Inversely, the stress-strain curve remained
linear at 900 °C until fiber breakage occurred, and its final failure
exhibited brittle features.

The macroscopic mechanical properties obtained in the experi-
ments and the local information provided by the DIC results
collectively verify the validity of the PFA model in this study.
Additionally, detailed damage evolution and the conditions of
final failures were found via the finite-element simulations. This
PFA model can evaluate the mechanical behaviors of composites
rapidly and accurately, thus contributing to composite design and
optimization.
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