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Abstract: In this work, the tensile responses of 3D woven quartz fiber silica matrix composites were
experimentally and numerically investigated. The ceramic composites reinforced by 3D layer-to-layer
angle interlock woven preforms were manufactured and tested under warp direction tension. A
numerical method is proposed to model the mechanical response of the ceramic composites under
tension. The method is based on a mesoscopic single layer unit cell for the composites, using a
progressive damage analysis approach to account for damage evolution. The predicted results are
compared with experimental data, and good agreement in the stress—strain response up to the ultimate
tensile strength of the composites is obtained. It has been demonstrated that the proposed numerical
model based on a simple single layer unit cell is both efficient and effective in characterization of the
mechanical behavior of the 3D layer-to-layer woven ceramic composites.
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Experimental Study and Numerical

Ceramic matrix composite (CMC) is a type of composite materials based on ceramics,
which has been gradually used in a variety of temperature-demanding aerospace structures
in the last two decades [1,2]. Among them, quartz fiber reinforced silica matrix composites
(S10,¢/5i0;) exhibit high strength, light weight, good heat resistance and excellent dielectric
properties. Those characteristics make SiO,¢/SiO, composites an ideal material for radome,
especially for those working under a high temperature environment [1,3].

Academic Editor: Domenico Mundo The SiO,¢/SiO, composites are typically manufactured by the silicasol-infiltration-
sintering method (solgel method) [4,5]. In this method, as illustrated in Ref. [5], the
reinforcement was vacuum impregnated using colloidal silica solution precursor (35 vol%
5i0;y) for 0.5 h, then the pressure of the container was increased to 10 bars and maintained
for 1 h. This infiltration process was repeated 10 times with each infiltration dried to remove
the water content of the gel solution. Finally, the dried reinforcement was sintered in an
oven at 450 °C for 2 h in order to remove the coupling agent and bound water. Similarly,
Xu el.al used this method to manufacture unidirectional SiO,¢/SiO; composites, along
with other similar work [6]. It is noted that with the solgel method, the manufactured

5i0,¢/Si0; are highly porous.
Recently, several kinds of SiO,¢/SiO, textile composites have been developed, in-
cluding 2D woven [4], 2.5D woven [7], 3D orthogonal [8], and four-directional [7,9], five-
directional braided composites [9]. Compared with 2D woven composites, the 3D woven
This article is an open access article ~ COMposites significantly simplify the composite manufacturing by using near-net-shape
distributed under the terms and  preforms and removing the 2D woven ply layup process, which is quite labor-intensive.
conditions of the Creative Commons At the same time, due to the presence of third-dimensional yarns, it will be more difficult
Attribution (CC BY) license (https://  for 3D woven composites to form delamination under out-of-plane loading as seen in
creativecommons.org/licenses /by / conventional laminates [10,11]. Research on woven SiO,¢/SiO;, composites are focused on
40/). their dielectric properties, thermophysical properties [12] and mechanical properties [4,7,8].
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For mechanical properties, either failures under flexural loading and shear loading [8] or
tensile behaviors of 2D twill woven SiO,¢/SiO; composites [6] have been studied, while
the tensile behaviors of 3D layer-to-layer angle interlock woven SiO¢/SiO, composites, in
particular the corresponding numerical models, are seldom noticed, which may differ with
2D woven composites as a result of complex fiber architecture in the 3D preforms.

For 3D woven composite materials, the design variables of their preforms are enor-
mous with a large number of candidates in the 3D spatial reinforcement architecture [13,14].
Understanding the effect of the fiber architecture of 3D woven composites on their me-
chanical properties is fundamental to the structure design. 3D woven composites are of
multiple hierarchies, and therefore multiscale modelling techniques have been widely used
in modelling of composite structures. As most of the failure criteria are only applicable for
unidirectional composites [15,16], a mesoscopic representation of the material in the FE
model, e.g., incorporating all the whole fiber architectures for textile composites is required.
In this mesoscale, the geometric parameters of the preforms can be obtained from the man-
ufacturing data, by microscopic images or micro-computational tomography (uCT) [17].
In regard to the latter, it will be closer to the realistic fiber architectures as reinforcements
are subjected to deformation during manufacturing. According to the obtained geometric
parameters, a geometric model can be established with CAD software or textile modelers,
like CATIA [18] and TexGen [19]. Based on the constructed geometric model and mesh, in
conjunction with a damage modelling strategy, the mechanical properties can be simulated
using finite element analysis.

As for the damage modelling of composites, progressive damage analysis method [20,21]
has been an effective way and widely used in mesoscale simulations of textile composites
over the past decades [22,23]. To establish such a model, a damage initiation criterion and
laws of damage evolution applied to the stiffness matrix are essential. In Ref. [24], the initial
damage is analyzed by Hashin criterion and the damage evolution is identified by damage
variables defined by equivalent displacement, and thus the 2D progressive damage model can
be established. Nobeen et al. [25] proposed a modelling method for the progressive damage
of braided composites based on an instantaneous damage model, in which an instantaneous
reduction in the material constants was applied once the damage for the impregnated yarns
was predicted. However, it should be noted that although some of the widely used failure
criteria for unidirectional composites were proposed several decades ago, modelling their
complex failure mechanisms is still the subject of current research [16], as none of the leading
failure criteria have been proved to accurately predict failure within all the test cases examined
by the World-Wide Failure Exercise [26].

The warp yarns in 3D layer-to-layer angle interlock woven composites are highly un-
dulated and complex compared to others in the preform. The purpose of this paper is to
investigate the tensile properties of 3D layer-to-layer woven SiO,¢/SiO, composites under
warp direction through both experiments and numerical methods. Ceramic composites rein-
forced by 3D layer-to-layer angle interlock woven preforms were manufactured and tested
under warp tension to characterize their mechanical behavior (Section 2). On the other hand,
A numerical method is proposed to model the mechanical response of the ceramic compos-
ites under tension. X-ray micro-computed Tomography (1CT) was used to provide realistic
geometric data for the unit cell model (Section 3.1), and the associated relative displacement
boundary conditions for the unit cell are introduced in Section 3.2. The determination of
material properties is described in Section 3.3 along with a progressive damage model given
in Section 3.4, which has been implemented into a user material subroutine. Finally, the
simulation results are compared with the experiment data in Section 4.

2. Materials, Manufacture and Testing

The 3D woven quartz fiber preforms for the composites were manufactured by Nanjing
Fiberglass Research & Design Institute based on a typical 3D layer-to-layer angle interlock
woven pattern (no straight warp yarns). The quartz fiber yarn (XYT/QC190) is from Sino-
Type Optoelectronic Technology Co., LTD (Wuhan, China), which is made of continuous
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quartz fiber with a silicon dioxide content > 99.95% and diameter of 7.4 microns through
twisting. The solgel method, as introduced in the Introduction, was used to manufacture
the quartz fiber reinforced silica composites. The preforms have gone through heat treat-
ment and infiltration of the silica sol, before being sintered. This infiltration and sintering
process were made several times to obtain the final composites. A fiber volume fraction and
porosity fraction of approximately 45% and 20%, respectively, for the 3D woven SiO,¢/SiO,
composite was achieved, obtained by theoretical estimation based on weights and densities
of composites and constituent materials.

Quasi-static tensile tests were performed on the manufactured specimens with a
loading rate of Imm/min using an Instron universal testing machine (Figure 1). The
specimens were initially manufactured as a panel and then cut along the warp direction
(16 x 16 x 250 mm). The specimens were loaded under the warp yarn direction and three
specimens were tested. The testing results obtained will be presented and employed to
validate the proposed numerical model in the following section.

Figure 1. Experimental setup for the tensile testing of the specimens.

3. Finite Element Modelling
3.1. Geometric Modelling

To acquire high accuracy in the prediction of the mechanical properties of the com-
posites, a precise model with realistic reinforcement geometric structure, which is of great
significance in the meso-scale finite element analysis, should be established [27-29]. To
facilitate the construction of a realistic geometric model, a pCT scan was performed on
a representative cutoff of the specimen (Figure 2), from which the geometric parameters
of the preform are measured. According to the high-resolution images of 30 um/pixel,
parameters including heights, widths and spacing of the warp yarns and weft yarns were
obtained as shown in Table 1. Meanwhile, the cross-sections and yarn paths could also
be reflected in uCT images. To simplify the geometric modelling process, constant cross-
section shapes were assumed for the warp and weft yarns, respectively. As periodicity
is a significant feature for 3D woven composites, in this study, only a unit-cell size of
the geometry has been created through Abaqus, as shown in Figure 3. For details on the
selection of the size of a unit cell for textile composites, it is advised to refer to Ref. [30]. A
tetrahedral mesh of approximately 0.10 mm, after a mesh convergence study (Appendix A),
was used in discretizing the geometry. In the mesh, the yarns and matrix are perfectly
bonded (shared nodes at the interface). It is noted that in order to apply the boundary
conditions derived from symmetries in the woven preform, the nodes on corresponding
surfaces of the unit cell are required to match each other through projecting the mesh seeds
between the surfaces.
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Figure 2. uCT scan images of the 3D woven SiO,¢/SiO, composites in this study.

Table 1. Measured geometric parameters of the 3D woven preform through uCT.

Warp Yarn Weft Yarn Number of
Measurements

Height (SD) in mm 0.36 (£0.04) 0.53 (£0.04) 20

Width (SD) in mm 1.11 (£0.07) 1.76 (£0.08) 20

Spacing (mm) 0.16 (£0.03) 2.53 (£0.10) 20

CNN__

Figure 3. A geometric model of the unit cell with matrix being hidden.

3.2. Boundary Conditions

According to Ref. [30], the translational symmetries of relative displacements decide
the boundary conditions, the formulas of which are as below:

e 0 071 (Ax

u u

v — <o =Ax = ’)/?Cy sg/ 0< Ay (1)
0 0

w (x"y'2") w (x,y,2) Tz Vyz & Az

where (x, y, z) and (x’, ¥, z’) are coordinates of two points on translational symmetrical
planes; {u, v, w}T is the corresponding displacement for the give points. To the right of
the equation, €0 stands for the average strain field; Ax is the distance between point (x, y, z)
and point (x’, ¥, z), which can be defined as

Ax x' —x
Ax=<SAys =Sy —y )
Az z—z

The relative displacement boundary conditions for the built unit cell are presented in
Table 2. There are four axes with translational symmetries for the 3D layer-to-layer angle
interlock composites, and the readers are referred to Ref. [30] for more details.
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Table 2. Relative displacement boundary conditions for the unit cell model.

Directions  Distance Vectors Boundary Condition Equations

F-axis Wuc u —u Wuced + L17Yy,
Axy =14 Ly Nuy=4 0 -0 )= L€}
0 w —w 0
y-axis Wuc u —u Wuced — Lavdy,
Axg =< L Nuy=4 0 -0 )= — Lo
0 w —w 0
) 0 u —u Lucryy
yraxas Axy = < Luc Auy =< v —v 3 = Luceg
0 w —w 0
z-axis 0 u —u HUC'ng
Ax; = 0 Auy=¢ v -0 ) = Huc'ygy
Hyc w' —w Hyce?

3.3. Material Properties

As the warp yarns and weft yarns used in the preform are in different filament
counts, the intra-yarn fiber volume fraction (VY™™ are different to each other. In this work,
different intra-yarn V; are considered in the finite element model through the measured
yarn cross-sections areas by uCT as below.

k x nd}% /4

yarm _

! ©

Asection
where yarn in V7" denotes warp or weft, k is the filament count, djzf is the quartz fiber
diameter, Ag,ctioy, is the area of the cross-section of a yarn (measured from pCT).

The properties of the yarn elements are approximated by the properties of a homoge-
nized unidirectional (UD) composite with a fiber volume fraction equivalent to the V"™,
Similar to dealing with laminates, the homogenized yarn is assumed to have transversely
isotropic properties, which can be obtained either by the micro-scale unit cell modelling or

an analytical solution based on micromechanics. Some of the key materials properties of
pristine quartz fiber and silica matrix are listed in Table 3 (Taken from Ref. [6]).

Table 3. Material properties of pristine quartz fiber and silica matrix.

Elastic Constants Values

Elastic modulus 72-78 GPa
Quartz fiber Poisson’s ratio 0.25

Tensile strength 1046 MPa

Elastic modulus 35-45 GPa
Silica matrix Poisson’s ratio 0.26

Tensile strength 180-220 MPa

The Chamis model [31] was used to calculated the homogenized properties for warp
and weft yarns, respectively. Due to the absence of data for the strengths of the homogenized
yarn and the porous silica matrix, similar values from the Ref. [6] for a 2D woven SiOy¢/SiO,
composites are used here, in which the properties of the porous matrix were obtained by
discounting the properties of solid silica. For warp and weft yarns, although their V""" are
slightly different, the strengths are assumed to be identical. All the properties used for the
homogenized yarns and porous matrix in the finite element analysis are listed in Table 4.
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Table 4. The material properties for the homogenized yarns and porous matrix in the FE model.

Warp Yarn ny =071

E1(GPa) Ey = E3(GPa) G12 = G13(GPa) Go3(GPa) H12= p13 H23
52.43 12.61 6.07 4.66 0.28 0.35
Weft yarn ngﬂm = 0.60

E1(GPa) Ey = E3(GPa) G2 = G13(GPa) Ga3(GPa) H12= p13 H23
45 11 5 4.07 0.29 0.35
Warp and weft yarn strengths

S1¢(MPa) Syt = S53¢(MPa) S1c(MPa) Soc = S3c(MPa)  S1p = S13(MPa)  Sy3(MPa)
200 80 80 80 40 40
Porous Matrix

E;;(GPa) U

45 0.35

f = F110’121 + F220’222 + F330’?%3 + P440'223 + F440’223 + F550’123 + P660-122 + 2F15011023 + 2F13011033 + 2F>309033

3.4. Damage Model

For damage in the homogenized yarn material, the Tsai-Wu criterion [32,33] was used
for damage initiation. The Tsai-Wu criterion is as follows:

4
+Fio11 + Fo2 + Foz3 =1 @

All the Fs are material properties as follows:
Fii =5k, Fn=Fp =g Fiu= ézFSS = Fes = S%,Fu =F3=—3vVFikn, )

_ 1 s D T L B |
Fy3=—3vEnks,Fi =5 —5- h=HB =g — o

During the stage from the initiation of the failure to the ultimate failure, there are
still residual stiffness remaining in the material. To take the residual stiffness under
consideration, a damage evolution law proposed by Matzenmiller et al. [34] was used here.
In addition, the stiffness degradation is represented by an exponential law as below:

E=Ey(1-w) ©

w=1-—exp {mem} @)

where Ej is the original modulus; E is the residual tangent modulus; w is the damage
variable; f is the failure index; m is a material constant.

In this study, the degradation factor m = 0.3, and it controls the rate and tendency
of stiffness degradation. Additionally, as modeling the damage in porous matrix is chal-
lenging, the matrix material was considered as linear elastic for simplicity, as the yarns
bear most of the load though there might be local damage in the matrix. Yarn/matrix
interface debonding (delamination) has also been considered as an important failure mode
for textile composites, due to the complex stress states at the interface resulting from the
fiber interlacing. Though modelling the debonding in 3D woven polymer composites
has been demonstrated in the previous work [22] through the cohesive zone method, in
this work it has not been implemented as the fracture properties for ceramic composites
are not readily available due to the lack of relevant research so far and the experimental
characterization of the debonding for validation purposes has been not performed in this
work. Future work is highly recommended on this aspect due to its importance.

4. Results and Discussion

FE models were solved by Abaqus Standard 2021 with a user-defined material subrou-
tine (UMAT) for constituent materials with behavior defined in Section 3.4. The predicted
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mechanical behavior from the adopted FE method for modelling the 3D woven SiO¢/SiO,
composites under warp tension is compared to the experimental results. Figure 4 shows the
comparison of predicted and experimental stress—strain responses for 3D woven SiO¢/SiO;
composites under warp tension.

90 r
80 F

o))
oS o O
T T T

Stress (MPa)
(U8) o W
(e

10 ——FE

() 'l 'l 'l 'l 'l 'l J
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Strain

Figure 4. Predicted stress—strain response for the 3D woven SiO,¢/SiOp composites under warp
tension in comparison with test results.

It can be seen that the stiffness predicted by the FE model, especially at the initial
state, is in good agreement with the experiment. As the FE model was based on a unit cell
geometry, it can not only improve the efficiency in computation, but also give satisfactory
accuracy in the initial stiffness. Although the 3D woven SiO,¢/SiO; composites have
surface layers that are not in the same topology of the unit cell geometry, their effect on
the stiffness is negligible when the thickness of the specimens is significant. The predicted
ultimate tensile strength for the 3D woven SiO,¢/SiO, composites is 76.61 MPa, which
agrees well with the experiment, at a strain level of 0.58%. The macroscopic stress—strain
curve from the FE model shows that the behavior of the ceramic composites is brittle,
similar to the behavior shown in the testing, although local damage has already developed
before the ultimate tensile strength.

Figure 5 shows the development of local damage on the warp yarns during the loading,
which are the load-bearing constituents of the composite. The local damage starts at a
load level of 0.48% strain, near the curvature part of the yarn. The damage evolves rapidly
and at the load level of 0.58% strain, the composite reached its ultimate tensile strength.
Unfortunately, the fractographic analysis of the failed specimens was not performed after
the test, which leads to the lack of evidence for the whereabouts of the failure locations.

At a loading strain of 0.58% (corresponding to the ultimate strength), the stress contour
in the weft yarns, dominated by the transverse component, is presented in Figure 6 (top),
along with the damage parameter contour shown in the bottom. Most parts of the weft
yarn elements are still at a low stress level, except for those near the edges.

In addition, it should be noted the geometry in the adopted unit cell is an ideal model,
which did not consider the preform deformation caused by the weaving and forming process.
This limitation along with the ignorance of matrix damage in the model would lead to the
discrepancy in the prediction of the mechanical behavior of the ceramic composites.
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Figure 5. Warp yarn full damage contour predicted by the FE model at different loading levels, red

color indicates full damage, defined as Equation (7) is greater than 0.9.

Figure 6. Transverse stress contour (top, S22) and damage parameter contour (bottom, denoted by
SDV5 for Equation (7)) in weft yarns at a loading strain of 0.58% (ultimate strength).

5. Conclusions

The mechanical behavior of 3D woven SiO,¢/SiO, composites under warp tension was
experimentally and numerically investigated. The ceramic composites reinforced by 3D
layer-to-layer woven preforms were manufactured through the solgel method and tested.
A mesoscale finite element model was proposed to simulate the mechanical behavior of
the composites. The model started with the construction of a single layer unit cell for
the complex 3D woven preform, assisted by the pCT characterization of the realistic fiber
architecture. Damage modelling was based on Tsai-Wu failure criterion in conjunction
with a progressive damage approach based on the Matzenmiller model. Predicted results
are in good agreement with experimental data in terms of initial failure, brittle stress—
strain response and ultimate tensile strength of the material, which demonstrated that the
proposed unit cell model is effective in the evaluation of the mechanical behavior of the 3D
woven SiO,¢/SiO, composites at a low computational cost.
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Appendix A

A converge study for the mesh size of the unit cell model was performed. Three different
mesh sizes, 0.12 mm, 0.10 mm and 0.08 were used in the study. The local mesh examples for
the three models are shown in Figure Al. The mesh details and obtained initial stiffness from
the convergence study are presented in Table Al. The comparison of maximum principal
stress contours for warp yarns at a loading strain of 0.013% in the convergence study is shown
in Figure A2. It can be seen that contour for mesh size of 0.10 mm is close to the contour for
mesh size of 0.08 mm, and therefore a size of 0.10 mm was adopted in this work to achieve a
balance between accuracy and computational cost.

Size A:0.12mm Size B:0.10mm Size C:0.08mm

Figure A1. Local mesh examples (warp direction cross-sectional view) in the mesh used in conver-
gence study.

Table A1. Results on mesh convergence study for the unit cell.

Mesh Size Total Number of Nodes Stiffness
0.12 mm 12,882 14.38 GPa
0.10 mm 20,571 14.54 GPa
0.08 mm 34,250 14.40 GPa
- e

+7.778e-01 +7.778e-01 +7.778e-01
+0.000e+00 +0.000e+00 +0.000e+00

Size A:0.12mm Size B:0.10mm Size C:0.08mm

Figure A2. Comparison of maximum principal stress contours for warp yarns at a loading strain of
0.013% in the mesh convergence study.
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