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The investigation on the effect of defects on the mechanical properties of composites is vital to explain the failure
mechanism of materials. A computer tomography (CT) scanning in-situ shear test is designed to obtain u-CT
images of plain weave glass-fiber reinforced composites. The images are then applied to reconstruct the samples
by using image processing techniques. Damage evolution characterization of the plain weave glass-fiber com-
posites under in-situ shear experiment are realized by visualizing damages in three dimension. The damage

evolution process is compared with the numerical simulation results to verify the materials failure mode.

1. Introduction

Plain weave composite materials are widely applied in various fields
due to the advantages of light weight and high strength. As for the main
carrier, the existence of material cracks tends to reduce the perfor-
mance and safety factor, and the expansion of internal cracks accelerate
the failure of material. The process of weaving as well as the fiber vo-
lume fraction and geometric parameters of yarn are critical for accu-
rately predict the strength of the material and the establishment of the
analytical model [1,2]. Postle [3] and Sinoimeri [4] established a model
by using energy method. Ge et al. [5] developed a new finite element
numerical analysis model for predicting the fiber breakage and matrix
fracture of braided composites. Considering the geometry of the fibers
and matrix, Miravete et al. [6] proposed a new unit cell model based on
the cell scheme. Lu et al. [7] studied the mechanical behavior of 3DF5D
braided composites under tensile load by multi-scale simulation
method, and analyzed the influence of weaving parameters on the
tensile properties of braided composites. Simple geometric description
is also an effective method to establish the woven materials model.
Drach et al. [8] developed a new automated modeling tool, which
solves the phenomenon of yarn interpenetration in traditional para-
metric modeling, and the establishment of models and numerical cal-
culations are highly efficient. As the automated modeling software,
WISETEX and TEXGEN are widely used in mesoscopic modeling of
woven composites [9,10]. X-ray computer tomography provides a basis

for geometric description of yarn. Sharma et al. [11] established a finite
element analysis model by obtaining statistical geometric parameters of
fibers from p-CT images. Blacklock and Bale [12-14] constructed a
virtual sample as an analytical model. The Markov chain algorithm is
used to calculate the yarn path, and the statistical geometric parameters
are regard as calibration data to adjust the yarn. Naouar et al. [15]
realized the process from scanning images to finite element models by
using the structure tensor. In fact, it is difficult to obtain the geometric
parameters of the yarn from scanning images. Huang et al. [16] de-
veloped a novel methodology, called ‘Micro-CT Aided Geometric
Modeling’ (Micro-CT AGM), to construct geometric models of the ma-
terial mesostructure from microtomographic images. For the first time,
a new concept of ‘material twin’ was proposed, and a multiple factor
morphological criterion was developed to assess the relative accuracy
of the reconstructed geometric models. Djukic and Kosek et al. [17-19]
proposed a variety of methods to enhance the visual contrast. The
surface of the yarn is coated to distinguish the yarn profile, and the fiber
made by other material in the yarn plays the role of marking the yarn
path. Various of pre-processing methods are adopted to improve the
images quality to obtain accurate geometric parameters as the cali-
bration data for virtual samples. Void defects are always ignored in the
previous modeling scheme, which makes the evaluation results of ma-
terial mechanical performance are inaccurate. Ai et al. [20] obtained
the material defect volume fraction based on the CT scanning experi-
mental data. Monte Carlo function is used to select void defects to
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create the virtual samples of three-dimensional orthogonal woven C/C
composites. The comparison of the experimental and the numerical
simulation results shows that the analysis results of void defects FEA
model are more accurate.

As for a high efficient nondestructive testing technology, X-ray
computer tomography is widely applied to observe the failure process
of materials. Yousaf [21] performed a single-layer compaction experi-
ment based on CT scanning, and the density and geometric parameters
of the fiber bundle are used as criteria for evaluating the simulation
results. Dietrich [22] proposed a new method for evaluating the da-
mage of honeycomb core structure based on CT scanning technology.
An in-situ tensile experiments of [0/90] S carbon fiber epoxy compo-
sites were carried out by Wright [23], and the propagation of damage
inside the material was observed by synchrotron radiation scanning
technique. As a kind of damage assessment method for composite ma-
terials, CT scanning loading experiment also applied to observe the
damage of metal material. Williams [24] and Dezecot [25] pre-
fabricated the 7075-T6 aluminum alloy samples, and compared the
crack propagation of the aluminum alloy under different cycle times
and cyclic loading conditions based on in-situ fatigue experiments. For
material failure analysis, the damage evolution process is as critical as
the failure mode. Martyniuk [26] observed the debonding of glass fiber,
matrix and interface through in-situ experiment. Bohm [27] performed
in-situ and ex-situ tensile tests on [0/90]s unidirectional fiber laminates
and proved that CT in-situ experiments have higher resolution and
shorter scan times. The in-situ experiment is divided into two modes:
fast scanning and interrupted load scanning. When the material has
rapid deformation, a fast scan can capture a clearer image [28]. Mazars
et al. [29] performed an in-situ tensile tests on SiC/SiC materials at
room temperature and at 1250 C, respectively, and the location of the
initial crack was verified by the finite element method. Perrier et al.
[30] analyzed the effect of water aging on the damage evolution of
woven hemp/epoxy composites under tensile loading.

In this study, X-ray computed tomography is applied to capture the
geometric features inside the material and to record the damage process
at various stages of the in-situ shear experiment. The grayscale images
collected by CT scan experiments are applied to analyze the manu-
facturing defects and extract geometric parameters to create a variety of
finite element models. The data obtained by in-situ experiments provide
a basis for the analysis of material damage evolution, and the genera-
tion, distribution and evolution of cracks are shown in detail. Various of
finite element models are proposed for numerical simulation and
compared with the experimental results to analyze the effect of void
defects on the mechanical properties and verify the initial damage form
of the material.

2. Materials and in-situ experiment
2.1. Materials

The plain woven glass-fiber provided by Nanjing Fiberglass
Research and Design Institute is utilized as the reinforced material of
sample, and the materials specification of the laminate are shown in
Table 1. In order to achieve the shearing effect, the size of sample is
certain designed and processed. There are two main considerations in
the design of the sample: the yarn section has enough cells and ensures
that the image of section is clear enough. The shear sample is designed
as Fig. 1(a), and it size is shown in Fig. 1(b). The thickness of laminate

Table 1
Materials specification of the laminate.

Yarn count Areal density Total fibre volume Fibre volume fraction
(Tex) (g/m2) fraction (%) in warp (%)
2.60 0.34 44 37
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is 3 mm. The wide of sample is big enough that the scan area can
capture at least three cells, allowing the scan resolution to reach the um
level.

2.2. In-situ shear experiment

The micro-structure in mesoscale of composite can be reconstructed
by p-CT, and the microfocus ray source device is XWT-240-CT imported
from Vaux, Germany. This equipment has a 225 KV and 2000 pA na-
nofocus X-ray tube and the minimum voxel sizes up to 4 um, and the p-
CT equipment is shown in Fig. 2. The source voltage and current in this
in-situ test are 160 KV and 150 pA, respectively. The voxel size is 23.5
um, and the magnification is up to 45 times, and the scanning area size
is 40 mm X 16 mm X 3 mm. The in-situ shear experiment comprises
the following steps:

(1) CT scan experiment is performed prior to in-situ experiments to
capture geometric features inside the material. Frist of all, the
sample is fixed on the turntable. The rotation speed of turntable is
set to 0.18°/s, and the scan range is from 0° to 360°. The scan time is
2000 s, and exposure time for each projection is 1 s to get 2000 p-
CT images.

(2) After the scan is completed, the test machine is started to stretch the
sample. When the displacement reaches 2 mm, the stretching op-
eration is stopped. A CT scan experiment is performed immediately,
and the load is constant during the scan. The rotation speed of the
turntable is set to 0.6°/s, and Scanning range is from 0° to 360°. The
time of scan is 600 s, and exposure time for each projection is set to
1 s to get 600 p-CT images. The above steps are repeated when the
displacement is reaches 4 mm, 5 mm, 6 mm, 7 mm, 7.6 mm.

Seven sets of p-CT images are collected and reconstructed by VG
STUDIO to get the three views of sample. The step 1 reconstruction
image is shown in Fig. 3, and the yarn is shown in Fig. 3(a). At the
initial loading stage, material didn’t generate damages. When the dis-
placement reaches 4 mm, the shear area begins to generate cracks. As
the displacement increases, the sample eventually failed due to the
rapid expansion of the crack, and the whole process is shown in Fig. 4.
The specific parameters of scanning are shown in Table 2.

The displacement is converted to shear strain to describe the
shearing of the material in an accurate way. The shear area is the red
square part as shown in Fig. 5, which is deformed into a parallelogram
as shown in Fig. 6 under the effect of shear load along the x-axis. The
deformation of shear area is small enough that suppose thex ~ tana.
The shear strain can be determined from Eq. (1):

1
&y =3y
Yy = Gy + Aty
Ay = tanayy, = % 1)
where ¢, is the shear strain of x-y plane, and «,, is the rotation angle of
edge AB. The a, b are the length and width of the shear area. | is the
length of sample, and n is the number of unit cell in the shear area. u is

the displacement.

3. Damage evolution process characterization and data processing

The 3D model based on gray image of plain woven composites can
be generated by 3D reconstruction. The composition of yarn and matrix
are quite different, which results in different levels of X-ray absorption,
and the yarn and matrix exhibit different grayscale intervals due to
differences in the grayscale values of the different material composi-
tions displayed in the image. An image segmentation algorithm is used
to separate yarn and substrates. For the weft yarn and warp yarn, it is
difficult to separate them only using the image segmentation algorithm.



Q. Zeng, et al. Composite Structures 233 (2020) 111746

40.00
—

R
g L
. 8.00

1  —
6.00
70.00

(b)

Fig. 1. Plain woven glass-fiber reinforced shear specimen: (a) Shear specimen; (b) The size of specimen.

Fig. 2. The computer tomography equipment: (a) X-ray source; (b) Sample; (c) Planar detector.

(a)

¥4

Fig. 3. Step 1 reconstruction image: (a) Axonometric; (b) X-Z plane; (c) Y-Z plane; (d) X-Y plane.
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Fig. 4. Reconstruction image: (a) Step 4; (b) Step 5; (c) Step 6; (d) Step 7.

Table 2
Scanning parameters.

Step  Scan time Displacement (mm)  Shear strain Turntable speed
) (rad) /)

1 2000 0 0 0.18
2 600 2 0.0089 0.6
3 600 4 0.0119 0.6
4 600 5 0.0149 0.6
5 600 6 0.0179 0.6
6 600 7 0.0208 0.6
7 600 7.6 0.0227 0.6
X z

Fig. 5. Shear area of sample.

These two yarns are prepared from the same material, and have the
same interval in the gray value of the image. The pixel width and re-
solution are the main factors that determine image quality, and the

A

Fig. 6. The expression of shear strain at the shear area.

yarn's contour can be clearly captured with a high resolution. If the
yarn profile reaches a certain pixel width, the contour of different yarn
can be marked by threshold division to obtain a successfully separated
yarn.

In fact, the contact between the warp yarn and the weft yarn be-
comes very close during the preparation process due to the mature la-
minating process. The contour of the yarn cannot be distinguished,
when the gap between yarns is smaller than the resolution of the CT
scanning device. In order to characterize a yarn, the image of the yarn is
obtained in one cycle. At the crests and troughs of the path, the gap
between the yarns becomes very small and it is difficult to obtain a
complete contour of the yarn in one cycle. There are two ways to obtain
yarn information, one is to obtain the yarn geometry by marking the
section [31], and the other is to identify and simplify the yarn by the
morphological algorithm. Blacklock [12] adopted the Markov chain
algorithm to calculate the yarn path, and Naouar [15] separate the yarn
to obtain a yarn geometric model by using the skeleton algorithm
structure tensor. The yarn boundaries can be easily distinguished by
using fabric coating or resin additives during the material preparation,
and the fiber made by other material in the yarn play the role of making
the yarn path. In this paper, the geometric parameters are obtained by
marking the yarn cross-section.

3.1. Measurement of yarn cross section parameter

The yarn cross section p-CT image is from the top view of the sample
as indicated by the red square in Fig. 7(a). The yarn cross section has a
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Fig. 7. Marks of yarn cross-section: (a) Sample; (b) Yarn cross-section; (c) Cross-sectional marks; (d) Measurement of yarn cross-section parameters; (e) Mark result.

Yarn pat
1

Table 3 variety of shapes similar to ellipse as Fig. 7(b), and it is feasible to
Yarn global average characteristic parameter. simplify the yarn cross section with an ellipse [32,33]. Different colors
a (mm) b (mm) L (mm) are used to mark the adjacent Yarns section as ShOWl:l in Fig. 7(e), and
the marks are measured by using AVIZO 9 to obtain the yarn cross-

2.50 0.36 5.78 sectional characteristics. In order to reduce the deviation of the statis-

tical data and delete the amount of statistical data, a limited number of

26 [

23

22

015 ) : )
0 1 2 3 4 5 6
L/(mm)

(€)

Fig. 8. Yarn parameter statistics: (a) Systematic curve of major axis; (b) Systematic curve of minor axis; (c) Systematic curve of yarn path coordinates.
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slices of equal spacing are selected for marking. A section of the number
of cycles (from NO. 400 to NO. 550 pieces) is selected for statistical
analysis every 5 slices, and the interval of slice is 0.0388 mm. The major
axis and minor axis of the ellipse are respectively denoted as a and b.
The yarn cycle length is denoted as L, and the centroid coordinates is
denoted as Z [34-36]. The yarn average characteristic parameters are
shown in Table 3.

The distribution of a and b along the length of the cycle length is
shown in Fig. 8(a) and (b). The major and minor axes of the yarn sec-
tion show irregular fluctuations, so the statistical average is used as the
(a) (b) basis for subsequent modeling. The yarn path statistics of Fig. 8(c) are
close to a trigonometric function, which is prove that the measured
parameters are accuracy.

Fig. 9. Median filter processing: (a) Original image; (b) Filtered image.

3.2. Measurement of void defects

Grayscale histogram During the scanning process, external disturbances and the rotation
’ ' ' of equipment will make the p-CT images generate noise. In this paper, a
MATLAB procedure is applied to process p-CT images of cross-section
1 slices. The median filter function is used to smooth images and reduce
the noise of ring artifacts, and the noise reduction effect is shown in the
Fig. 9.

The first important step of characterize the process of damage
of defects evolution is to distinguish the yarn from the matrix. Matrix voxels can
be easily distinguished from yarn voxels due to the matrix voxels low
grey scale intensity. A grayscale histogram of the u-CT images is re-
trieved by the imhist function of MATLAB (Fig. 10), and the grayscale
image exists two peaks due to the higher grayscale value of the material
and the lower grayscale value of the void defects. In this study, the
maximum entropy is adopted to get the segmentation threshold point of
void defects [37]. The grayscale threshold is set to 40, and the function
of threshold segmentation of the image processing software AVIZO 9 is
used to separate the defect [38]. The three views of segmentation image

150 -

100

Number of pixels

0 50 100 150 200 250 are shown in Fig. 11(a), and the void defects is marked in blue. The
arayscale value distribution of small defects existing on the sample are shown in
Fig. 10. Gray histogram of ji-CT images. Fig. 11(b), which is consistent with the result of threshold segmenta-

tion. The three-dimensional reconstruction of the void defects is shown
in Fig. 12(a), and the shape of the void defects is spherical or

(a) (b)

Fig. 11. Mark of void defects: (a) Three views of segmentation image; (b) The distribution of defects existing on the sample.
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Fig. 12. Void defect statistical analysis: (a) Three-dimensional reconstruction of void defects; (b) Volume statistical histogram of void defects.

ellipsoidal. Most of the void defects are concentrated on the matrix at
the junction of the warp and weft yarns, and the volume statistics of the
void defects are shown in Fig. 12(b). The volume fraction of voids can
be determined from Eq. (2):
Vi = % x 100\% @
where V,;,q represents the defect volume, and V represents the volume
of the statistical region. Vo, represents the defect volume fraction.

The number of statistical void defects is 141, and the average vo-
lume of defects is 0.0566 mm>. The total volume of void defects is
7.9806 mm>, and the size of the box region for extracting defects is
16 mm X 31 mm X 3 mm. Therefore, the void defects volume fraction
of material is 0.54%.

3.3. Damage evolution characterization

The geometric model of sample is reconstructed in three dimensions
using the image processing software AVIZO 9, and the reconstruction
model is shown in Fig. 13(a). The warp and weft yarns are distinctive,
which is the basis for crack classification. The cracks are concentrated

ROI

(b)
Warp longitudinal crack
Warp transverse crack
Weft longitudinal crack
Weft transverse crack

(c)

Fig. 14. Crack marking and 3D visualization: (a) Shear area; (b) Cracks
marking; (c) Cracks distribution.

(b)

Fig. 13. Reconstruction model: (a) Reconstruction model of shear sample; (b) Reconstruction model of shear area.
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(a)

Fig. 15. The coordinate of yarn: (a) Definition of local coordinates; (b) Definition of material direction.
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-+ Direction of yarn path in a section
® The integration point of element

Yarn path

(b)

Table 4
Material properties of matrix and yarn.
Matrix E,, (GPa) Um 0.33 Xm,e (MPa)
9.36 82
Yarn Ezy (GPa) Ef o3y (Gpa) Vf1213)
23.508 9.404 0.137
Xf1c (MPa) Xf1c (MPa) Yj2: (MPa)
490.52 143.93 24.7

Xm,c (MPa) Spm,s (MPa) G, (N/mm)
100 50 1.00

Vf23 Gri2a3) (GPa) Gya3 (GPa)
0.312 4.348 2.894

Yj2c (Mpa) S¢ (MPa) Gy (N/mm)
8.2 68.53 6.0

in the sheared area of the center part, and the area of
10 mm X 12 mm X 3 mm is cut out of the u-CT image as a region of
interest (ROI). The reconstruction model is shown in Fig. 13(b). The
following steps for processing the u-CT image data is repeated at each
stage of the shear experiment: Firstly, the cracks are divided into
transverse crack and longitudinal crack according to the orientation of
cracks using top hat segmentation. Then, the cracks are divided into
warp crack, weft crack according to the location of cracks.

Four different types of cracks are distinguished as shown in
Fig. 14(b): warp transverse cracks, warp longitudinal cracks, weft
transverse cracks and weft longitudinal cracks. The cracks on the slice
are marked with different colors as Fig. 14(c), and 200 equidistant slice
samples is select to repeat the step. All of the slices are marked using the
interpolation function to obtain the overall distribution of the cracks
[39,40].

4. Finite element analysis
4.1. Progressive damage model

The failure criteria adopted in this paper are based on the con-
tinuous formula of strain failure, and different failure criteria are ap-
plied to the matrix and the yarn [20]. A local coordinates system of the
yarn is built as Fig. 15(a), the direction “x” represents the longitudinal
direction of the yarn, and the direction “y” represents the transverse
direction of the yarn. A yarn is divided into a finite number of regions,

Fig. 16. Yarn path and unit cell model.

and the local direction is defined according to the tangent of the yarn
path as Fig. 15(b). The elements of same region are given the same main
direction, and the material direction of the entire unit cell is imparted
in this way. The failure mode of the material is judged by the failure
criteria and the damage evolution law. In this study, only the long-
itudinal failure direction and transverse direction failure are considered
as the failure modes of yarn. The yarn is considered to be a transversely
isotropic material and the matrix is regarded as an isotropic material
[41-43]. A detailed description of the progressive damage theory model
is described in Appendix A.

4.2. Material parameters

The shear sample is prepared from plain weave glass-fiber re-
inforced composites, and the yarn is considered to be a transversely
isotropic material and the matrix is regarded as an isotropic material.
The material properties of glass fiber taken from Refs. [20,44], and the
Chamis empirical formulae [45] are applied to calculate the stiffness
and strength of the yarn. The material properties of the yarn and matrix
are listed in Table 4.

4.3. Unit cell model

The average yarn characteristic parameters and yarn path co-
ordinates have been obtained from the image processing in the previous
Section 3.1, and the parameter of the warp yarn and the weft yarn are
measured separately. A unit cell model is created using the weaving
modeling software TEXGEN [46] as Fig. 16. There are only a small
number of areas in the modeling process that have intersection pro-
blems between yarns, which can be avoided by slightly adjusting the
centroid coordinates of the area.

The major axis of yarn section is 2.50 mm, and minor axis is
0.36 mm. The yarn cycle length is 5.78 mm, and the size of unit cell is
5.78 mm x 5.78 mm X 0.80 mm. Periodic boundary conditions are
applied to the unit cell to simulate the effect of the multilayer fabric,
and the detailed theoretical analysis is described in Appendix B.

4.4. Verification of mesh convergence

The size of the mesh determines the accuracy of the finite element
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(a)

(b)

Fig. 17. Unit cell models of various sizes (f): (a) f = 0.08 mm; (b) f = 0.10 mm; (¢) f = 0.12 mm; (d) f = 0.15 mm; (e) f = 0.20 mm.

3957.5 T T T T

3957 31 3957.3 3957. 20
[

3957.0

3956. 5 T

3956. 0 -

Shear Modulus/GPa

3955. 5 T

3955.0 T T T T T T T
0.08 0.10 0.12 0.14 0.16 0.18 0.20

Mesh Size/mm

Fig. 18. Effects of mesh size on modulus.

calculation results. When the mesh size is small to a certain extent, the
mesh tends to converge and the calculation result tend to be constant.
The convergence of the mesh can ensure the accuracy of the calculation
result while reducing the amount of calculation. The unit cell model

(@)

Fig. 19. FEA model and its components: (a) Glass fiber yarn; (b) Epoxy matrix; (c) Whole composite.

(b)

with different grid sizes is established as shown in Fig. 17, and shear
simulation are performed on these models. The influence of mesh size
on shear modulus is shown in Fig. 18. When the mesh size f of model is
less than or equal to 0.12 mm, the calculated shear modulus tends to be
constant. Therefore, 0.12 mm is the convergence size of the model
mesh.

4.5. Finite element model

4.5.1. General finite element model

The geometric model is meshed using TEXGEN software, and the
FEA model with 0.12 mm size mesh is generated. The FEA model
consists of two components: the yarn and the matrix (Fig. 19). The
element mesh type is C3D4, and the number of mesh is 180,800. The
contact between yarn and matrix, matrix and matrix is set as the grid
common node. The general periodic boundary condition is set as
boundary condition, and a UMAT subroutine is applied to progressive
damage analysis.

4.5.2. Void defects finite element model

In the Section 3.2, the volume fraction of void defects is calculated
to be 0.54%. An inp file of FEA model is imported into ABAQUS, and a
script which is based on the Monte Carlo function is adopted to select
the element as void defects [47]. The specific procedure steps as
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, Y’
(@) (b)

Fig. 20. FEA model with different defect content: (a) Matrix model with 0.54% volume defects; (b) Yarn model with 0.54% volume defects.

-

(a) (b)

(f)

Fig. 21. FEA model with junction area void defects: (a) Junction area; (b) FEA model of junction area void defects, (¢c) FEA model with 1% volume defects, (d) FEA
model with 2% volume defects, (e¢) FEA model with 4% volume defects, (f) FEA model with 5% volume defects.

T T T T
Table 5 60
FEM model of various defect volume fractions. _:_ EII: ?)I
Name of FEM FED FEC FECD1 FECD2 FECD3 FECD4 50 [ FE:C 7
models ~ —=— Experiment
Defect volume 0%  0.54% 0.54% 1% 2% 4% 5% S 40l
fractions 7 ]
[}
&~
H
s30 4
H i
follows: &
[7p] 20
(1) The volume fraction of material defects is imported into the script. d
(2) The element number of yarn (Ny and the element number of matrix 10 4
N, are counted, and the defects number of elements N,rand N, in
the yarn and matrix are calculated based on the volume fraction. 0 : : : :
(3) After the element serial number of the yarn is searched, the N, 0. 000 0. 005 0.010 0.015 0. 020
elements are selected as void defect elements. The void defect Shear strain(Rad)

element is set as a yarn defect set, and a new yarn set is created by
Fig. 22. The shear stress-shear strain curve.

10
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S, Mises

(Avg: 75%)
+1.102e+02
+1.073e+02
+1.043e+02
+1.013e+02
+9.833e+01
+9.535e+01
+9.237e+01
+8.939%e+01
+8.641e+01
+8.343e+01
+8.045e+01
+7.747e+01
+7.449e+01

S, Mises

(Avg: 75%)
+9.662e+01
+8.858e+01
+8.054e+01
+7.251e+01
+6.447e+01
+5.643e+01
+4.83%e+01
+4.036e+01
+3.232e+01
+2.428e+01
+1.625e+01
+8.209e+00
+1.724e-01

S, Mises

(Avg: 75%)
+1.048e+02
+9.612e+01
+8.745e+01
+7.878e+01
+7.012e+01
+6.145e+01
+5.278e+01
+4.412e+01
+3.545e+01
+2.678e+01
+1.812e+01
+9.450e+00
+7.835e-01

(€)

Fig. 23. Von Mises stresses contour of yarn and matrix: (a) Stresses contour of FE_M; (b) Stresses contour of FE_D; (c) Stresses contour of FE_C.

Table 6
Comparison of modulus and strength between experiment and simulation re-
sults.

Shear modulus  Error of shear ~ Shear strength  Error of shear

(MPa) modulus (MPa) strength
Experiment  3607.8 / 49.39 /
FEM 3957.26 9.69% 55.72 12.82%
FE_D 3934.16 9.05% 54.36 10.06%
FEC 3921.7 8.7% 53.46 8.22%

deleting the selected defective element for the initial yarn set.

(4) After the element serial number of the yarn is searched, the N,
elements are selected as void defect elements. The void defect
element is set as a matrix defect set, and a new yarn set is created by
deleting the selected defective element for the initial matrix set.

The void defects FEA model is shown in Fig. 20, where Fig. 20(a) is
the matrix model and Fig. 20(b) is the yarn model. The matrix and yarn
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S, Mises

(Avg: 75%)
+1.460e+02
+1.355e+02
+1.249e+02
+1.143e+02
+1.037e+02
+9.313e+01
+8.255e+01
+7.197e+01
+6.139e+01
+5.080e+01
+4.022e+01
+2.964e+01
+1.906e+01
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S, Mises

(Avg: 75%)
+1.426e+02
+1.308e+02
+1.18%e+02
+1.071e+02
+9.530e+01
+8.348e+01
+7.167e+01
+5.985e+01
+4.803e+01
+3.622e+01
+2.440e+01
+1.258e+01
+7.634e-01

S, Mises

(Avg: 75%)
+1.484e+02
+1.379e+02
+1.275e+02
+1.170e+02
+1.065e+02
+9.607e+01
+8.560e+01
+7.513e+01
+6.466e+01
+5.419e+01
+4.372e+01
+3.325e+01
+2.279e+01

both have void defects elements with 0.54% volume, which represented
by a red highlighted portion.

The spatial location of defect has been counted at the Section 3.2, it
is found that most of the defects are located on the matrix at the
Junction of warp weft yarn with only a few defects in the yarn. The
coordinates are limited to divide a junction area as Fig. 21(a), and
elements in this area are selected as void defects. In order to analysis
the influence of void defects on the mechanical properties of the ma-
terials, FEA model with various defect contents is established as shown
from Fig. 21(c)-(f). All the FEA model parameters are shown in Table 5.
Numerical simulations are performed by using ABAQUS, and 2.5%
shear displacement in the X direction is applied to simulate a shear
experiment.

5. Results analysis and discussion
5.1. Numerical simulation results

Shear load simulation are performed on the three models FE_M,
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S, Mises
(Avg: 75%)

+1.048e+02
+9.612e+01
+8.745e+01
+7.878e+01
+7.012e+01
+6.145e+01
+5.278e+01

+4.412e+01
+3.545e+01
+2.678e+01
+1.812e+01
+9.450e+00
+7.835e-01

S, Mises
{Avg: 75%)

+1.091e+02
+1.001e+02
+9.119e+01
+8.223e+01
+7.328e+01
+6.432e+01
+5.537e+01

+4.641e+01
+3.746e+01
+2.850e+01
+1.955e+01
+1.059e+01
+1.638e+00

S, Mises
(Avg: 75%)

+1.079e+02
+9.903e+01
+9.012e+01
+8.121e+01
+7.230e+01
+6.339e+01
+5.448e+01

+4.557e+01

+1.384e+01
+9.9276+00
+1.016+00

S, Mises
(Avg: 75%)

+1.153e+02
+1.058e+02
+9.631e+01
+8.683e+01
+7.735e+01
+6.787e+01
+5.838e+01

+4.890e+01
+3.942e+01
+2.994e+01
+2.046e+01
+1.097e+01
+1.491e+00

S, Mises
{Avg: 75%)

+1.193e+02
+1.095e+02
+9.964e+01
+8.97Ge+01
+7.992e+01
+7.007e+01
+6.021e+01
+5.035e+01

+4.050e+01
+3.064e+01
+2.078e+01
+1.093e+01
+1.069e+00
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S, Mises
(Avg: 75%)

+1.484e+02
+1.379e+02
+1.275e+02
+1.170e+02
+1.065e+02
+9.607e+01
+8.560e+01

+7.513e+01
+6.466e+01
+5.419e+01
+4.372e+01
+3.325e+01
+2.279e+01

S, Mises
(Ava: 75%)

+1.663e+02
+1.542e+02
+1.420e+02
+1.298e+02
+1.177e+02
+1.055e+02
+9.338e+01

+8.122e+01
+6.907e+01
+5.691e+01
+4.475e+01
+3.259e+01
+2.044e+01

(b)

S, Mises
(Avg: 75%)

+3.031e+02
+2.792e+02
+2.553e+02
+2.314e+02
+2.074e+02
+1.835e+02
+1.596e+02

+1.357e+02
+1.118e+02
+8.790e+01
+6.399e+01
+4.009e+01
+1.618e+01

S, Mises
(Avg: 75%)

+3.785e+02
+3.483e+02
+3.180e+02
+2.878e+02
+2.576e+02
+2.273e+02
+1.971e+02

+1.669e+02
+1.367e+02
+1.064e+02
+7.621e+01
+4.598e+01
+1.575e+01

S, Mises
(Avg: 75%)

+3.448e+02
+3.173e+02
+2.898e+02
+2.624e+02
+2.349e+02
+2.075e+02
+1.800e+02

+1.526e+02
+1.251e+02
+9.764e+01
+7.018e+01
+4.272e+01
+1.527e+01

(€)

Fig. 24. Mises stress contour of the yarn and the matrix with different defect content: (a) FE_C; (b) FE_CD 1; (c) FE_CD 2; (d) FE_CD 3; (e) FE_CD 4.

FE D and FE C to verify the correctness of the defects position. The FEA
model is deformed under the action of shear load, and the von Mises
stresses contour is shown in Fig. 23. The shear stress-strain curve in the
simulation and experiment is shown in Fig. 22. For more intuitive

12

comparison, the shear modulus, shear failure strain and shear strength
of each FEA model are listed in Table 6. The experimental data is set to
the standard of comparison, and the shear modulus error of FE_M, FE_D
and FE_C models is 9.69%, 9.05%, 8.7%. The shear strength error is
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Shear stress(MPa)

0 T T T T
0. 000 0. 005 0.010 0.015 0.020
Shear strain(Rad)
Fig. 25. Shear stress-shear strain curve of FEA model.
Table 7

Modulus and strength comparison of each FEM model.

Shear modulus

Error of shear

Shear strength

Error of shear

(MPa) modulus (MPa) strength
FEM 3957.26 / 55.72 /
FEC 3921.7 0.89% 53.46 4.06%
FECD1 3870.6 2.19% 51.92 6.82%
FECD 2 3817.5 3.53% 49.88 10.48%
FECD 3 37329 5.67% 47.84 14.14%
FECD 4 3727.8 5.8% 47.45 14.84%

- (

(a)

(b)

Ll

|
(©)
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12.82%, 10.06% and 8.22%. The FE_C model simulation results are
closer to the experimental results than the two other models, which
further proves the rationality of defects distribution of this model. It is
also stated that the void defects exist in the matrix of warp and weft
yarn junction have a greater influence on the shear modulus and shear
strength than a small portion of defects exist in the yarn. The defects in
the matrix do not affect the distribution trend of the yarn stress from the
comparison of the yarn stress contour of FE.M and FE_C model. The
existence of defects in the matrix causes the yarn stress to concentrate
at the junction, and the maximum yarn stress of the FE_C model is
1.64% higher than the FE_M model, as shown in Fig. 24.

5.2. Effect of defects on mechanical properties

In order to analyze the influence of defects on the mechanical
properties of the material, the FEA model with different volume frac-
tion of defects is established for numerical calculation.

The shear stress-shear strain curve is shown in Fig. 25. The general
FEA model is set to the standard of comparison, and the error of shear
modulus and shear strength of each defect FEA model is shown in
Table 7. The shear modulus and shear strength of the material are de-
crease with the increase of volume fraction of defects, which indicates
that the void defects have a certain influence on the shear resistance
ability of material. When the material defect volume fraction reaches
5%, it is too many defects for the material. The void defects have little
effect on the shear modulus of the materials, and the error of modulus is
only 5.8%. The shear strength of the material is sensitive to void de-
fects, and the error of strength reached 14.84%.

The von Mises stresses contour of the yarn and the matrix is shown
in Fig. 25. The maximum stress of the matrix and the yarn increases
with the increase of defect volume fraction. The existence of defects
causes stress concentration and it is more obviously as the defect

Fig. 26. The Initial damage mark: (a) Crack mark of warp yarn; (b) Crack mark of weft yarn; (c) Distribution of initial damage crack.

13
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SDV1 Sbwvz
(Avg: 75%) (Avg: 75%)
+0.000e+00 +9.242e-01
+0.000e+00 +8.472e-01
+0.000e+00 +7.702e-01
+0.000e+00 +6.932e-01
+0.000e+00 +6.162e-01
+0.000e+00 +5.391e-01
+0.000e+00 +4.621e-01
+0.000e+00 +3.851e-01
+0.000e+00 +3.081e-01
+0.000e+00 +2.311e-01
+0.000e+00 +1.540e-01
+0.000e+00 +7.702e-02
+0.000e+00 +0.000e+00 R
(a) (b)
Fig. 27. Damage contour of the yarn of FE_C model: (a) SDV1 damage; (b) SDV2 damage.
&y =0.0149 &y =0.0179 £y = 0. 0208 &y = 0. 0227
® Warp longitudinal crack e * 2 % .
® Warp transverse crack B & = m‘
Weft longitudinal crack e g = “g‘
e Weft transverse crack & == -F e E ] =
Fig. 28. Crack marks at various stages of damage.
e U e 5.3. Damage evolution results
607 [—a— FE M i i
s FE DI The cracks of p-CT images at various stages under shear load are
—s— FE C 4 classified and the different types of cracks are marked with different
50 -~
< —u— Experiment colors.
~ 404 - i . .
A ‘ 5.3.1. Comparison of initial damage
2 - . The type of initial cracks is especially important for analyzing ma-
17 30 terial failure. The yarn begins to generate crack when e, is up to
5 4 0.0148 as shown in Fig. 26. A longitudinal crack is generated in the
2 warp yarn, and is also generated in the weft yarn. The longitudinal
v 20 crack of the warp yarn is marked with green as Fig. 26(a), and the
] longitudinal crack of the weft yarn is marked with yellow as Fig. 26(b).
104 The shear area and cracks are reconstructed to show the spatial position
of cracks in the geometric model, and the distribution of initial cracks is
shown in Fig. 26(c). It is obviously that the initial crack contains only
0 T T A U warp longitudinal cracks and weft longitudinal cracks.
0. 000 0. 005 0.010 0.015 0. 020

Shear strain(Rad)

Fig. 29. The overall failure process.

volume fraction increases. Therefore, the presence of defects causes
stress concentration, which is more pronounced as the porosity in-
creases.

14

In order to further verify the marking result, a damage contour of
the yarn of FE_C model is retrieved for comparison as Fig. 27. Where
SDV1 represent the damage of the yarn direction (x), which is re-
presented by the transverse cracks of yarn. SDV2 represent the damage
of the yarn cross-sectional direction (y), which is represented by the
longitudinal cracks of the yarn. The damage of the yarn is only SDV2
damage, and the SDV2 damage is not only generates in the warp yarn
but also in the weft yarn. The cracks only contain the longitudinal crack
of warp yarn and the longitudinal crack of weft yarn according to the
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simulation results, which is consistent with the phenomenon of the
experimental results. It can be further proved that the crack generated
at the initial stage of the material damage is the longitudinal crack of
warp and the longitudinal crack of weft.

5.3.2. Damage evolution process

The damage marks at each stage are shown in Fig. 28, and the shear
strains are four stages: 0.0149, 0.0179, 0.0208 and 0.0227. At the in-
itial damage, the warp longitudinal cracks and weft longitudinal cracks
is generated in the material. When the strain increases to 0.0179, a
warp transverse cracks are generated. When the strain increases to
0.0208, the transverse cracks are generated in the weft yarns. When the
strain increases to 0.0227, all the cracks gradually extend under the
load and eventually lead to the material failure. The longitudinal crack
of warp yarn and the longitudinal crack of weft yarn account for the
most, which is the main failure mode. The overall failure process is
shown in Fig. 29, and the failed sample is shown in Fig. 30. According
to the analysis results of damage evolution marks and damage simu-
lation, it is speculated that the void defects induce the generation of
warp transverse cracks. As the strain increases, all of the cracks begin to
generate inside the material.

6. Conclusion

In this study, the effects of void defects on the mechanical properties
of plain weave glass-fiber reinforced composites are analyzed through
finite element method and in-situ shear test. The material defect vo-
lume and the yarn geometry are obtained from the p-CT images. A unit

Appendix A:. Progressive damage model

Damage variables and constitutive functions
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(b)

Fig. 30. Comparison of sample: (a) Before load; (b) After load.

cell model is established by using the TEXGEN and the finite element
model with void defects is generated by Monte Carlo function. Two
types of FEA model is establish to analyze the influence of void defects
distribution, and the rationality of the central defect model is verified.
The numerical simulation and experimental results are compared to
analyze the influence of void defects on the shear properties of the
material. The cracks of materials in all stages of in-situ experiments is
marked by using the image processing methods, and the distribution of
initial cracks is compared with the damage contour of FEA model to
verify the form of initial damage. The conclusion of relationship of void
defects the generation and warp transverse cracks is analyzed. The fi-
nite element model and image processing tools used in this study pro-
vide a method for analyzing the influence of void defects on the me-
chanical properties of materials and predicting the failure modes of
materials.
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The stiffness of the material is degraded during the damage process, and the rate of degradation is determined by the fracture energy of the yarn
and the matrix. The damaged fiber yarns constitutive equation is defined as follows:

g = C}i: of

3

where ¢f and oy are the strain and stress tensor of fiber yarns, and the Cd f is the damaged stiffness matrix.

The damaged constitutive equation of the matrix is defined as Eq. (4):

En = C,ﬁ: Om

C)

where ¢, and o, are the strain and stress tensor of matrix, and the Cd m is the damaged stiffness matrix of matrix.

Failure criterion for fiber yarns

The initial failure state value of the fiber is calculated by Eq. (5):

r

slj;’t 2 c 3
ff,x = \/Wcﬁl) + (" — e )en

1351 i1

)

where &1, ¢/i* and /¢ are the strains, tensile failure strains and compressive failure strain of fiber, respectively. When frx > &' the fiber will fail.

The damage variable of the fiber can be calculated from Eq. (6):

fit
dpy =1 — L g-Cuel' Q=i HLe/Gy
e

(6)
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where the f; , is the initial failure state value of fiber, and the fracture energy of the fiber is defined as Gy. Cy is the characteristic length of element,
and Cy; is the yarns modulus in the fiber direction.
For the initial failure perpendicular to the yarn, the following failure criterion is used:

[t fity2 f,0)?
€ (e45") €
fry = \j ?c (e2)* + (Ezfz't - = szz + (zfzs] (a12)?
(273 €i2

ef° )
B ), ()
frz = 7(533)2 +|edst - e o (a3)
€33 €33 &3 8)

where ', ef;' are the tensile failure strains that are perpendicular to the fiber direction, and 4;°, £; are the compression failure strains that are
perpendicular to the fiber direction. The shear failure strains are /;* and &;°. The threshold values of f;y and f; , are ef;" and &fy, respectively.
The damage variables of the matrix can be calculated from Eq. (9) and Eq. (10):

fit .
dmy =1- Sie—czzszjz’t(fm,y—szfz’l)Lc/Gm
Ty 9

fit . .
Ay = 1 — 22 ¢=Cseli! G =efs LelCm
oz (10)

where Cj;, C33 are the yarns moduli perpendicular to the fiber direction, and the fracture energy of the matrix is defined as Gy As damage
progressing, the overall stiffness coefficient is reduced.
When the yarn and the matrix are damaged, the stiffness matrix can be updated by Eq. (11):

aCu aﬁclz OlyC13 0 0 0
BCxn PBrCys 0 0 0

Cd _ }/C33 0 0 0
F =
ayCss 0
sym BrCes 1D

where a = (1 — dey), B = (1 —dpy), v = (1 —dp,;) and C; are the components of the stiffness matrix in the initial state.
Failure criterion for matrix

The initial failure state value of the matrix is calculated by Eq. (12):

gmit s . (Em,I)Z emit 2 5 emt 2 5
Joxre = Em’c(£11(22/33)) +|e™ - vl CHCTED I v (&12023/13))* + s (@3012/23))

a2

where ™! is the tensile failure strain of the matrix, and £™¢ is the compression failure strain. The shear failure strain of the matrix is £€™°. When the
fmxerm > €™, the matrix begins to generate damage.
For matrix failure, the following failure criterion is used:

N3
e/ e—cll€f't(fm'x(y/z)—Ef'r)Lc/Gm
fm,x(y/z) (1 3)

Ay =1 —

The stiffness matrix of matrix can be updated by Eq. (14):

oz'Cn 0(’6’C12 0(’]/’C13 0 0 0
B'Cyn BYCys 0 0 0
d }/,C33 0 0 0
Cm = o
a'y’Css 0
sym BrCes a4

where @’ = (1- dp), B = (1- dp), v = (- diy).
The stresses in the user subroutine UMAT are updated according to the Eq. (15):

Opn+1 = Op + cé: Agy iy (15)

where o, and o, +; are the stresses at step n and n + 1, and Ag,,; is the strain increment of step n + 1.

The reduction of element stiffness matrix sometimes causes the calculation results to not converge, and the viscosity regularization can keep the
tangent stiffness matrix of the damaged unit still positive in a small incremental step. The viscous damage variable of the incremental step can be
calculated from Eq. (16):

) ) At
4= —dr, + &G =f, m)

’_n+At n+ At (16

where At is the time increment, and dv j,old is the viscous damage variable of the previous incremental step. The viscosity coefficient is represented

16
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by 5. In general, the value of the viscosity coefficient is much smaller than the time increment.
Therefore, the Jacobian matrix of yarns and matrix can be formulated by Eq. (17) and Eq. (18):

5C}i e adfvx . affvx + 3Cj51 - adm,y . afm,y + acjg e ddp ; . afm,z
5df,x. 5ff’x de 5dm,y. 5fm’y de adm,z. 5fmyz de 17)

fole
—(f)=C¢+
3% () =¢;

a—“(m>=cd+(ac'7l- ) s O (ac,ﬁ .E) Oy Oy (ac;i .E) O O
O¢ m

ddmr N of,. oe Odmy N\ O, O 3, N of,, o a8

where Cd f, Cd m are the updated stiffness coefficient after the yarn, matrix get damage.
Appendix B:. Periodic boundary conditions

The meso-structure of braided composites has good periodicity. Ordinary boundary conditions cannot reflect the interaction of unit cells, and the
displacement and stress-strain between unit cells cannot be continuous. Considering the application of periodic boundary conditions to achieve
constraints, the displacement, stress and strain are consistent between the individual cells. The schematic diagram of unit cell is shown in Fig. BI,
and the distribution of stress and strain in the model can also be used for translational symmetric transformation. The macroscopic strain and relative
displacement of corresponding points in different unit cells have the relationship of Eq. (19), because of the same transformation mode of dis-
placement and strain.

W—u= -0+ 0 -0y + @ -2y
Vi—v=0 ~-ye + @ -2y,
w—w=¢g?

z 19

where x y, z are the coordinates of point A, and u, v, w are the displacements of point A. The x', ¥, z'and u/, v/, w' are the coordinates and displacement
of point Al, and the Al is corresponding to point A. ¢ , s;’, &) are the macroscopic strains of the model.

The periodic boundary conditions are applied to constrain the displacement, stress and strain to be consistent between the unit cells. A script is
written to implement plane, edge and vertex constraints on unit cell.

Fig. B1. Schematic diagram of unit cell.

Appendix C. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.compstruct.2019.111746.
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