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Abstract

Unit cell (UC) voxel models for 3D glass fiber/epoxy plain interlock composite were reconstructed based
on the micro computed tomography (CT) data using VoxTex software. The predicted in-plane properties
were compared with TexGen-generated model. Different elementary sub-UC models were also proposed
to find out the optimum simulation scheme to reduce computational cost and maintain predictive accuracy.
A progressive damage model was used to describe the nonlinear behavior for both matrix and yarns. The
initiation and evolution of the meso-scale damage agreed well with the experimental observations.

1. Introduction

Compared to analytical (orientation averaging method [1-3]; inclusion method [4]) and semi-analytical
(method of cells [5,6]) homogenization approaches, finite element (FE) method allows the use of a more
complicated and realistic geometry for the long fibre reinforced composite (e.g. textiles and laminates) to
determine the linear and nonlinear mechanical behavior, elasticity [7-9], elasto-plasticity [10] and failure
mode analysis [11-14]. Geometric modelling strategy could be classified into two categories, i.e. the
idealized and the realistic. A typical idealized model considers the yarns as aligned geometrical objects
with constant cross-section and regular trajectories which may largely differ from the real geometry.

Naouar et al. have proposed a direct method to reconstruct the geometry suitable for any type of
reinforcement from their micro CT images [15]. Image process techniques were repeated slice by slice to
identify the different constituents. A skeletonisation scheme was implemented to find out the neutral axis
of the yarn which would further be used to determine the local material orientation. Authors have
employed the front algorithm to discretize the geometry with tetrahedral elements for FE usage. The
proposed real geometry presented a compaction simulation result closer to the experiment one than the
purely idealized model. Nevertheless, the tetrahedron meshing scheme inevitably increases the time cost
in both pre- and post- process since adapting the curved surface of yarn will result in a huge amount of
generated elements.

New reconstruction scheme, used in this work is able to better reflect the real architecture and at the same
time the meshing scheme permits high computational efficiency. Straumit et al. developed a software
package named VoxTex which enable an automatic generation of “voxelized” model from the micro CT
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image [16]. A 3D virtual volume model is initially prepared by stacking the images slice by slice. Then the
user defined voxel size and integration window need to be assigned to form a discretized volume with the
specified mesh density. After that, by processing the 3x3 matrix of the structural tensor for each voxel,
three eigenvalue and eigenvector pairs can be determined. The eigenvector which corresponds to the
minimum eigenvalue is taken as the principal direction of the calculated voxel. Some basic segmentation
algorithm, like thresholding method and the K-means clustering method have been integrated for the
separation of constituents. A more sophisticated scheme which allows segmentation between warp and
weft yarns will be discussed in Section 3.

Experimental work centered on 3D glass fiber plain interlock composite will be introduced in next section.
The generation of real and idealized geometric models would be detailed subsequently. FE calculation
schemes to simulate both linear and nonlinear behavior for different models are illustrated followed by a
comparative study and results discussion. Conclusions and perspectives are made in the last section.

2. Experimental preparation

The infusion technique is employed for impregnating the 3D glass-fiber plain interlock preforms. Epolam
5015 epoxy and 5015 hardener (Axson Technology®) are mixed with mass ratio 100:30. Resin properties
are shown in Table 1. The injection of the resin is driven by -0.9 bar pressure. The impregnated tissue is
cured in an autoclave at 50 °C for 2 hours until complete polymerization.

Young’s Modulus 3.0 GPa
Tensile strength 80 MPa
Elongation at break 6%
Cured density 1.10 g/cm®
Viscosity at 25°C 0.21Pa.s

Table 1. Properties of Epolam 5015 resin

The determination of total fiber volume fraction V,for a pure glass fiber reinforced composite can be done
with the burn-off test. Hence 5 (20x20 mm) samples cutting from 2 different interlock plates were burnt
during 4 hours at 550°C inside the furnace. The mean V, for the 3D plain interlock composite locates at
40.3% with standard deviation 0.86%. Optical microscope observation was conducted to assess the local
fiber volume fraction of the yarn V,y in combination with the image process techniques.

The microscopic observation in fiber scale was conducted by X-ray CT scanning system (160 kV voltage
and 4.06pum/pixel resolution). Fig. 1(a) shows a typical 2D morphology of the internal architecture of 3D
plain interlock. The green box roughly profiles the boundary of a UC along thickness and weft yarn
direction. Fig. 1(b) presents the realistic yarn geometry reconstructed by Avizo® with the matrix hidden.

Fig. 1. (a) 2D and (b) 3D real morphology of the scanned 3D interlock composite sample
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Standard specimen oriented along weft, warp and 45° bias yarn direction were cut out from the composite
plates respectively. The gradually increased loading/unloading tests were carried out on Instron 1185 test
machine with a cross-head speed of 3 mm/min. A CCD was used to capture the image of the deformed
specimen surface every 0.25 second. Digital image correlation method was implemented to measure the
strain fields with commercial software Vic-2D®. The experimental in-plane mechanical properties will be
compared with the prediction results of FE models.

3. Generation of FE models

3.1 Real model

A region of interest (ROI) with 2.76mm length, 2.76mm width and 1.98mm thickness, which can be
approximately considered as a unit cell, is cut out and discretized into voxel model with integration radius
for calculation of the structure tensor of 8 pixels. When two-variable (degree of anisotropy and average
grey value for this case) clustering segmentation scheme is imposed, the ROI is separated into only two
parts, i.e. yarns and matrix, as shown in Fig. 2 - Fig. 4.
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Fig. 5. Histogram of ¢ in spherical coordinate
system, derived from the micro-CT image of the
material

Therefore, to better reflect the real architecture, another smart “supervised learning” segmentation scheme
was programmed and integrated into VoxTex for further subdivision of the yarn. A training set, which
sufficiently grasps the distinct features for each constituent, was created so that a to-be-segmented sub-
volume could be “supervised”. The azimuthal angle ¢, on the YZ projection plane, refer to Fig. 1(b),
plays a critical role to separate the warp/binder (¢$=90°) from weft (¢=0°) as shown in Fig. 5. A well
segmented UC model with 212,658 C3D8 elements is shown in Fig. 6. Kinematic uniform boundary
conditions (KUBC) are imposed. 1/2 and 1/4 UC models, as shown in Fig. 7 and Fig. 8, are also
generated by partitioning the scanning image from different positions.
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3.2 Idealized model

An idealized UC model with 3.38 mm length, 2.89 mm width and 1.98 mm thickness for the same
composite was generated by TexGen, see to Fig. 9. The constant cross-sectional yarns were organized in a
column aligned way and the non-waviness assumption was applied for warp and weft yarns to simplify the
geometry. A voxel model with 302,400 C3DS8 elements was exported for FE usage. The mesh density was
as same as the real model. For each yarn element the local orientation was derived inherently according to
centerline of the yarn. Periodic BCs is imposed onto the UC model due to periodically repetitive geometry
of the textile.

Fig. 6. The voxel model of the unit cell generated Fig. 7. 1/2 unit cell models for FE calculation
by VoxTex (with the matrix hidden) usage

Fig. 8. 1/4 unit cell models for FE calculation Fig. 9. The voxel model of the unit cell generated
usage by TexGen (with the matrix hidden)

3.3 Constituent properties

The global fiber volume fraction of the model V, the local fiber volume fraction of yarn V,y and the total
volume fraction of yarn Vy are listed in Table 2 for each yarn in both real and idealized models. On the
basis of the naked-eye and the optical microscope observations, both the weft and the warp yarns can be
considered as constant cross-sectional and sufficiently infused so that the image process technique can be
used to measure the Vy, while for the binder the above measurement was not applicable anymore due to
the changeable cross-section and damaged geometry. Inverse method was employed to determine the
average Vy of binder yarn by the known parameters including total Vj Vy for each yarn (estimated form
FE model) and Vy for the warp (just for idealized case because in the present real model, binder yarns and
the warp yarns cannot yet be separated from each other ) and weft yarn. In 1/2 and 1/4 UC models the Vy
of each yarn keeps the same as that of the real UC model.

Chamis’ model [17] is then used to estimate the effective properties of the impregnated yarn by knowing
the basic mechanical properties of isotropic matrix (Young’s modulus 3.0 GPa, Poisson ratio 0.3) and
isotropic E-Glass fiber (Young’s modulus 72.0 GPa, Poisson ratio 0.3) together with the of local fiber
content Vyy.
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Idealized UC model Real UC model
Weft yarn Vy=29.0% Vv=75.7% Vy=27.4% Viv=75.7%
Warp Binfier Vy=12.2% Viyv=56.7% Vym28.0% V=69.9%
yarn Straight Vv=15.2% Viv=75.7%
Total Vy 56.3% 55.4%
Total V;(40.3% exp.) 40.3% 40.3%

Table 2. The fiber/yarn volume fraction for both real and idealized UC models.

4. Progressive damage modelling

The following is a brief introduction of the damage model for the impregnated yarns. The failure initiation
criterion is based on the Hashin’s 3D as shown in [18]. Damage effect tensor is similar to one presented in
[19]. The exponential damage evolution laws have been used,

| .
d=1-—e07 (i = fiadydyy) M

i

where f; are scaling function according to initiation criterion for i damage mechanisms and f is quantity
related to critical energy release rate and element characteristic length according to cracks smeared theory.
Damage model was derived based on the energy equivalent principle. In case of resin material, the
isotropic damage model was applied. The constitutive model of the polymer resin comprises elastic and
damage behavior. The pressure dependent damage initiation function has been used in the following form
as shown in Eq. 2. The resin micro-cracking has isotropic damage effect only.

i =NC5p +C 17 <1

where C, =1/(6720), C2 = 3o ~e)/(&r60). T3 = (17 =315, @)
17 = (61 + 60+ 63), I3 = &5 + 635 + 65 — &160 — 02833 — €36

Both isotropic and anisotropic damage models, for matrix and yarns respectively, were implemented with
ABAQUS/UMAT. Viscous regularization was applied to facilitate the convergence.

5. Homogenization scheme

6 group of independent displacement loading cases were applied onto a FE model for an elastic behavior
analysis, hence the volume averaging scheme was implemented to homogenize the effective stress
component dj;
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where NE is the total number of element in the model, N/ is the number of Gaussian integration point (IP)
in an element, 6;;(/) is stress component value on a certain IP, W(/) and J(/) denotes respectively the

weight value and the Jacobian value corresponding to that IP. A Python post-process code is written to
calculate the averaged stress components and the effective elastic properties.

6. Results analysis

6.1 In-plane effective properties
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The homogenized effective elastic moduli along warp, weft and 45° directions, the relative error with the
experimental value are listed in Table 3 and drawn in Fig.11. Almost all the effective moduli predicted by
the proposed numerical models lay within the experimental error range. UC model generated by VoxTex
based on real geometry presents high accuracy to predict the all in-plane effective moduli while idealized
model overestimated the E.q significantly with an error of 8.71%. The prediction accuracy of 1/2 and 1/4
UC models are close to each other and the results of the former vary less than the latter. Therefore to
reduce computational cost and maintain an acceptable accuracy 1/2 UC models are more recommended.

Experimental Idealized UC Real UC Y2 real UC Yareal UC
15.8 15.8 16.0 16.3 16.3
Evarp (GPa) 0 0 0 0 0
+4.4% +0.4% +1.7% +3.1% +3.1%
19.3 21.0 19.7 20.0 19.7
Eweft (GPa)
+8.3% +8.7% +2.1% +3.6% +2.2%
11.0 10.3 10.8 10.9 10.7
Ess- (GPa) 0 0 o 0 0
+4.7% -2.6% -1.6% -0.8% -2.3%

Table 3. The predicted in-plane effective properties of real and idealized models
6.2 Damage behavior analysis

An example of the modelled behavior in the warp direction is shown in Fig. 11. There are four main steps
have been distinguished: initial elastic behavior, in general very short one which is followed by early
initiation of transverse damage in bender yarns; then microcracking in resin start developing and the last
step is fiber failure in the warp yarns, which for this loading case is final mechanism.
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Fig. 10. In-plane properties predicted by different Fig. 11. Experimental and simulation nonlinear
real and idealized models behavior (dot is experiment, line is modelling )

In Figs 12, 13 the calculated damage modes are shown for different yarns in weft and warp direction, the
latter one is combined with binder yarns. Since the current model does not contain predefined interfaces
the term debonding is included into the transverse damage of the yarns. The highest level of material
degradation is observed near zones where different yarns are close to each other (weft/warp, binder/weft
and binder/warp).
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Fig. 12. Damage in the weft yarns and debonding Fig. 13. Initiation of the transverse damage in
localization binder yarn

7. Conclusions

Systematic experiments have been conducted, from the composite plate preparation (infusion) to meso-
mechanical parameters determination (burn-off test, optical microscope observations and micro CT
scanning) until to the macro-mechanical behavior tests.

Real UC geometry was reconstructed from the micro CT scanning images by a powerful pre-processor
VoxTex and presented as a voxel model. 1/2 and 1/4 UC models were also generated to find an optimum
simulation scheme to reduce the computational cost and maintain an acceptable accuracy. An idealized
UC model with geometric parameters derived from the micro CT images has been generated for
comparison. Properties predicted from real geometry show excellent agreement with those of experiments
while significant error existed for E.; prediction with idealized model. Computational costs could be
reduced significantly by considering 1/2 UC geometry which provide desirable results.

At last, the results from loading/unloading tests were compared with nonlinear multi-scale simulations.
The initiation and evolution of the meso-scale damage mechanisms have been analyzed and discussed.
Qualitative results of the numerical simulation are in good agreement with experimental observations.
Based on the real UC model, the predictive errors for in-plane elastic properties are below 2.1% while for
the overall macroscopic nonlinear response the error does not exceed 10 % compared to the experiments.
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