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Abstract

The mechanical properties and damage behaviors of carbon/epoxy woven fabric composite under
in-plane tension and compression are studied at the meso-scale level through experiment and
simulation. An efficient representative volume element (RVE) modeling method with consistent
mesh, high yarn volume fraction and realistic geometry is proposed. The material constitutive laws
with plasticity, tension-compression asymmetry and damage evolution are established for the three
components - yarn, matrix and interface, respectively. Significantly different mechanical properties
and damage evolutions are observed depending on loading conditions and initial geometry
characteristics. It shows a non-linear stress-strain curve with clear transition region and intensive
damage in tension, while a quasi-linear behavior up to facture is observed in compression with
little damage prior to final fracture. Moreover, compared to the constant Poisson’s ratio with
straining in compression, a dramatic increase in Poisson’s ratio appears in tension. Simulation
shows damage mechanisms including transverse damage, matrix damage and delamination, which
all play critical roles in the property evolution. In particular, the rapid damage accumulation after
elastic deformation destroys the strong bonds and causes the easy deformation of transverse yarns
which results in the transition region and large Poisson’s ratio in tension. All the mechanical
behaviors and damage evolutions are well captured and explained with the current RVE model.
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Introduction

Carbon fiber reinforced plastic (CFRP) composites have been widely applied in aerospace
and automative applications due to their high specific stiffness and strength values. As one
of the most important application forms, woven fabric composites show advantages in
several aspects over non-woven counterparts, such as balanced in-plane mechanical
properties, excellent drape ability and enhanced resistance to impact damage [1][2].
However, the complex structural features including curved yarns, multitude interfaces, resin-
rich areas and different stacking patterns lead to significant variations in mechanical
properties and damage behaviors, which dramatically increase the difficulties of analyses
and thus hinder the potential applications [3].

Recent experimental works have been widely conducted on the characterization of
mechanical properties and damage evolutions of woven composites. Depending on the fabric
patterns and individual component properties, different mechanical behaviors have been
observed, such as quasi-linear [1][4] and nonlinear stress-strain curves [5]-[8] under on-
axial tension. Meanwhile, the on-axial compression strength shows to positively depend on
the curvature radius of yarn [9]. Under compression, yarns tend to fail at the crimp region
with a kinking mechanism [10], which is also affected by the stacking pattern [3] and
through-thickness constraints [11]. Therefore, both mechanical properties and damage
development in woven fabric composites are shown to be closely related to the local
geometry and loading conditions. These complex behaviors of woven composite make the
experimental identification cost and time-consuming. Moreover, some properties, such as the
out-of-plane properties, are difficult to be measured directly.

Finite element (FE) simulations with representative volume element (RVE) at the meso-scale
have been proved to be a powerful tool in predicting woven fabric composite properties [12].
Both FE mesh models and material constitutive laws are essential for a well-established
RVE model. However, the complex geometry characteristics and the high yarn volume
fraction of woven fabric composite pose great challenges to FE modeling. The voxel
meshing method is widely used in the RVE model generation due to its simplicity of
implementation, and well suited in the elastic property prediction [13]. However, the step-
like shape in the voxel mesh model will cause unrealistic stress concentration and thus
damage initiation [13][14]. Therefore, smoothing algorithm on voxel mesh has been
developed in order to produce a suitable contact surface with certain loss of mesh quality
[15]. Generally speaking, consistent mesh model which can capture the yarn surface
smoothly provides better predictions in terms of damage. However, the small geometry
features in the resin pocket induce remarkable difficulties in model development and usually
lead to poor mesh quality. In order to generate the RVE model with high mesh quality, it
usually has to construct simplified geometries in CAD software first [16]-[25]. However,
this method requires tedious manual work and can be only applied to specific geometries.
Given these challenges, many researchers have been working on developing methods to
generate consistent mesh RVE. Grail et al. [26] presented an automatic method with a
parametrized yarn surface to generate smooth meshes for textile composite unit cell.
Doitrand et al. [13][27][28] further extended this method and studied the mechanical
properties under various conditions. Wintiba et al. [29] developed an integrated method with
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contact conditions to generate the RVE model. Rinaldi et al. [30] generated the virtual textile
composite specimen with statistical data from micro-computed tomography by a Monte
Carlo algorithm. Pierreux et al. [31] proposed an approach with loose-state fiber-bundles to
generate 3D orthogonal woven fabric composite model with cross-section variations.
Despite these recent efforts, RVE modeling with high yarn volume fraction and good mesh
quality is of great interest in the field of woven composite modeling.

Regarding material constitutive models, in order to capture the damage evolution in RVE
simulations, the yarn and epoxy matrix are usually modeled by continuum damage
mechanics (CDM) laws with different damage modes. For simplification purposes, the yarn
and matrix are commonly modeled with transverse isotropic elastic law and isotropic elastic
law to damage [6][17][18][27], respectively. However, the yarn can exhibit remarkable
plasticity under shear [32]-[34] and transverse compression loadings [35]-[37], which leads
to a large divergence from the elastic law. Moreover, the epoxy resin also shows significant
plastic deformation and tension-compression asymmetry [38][39]. Recent efforts have been
made to model these material behaviors with more accurate constitutive laws. Tabiei et al.
[40] used the Ramberg-Osgood equation to describe the shear nonlinearity in simulation of
woven fabric composite. Carvalho et al. [19] modeled the resin with a linear Drucker-Prager
model, and the matrix plasticity showed a significant effect in the tensile behavior of woven
composites. Melro et al. [41] and Stier et al. [42] applied an elasto-plastic law with isotropic
damage to model the epoxy resin in their RVE simulations. Chen et al. [43] developed an
elasto-viscoplastic damage model and implemented to the failure analysis of composite
laminates at various strain rates. More recently, Wang et al. [44] proposed an accurate and
efficient method for modeling unidirectional laminates considering both anisotropic
plasticity and hydrostatic pressure sensitivities. It captures the damage behaviors well in the
losepescu test with different orientations and thicknesses. Additionally, delamination is
another important failure mechanism which affects the mechanical properties remarkably
[27][45], but most studies fail to consider this mechanism. To avoid the difficulties in RVE
model generation, rigid tie/shared nodes are commonly applied to the interfaces [16]-[18]
[24][27], but these methods suffer from a large deviation from realistic failure mechanisms.

In current work, to obtain a comprehensive understanding of the woven fabric composite
properties and damage evolutions under in-plane loadings, a systematic computational
approach based on RVE simulation is proposed. First, a consistent mesh generation method
is proposed to build a multi-layer RVE model with high mesh quality and yarn volume
fraction. Then, a new elasto-plastic constitutive law with damage evolution is developed for
the yarn, and an elasto-plastic-damage constitutive law is applied to the epoxy matrix
together with a delamination model to describe the interface behavior. The predicted
deformation and damage behaviors by RVE simulations are compared with experimental
results on a typical carbon/epoxy woven composite under in-plane tension and compression,
including stress-strain behavior, Poisson’s ratio evolution and failure morphology. The
corresponding damage evolutions in the woven fabric composite are subsequently analyzed
through both simulation and experimental results.
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2. Material and experiment setup

2.1 Material

A 2x 2 twill carbon/epoxy woven composite of 660 g/m? area density is fabricated with hot
compression (referred as twill-660 hereafter) for further testing [45][46]. The woven fabric
plaques are molded with A42 carbon fiber with a diameter of 7 pm and thermoset epoxy
resin, which are both supplied by Dow Chemical Company. Plaques of 300x300 mm? are
fabricated with 4 prepreg plies in the same lay-up direction to obtain a nominal thickness of
2.5 mm. Both warp and weft yarns have the same bundle size of 12K (number of filaments
in one bundle) and weave density of 4 picks/cm (humber of bundles per centimeter). The
fiber volume fraction of 52.5% is measured by both burning-off test and density test.

As shown in Fig. 1, the twill composite shows a complex initial configuration. Both warp
and weft yarns have a quasi-elliptical shape. Due to the specific weaving processing, the
yarns in two directions also have different cross-section geometries as marked in Fig. 1
(average values). Moreover, yarns in warp direction show less undulation than those in weft
direction, which can be characterized by the crimp ratio [46]. Table 1 summarizes the initial
geometries of current twill-660. Since no special control is implemented in the molding
processing, different stacking patterns are observed due to the misalignment between two
adjacent layers, including balanced, nested and aligned, as marked in Fig. 1.

The yarn volume fraction and fiber volume fraction in a yarn are evaluated and summarized
for the later modeling process. Typically, the yarn volume fraction can be measured from the
optical images. However, many images in the depth direction are required to obtain an
accurate volume fraction, since the measured volume fraction of transverse yarns in the
observation plane highly depends on the cutting depth. In the present work, the total yarn
volume fraction is obtained by calculating the out-of-plane yarn cross-section area from two
groups of orthogonal side sections (including at least two images for each group) with a
Matlab code. Two representative images for both directions are shown in Fig. 2. Then the
average fiber volume in the yarn is calculated from the total fiber volume fraction and the
yarn volume fraction as:

VFfiber
VFfiper — = 1
fiber — yarn VvV Fyarn (1)

2.2 Uniaxial tension and compression test setup

The in-plane properties of twill-660 composite are investigated under uniaxial tension and
compression. The tensile samples with dimensions of 200 mm x 25 mm are prepared
following the ASTM standard D3039, and compression samples are of dimensions of 140
mm x 12 mm following the ASTM standard D6641. All the samples are prepared by water
jet cutting away from the plaque edges. The sample edges are further polished with
sandpaper of #400 and #1200. In order to reduce stress concentration and avoid premature
failure at the gripping area, glass/epoxy composite tabs of 1.6 mm thickness are glued to the
sample ends with DP420 adhesives. The detailed geometries of the samples are shown in
Fig. 3(a).
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Quasi-static uniaxial tension and compression tests are performed with an MTS servo-
hydraulic testing machine at constant loading speeds of 2 mm/min and 1.3 mm/min
respectively, as shown in Fig. 3(b). The compression loading is applied to the specimen
through shear and end compression with a combined loading compression (CLC) test
fixture. The full-field strain is measured with the DIC technique (ARAMIS system, in 3D
mode with a maximum camera resolution of 4 megapixels). White color background and a
black spry are used to generate a spotted pattern for the DIC measurement. To examine the
damage evolution with strain and identify damage modes, samples are loaded to several
specific strain levels and subsequently cut for microstructure analysis. The samples are
mounted with epoxy resin and further polished with sandpapers and diamond suspensions.
Optical microscopy images are captured by a Keyence vhx2000 system.

3. RVE model development

3.1 RVE model and mesh generation

In this section, the existing challenges on RVE modeling and mesh generation are further
illustrated, and then a new method to address these challenges is proposed. The first
challenge is that high-quality mesh is usually prohibited by complex geometry features, such
as gap and penetration. Fig. 4 shows that although two contacted yarns share the same
geometry boundary, there still can be certain mismatches between the discrete elements after
regular meshing. In addition, the gradual separation of yarn boundaries further introduces
tiny features and leads to poor-quality elements. The second challenge is that by using the
previous method, the corresponding yarn volume fraction can only reach a relatively low
value, while the yarn volume fraction is much higher in real applications (over 87% in
current work). Moreover, the yarns are usually modeled by sweeping a constant cross-
section along an idealized path. However, both yarn shape and path evolve remarkably after
the compression molding in practice, depending on the neighboring contacts.

In current work, a mesh dependent method is proposed, which processes the node and mesh
directly to eliminate the small overlaps and gaps, as shown in Fig. 4(b). The gaps among
mesh elements can be eliminated by shifting nodes within a cutoff distance to the same
location and adding additional nodes when necessary. TexGen [47] is implemented to
generate the initial mesh for the dry fabric only. Then, a compression molding simulation
with Abaqus is performed on the dry fabric model. The effects of the compression
simulation are two-fold. First, it aims to capture the influence of compression molding in
practice on yarn geometry and the variation of cross-sections along the yarn. Second, this
will increase the yarn volume fraction in the model. A Matlab code is developed to process
the mesh model before and after the compression simulation to eliminate any tiny gaps or
penetrations. A layer of cohesive elements with zero thickness and high-quality matrix mesh
are also generated after the compression simulation on dry woven fabric by using the Matlab
code. The yarn is modeled with C3D8R and C3D6R elements, and the interface is modeled
with COH3D6 and COH3D8 elements. To describe the complex matrix pocket accurately,
tetrahedral element C3D4 is adopted.

Here, the basic steps for the proposed mesh generation method are summarized below:
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1). A rough mesh of dry woven fabric is generated by using TexGen.

2). Apply a Matlab code to rearrange the nodes, elements and orientations, and
generate a model for the following compression molding simulation. The operation of
rearrangement is performed based on a virtual space with evenly distributed grid lines
at a step size comparable to the element size. The nodes’ positions are compared with
the referential grid lines, and different operations, including shifting and adding
nodes, are correspondingly conducted to eliminate the gaps and penetrations, as
shown in Fig. 4(b).

3). Boundary conditions, including in-plane tension and compression in the normal
direction, are applied in the compression molding simulation with Abaqus to reach
the target crimp ratio and thickness in real geometry, and the new node coordinates
and orientations are output for post-processing.

4). Post-process, including rearranging nodes, elements and orientations again,
generating the cohesive layer and matrix part based on the compressed dry fabric
mesh information, is implemented by using the Matlab code. The surface facets of the
dry fabric are identified to form volume parts by Boolean calculation with a cuboid
which is further meshed as the matrix part. The cohesive layer is also generated by
offsetting the surface facets of dry fabric. These three parts, including dry fabric,
cohesive layer and matrix, are assembled to form the final RVE model.

In summary, comparing to the common RVE models, the model in this work has several key
advantages. First, a high yarn volume fraction of over 87% is achieve, close to the actual
specimen. Second, the RVE model in this study conserves the orientation distribution and
cross-section variation of yarns with the compression deformation simulation, thus achieving
a more realistic geometry. These advantages of constructed RVE model enable a more
accurate investigation of the mechanical properties and damage behaviors of woven
composites, which will be discussed in more detail in Section 4.

3.2 RVE model details and its validation with experimental results

Based on the optical analysis, mixed stacking patterns are observed in current composite.
Moreover, it has been reported that the interaction between adjacent layers affects the stress/
strain filed significantly, which should not be neglected [2][3][18][48]. As a result, a single
layer RVE model is not capable to capture these effects correctly. In the present work, a 4-
layer dry fabric model with a nested pattern according to the actual ply quantity is
established to capture the effects of complex patterns and adjacent layers. Although a more
sophisticated model with various stacking patterns can better capture the complexness, only
nested pattern is considered here for the balance between modeling simplification and
accuracy. More complex RVE analysis will be explored in future work.

In the current woven fabric composite, the warp and weft yarns are of different cross-section
shapes and crimp ratios. Therefore, the initial dry fabric is modeled with different yarn
geometries, and different tension loadings are applied to both directions during the
compression molding simulation. The applied tension displacements in warp and weft
directions are calculated based on corresponding crimp ratios, and the displacement of
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compression is constrained to match the actual thickness. A transversely isotropic elastic
model is used in the molding simulation, which is sufficient to capture the yarn shape and
orientation evolutions at this stage [27]. Since the fabric prepreg is not cured during the hot
compression, a weak elastic property is assigned to the yarn with £,=126 GPa, £~=£5=0.8
GPa, G;=0.4 GPa, v;5=0.32, v»+0.6 to ensure bending deformation and yarn section
evolution, where the three directions are defined as in Fig. 5(b). The contact between yarns
is modeled by penalty method with a low friction coefficient of 0.01.

Fig. 5(a) illustrates the final woven RVE model generated with the proposed method. The
size of RVE is 12.5 mm x 12,5 mm x 2.5 mm (4 x 4 yarns in-plane and 4 layers in the
thickness direction). Compared with the initial FE model generated from TexGen, where the
yarn volume fraction can only reach 75% (far below the real volume fraction), the yarn
volume fraction increases significantly to 89% using current method, close to the actual
specimen. With even larger compression deformation, the final yarn volume fraction can be
further increased. Although initial yarn cross-section is assigned to be constantly elliptical,
after further deformation under compression, cross-sections variations are observed along
the yarn (Fig. 5(b)). Mesh quality checking shows that there are only 7% matrix elements
with poor aspect ratio quality, which are defined by an aspect ratio larger than 10, and the
worst scenario in our case is an aspect ratio of 19, as shown in Fig. 5(c).

Yarn orientation is another important factor that affects the mechanical property directly. It is
thus critical for an RVE model to capture the orientation distribution accurately. Fig. 6 shows
the comparison of orientations between image analysis and RVE model after compression
simulation in both warp and weft directions. Although crimp ratio is the only controlling
parameter in the compression molding simulation, the measured and simulated results on
yarn orientation show a very good agreement. Meanwhile, the clear difference between
orientation distributions of warp and weft directions is captured in current RVE model.

To replicate the repeatable nature of woven composite, periodic boundary conditions (PBC)
are implemented in current composite RVE simulations. The displacement constraint for
each pair of nodes on the opposite surfaces of RVE model is applied. Since the current RVE
model consists of the actual number of layers in thickness direction, there are no boundary
constraints on the top and bottom surface nodes. The specimen used in the compression test
has a similar size compared to the RVE model with only 4 yarns along the loading direction,
and therefore no PBC is applied to the end surfaces in compression simulation.

3.3 Material constitutive laws

The established RVE model includes three components, i.e., yarn, interface (cohesive layer)
and matrix, of which different material constitutive laws will be introduced individually in
this section.

3.3.1 Yarn—The yarns in woven composite have similar properties with a typical
unidirectional (UD) composite element [24][42]. In previous studies, linear elastic
constitutive law has been widely applied to the yarns since UD composite generally exhibits
quasi-linear behavior along the fiber direction. Nevertheless, significant nonlinear
mechanical behaviors under transverse compression and shear loading have been reported,
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as well as strong tension-compression asymmetry in the transverse direction. Moreover, the
dependence of yield strength and stress-strain curves on hydrostatic pressure has been found
to be critical [37][44]. Thus, the linear elastic constitutive model is over-simplified and
cannot well capture these complex behaviors. Here, an elastic-plastic-damage model is
developed for the yarn. Specifically, the yarn is assumed to be transversely isotropic elastic
until yielding. Then, Liu-Huang-Stout yield criterion which is an anisotropic form of the
Drucker-Prager yield function is adopted to describe the heterogeneous deformation
behaviors [49]:

Y
(I)yarn

=/ F(o2 — 033)° + G(o33 — 611)° + H(01| — 629)° + 2L6%, + 2Mo* + 2No2, (@
=y F(o22 — 033)" + G(033 — 011)" + H(011 — 022)" + 2L0o33 + 2Moi3 + 2Noi,
+1611+J0'22+K0'33—l=0

where F, G, H, I, J, Kand L are parameters of anisotropy. The Liu-Huang-Stout yield
criterion can describe the complex deformation evolutions observed in UD composite, such
as tension-compression asymmetry and non-linear shear behaviors. Due to the transversely
isotropic behavior in the yarn, these parameters can be further simplified and defined as
[50]:

Fe l (02c+02t) (01c+01tﬂ;G= H= l("lc"'Ult)z;I: Cle= Ol

209009 201014 2\ 2010, 201011 ° e
02c— O 1
=K="5-2l=—iM=N=—
0202 2023 261

where o1;:and o are the longitudinal tensile and compressive yield stresses; o,; o> are the
transverse tensile and compressive yield stresses; 1, and 5,3 are the in-plane and out-of-

plane shear stresses.

An associative flow rule is adopted to describe the yield surface evolution:

oY
¢ = g2 @

where y represents the plastic multiplier and is determined by the Newton-Raphson method.

In order to characterize the damage evolutions, the above elasto-plastic constitutive model is
implemented into the CDM framework. Chang/Chang failure criterion incorporating various
damage mechanisms is adopted to describe the damage initiation [51]. Both the tension and
compression failures in the longitudinal and transverse directions are identified as
characteristic failure modes, which are described as follows:
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®)

where X3, X, Y3 Y:and S;are the failure strengths for fiber tension, fiber compression
failure, transverse tension, transverse compression and in-plane shear, respectively.

Once the yarn is damaged according to Eqg. 5, the damage variables and corresponding stress
evolution are evaluated by CDM. The Murakami’s damage tensor [52][53] is adopted here.

d 0 0
D=0 d, 0 ®)
0 0 d;

where d;(/=1,2,3) means the damage in the 7direction.

After the damage is initiated, the elastic stiffness matrix starts to degrade, depending on the
damage mode. The constitutive equation for the damaged yarn is derived with effective
stress (o) in the fictitious undamaged configuration. The Cauchy stress (o) in the damaged
configuration is related to the effective stress as:

o* = %[(I -D) o+ o(l - D)"'] @

Eqg. 7 can be rewritten with linear transformation tensor M(D):

o* = M(D)o ®)

According to the energy equivalence hypothesis, the damaged stiffness can be derived as:

1 qd. 521 . g0«
20'5 o=70 S0
s?=mT(D)- 50 m(D)
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b7C11 bibyCiy bib3Cr3 0 0 0
b3Cyy bib3Crz O 0 0
—1 2
ol = ( Sd) _ b3C33 0 0 0 ©)
b;pCyq 0 0
sym b13C55 0
b23Cs66
where b;=1 - dj b;=2(1 - d)(1 - d) / (2 - dj- a}))z, (4, £1,2,3), S and C are the
compliance and stiffness matrices.
The damage evolution is driven by the strain variable in the form as:
girlei — €
d; = zf( i 10) (10)
5i(6if - 610)

where e and ejrare the strains at the onset and end of the failure, respectively. ey, is the
strain corresponding to damage initiation with the failure criterion in Eq. 5, and it is only
related to the stress state. The post-failure behavior is governed by the damage evolution law,
which is associated with the fracture toughness, element stress and element characteristic
length. To avoid the element size effect on the post-failure behavior, the strain at the end of
failure is determined by the fracture toughness based on smeared formulation [32]:

26,

il = X ¥ Le (1)

where G;and Xjare the fracture toughness and strength of /damage mode, respectively; Lc¢
is the characteristic element size. Table 2 lists the parameters of yarn which are from
theoretical estimation based on the supplier datasheet and previous experiments [39][54].
The fracture toughness values are adopted from the results of unidirectional reinforced
carbon/epoxy laminate in Ref. [32]. More detailed verification of the yarn constitutive model
will be provided in Appendix A.

3.3.2 Resin—The epoxy resin is described with an elasto-plastic with damage
constitutive model proposed by Melro [38], which has been widely applied in epoxy resin
simulations [39][41] [42]. The paraboloidal yield criterion considering hydrostatic pressure
is adopted.

®poin = 62 + 21 (o — o1) = 20007 =0 (12)

where & is the second invariant of the deviatoric stress tensor, /; the first invariant of the
stress tensor, o.and orthe corresponding yield stress under compression and tension. To
model the volumetric deformation correctly, the following non-associative flow rule is used:
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g = 0w+ aP’ (13)

where 6, = ,/3J is the von Mises stress, P= 1/ 3/, and a is a material parameter, which is
calculated from the plastic Poisson’s ratio:

9(1 - 2v,)
= " P 14
T (1o, =
Therefore, the plastic strain rate can be expressed as:
. _ .08
&€= yao_ (15)

where y represents the plastic multiplier determined with the Newton-Raphson method.

Isotropic damage model with a single damage variable is applied, and the loading function is
defined as the effective stress tensor:

(DD' _ 3J fl(Xc_Xt)
resin — XCXI‘ Xc_Xt

(16)

where Xand X;are the matrix resin compressive and tensile strengths. J,, and I are
determined with effective stress tensor.

The damage variable evolves following an exponential law:

eAm(S 1+ 2r,2,,)
J7+2k -2

where A, is a parameter related to the energy release rate, correlated with the characteristic
element size, and r;;, is the damage internal variable. The updated damage variable d, is
applied in the calculation of stiffness tensor and stress tensor. For more detailed description
on the resin model, one can refer to [3 8][39].

dp=1- a7

The material parameters (Table 3) of the epoxy matrix are obtained from experiments under
various loading conditions and has been reported in Ref. [39][50].

3.3.3 Interface—The yarn-yarn and yarn-matrix interfaces are modeled with cohesive
elements of zero thickness. Traction-separation including damage initiation and propagation
is used to simulate the interface behaviors. The interfaces deform elastically until damage
occurring which is determined by a quadratic function of nominal stress:

2 2 2
<ty > ts ty
) 21 = 18
)+ (s + (s = @
where £, t;, t,are the nominal stresses in the first, second shear directions and normal
direction to the interface. The Macaulay bracket means that the compressive hormal stress
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does not contribute to the damage initiation. AVand Sare the critical stresses for Mode | and
Mode I1/111 delamination, respectively. The critical fracture toughness is defined based on
the Benzeggath-Kenane (BK) criterion for the mixed fracture modes:

m
GII) 19)

Grc = Grc+(Gric— G1c)(71

where Grcis the total energy release rate, G;cand Gy, the measured critical fracture
toughness from pure mode | and Mode Il experiments, /77the BK material parameters. For
detailed delamination tests, one can refer to the previous work [55]. The corresponding
properties for different modes are listed in Table 4.

4. Results and discussions

Simulations of uniaxial tension and compression are performed with the above RVE model
and constitutive laws to study the mechanical behaviors of twill-660 carbon/epoxy woven
fabric composite. Simulation results are compared with experimental observations side by
side from several aspects as discussed below.

4.1 Stress-strain curves

Fig. 7 compares the mechanical behaviors of twill-660 composite under tension and
compression in both warp and weft directions. Under tension, a clear transition region is
observed in both warp and weft directions where the tangent modulus drops after the initial
elastic stage. After that, the stress increases quasi-linearly again until final failure. Based on
previous experimental results [45][56], the stress-strain evolution is determined by multiple
hardening and softening mechanisms. The rapid development of damage is the main reason
for transition region. Meanwhile, due to the difference in crimp ratio, the warp direction
shows stronger mechanical properties than those in the weft direction. Compared with
tension results, a significantly different mechanical behavior is observed under compression.
The compressive stress increases quasi-linearly until final failure, and shows much less
nonlinearity during deformation. In compression, a smaller initial crimp ratio also generates
a higher strength in warp direction, although the trends of stress-strain behaviors in two
directions are similar. The current RVE model can capture the distinctive mechanical
behaviors under in-plane tension and compression accurately. Especially, the transition
region is well reproduced, and the difference in warp and weft directions is conserved.

The final failure morphologies in experimental and simulation results are compared in Fig.
8. Both tension and compression samples show catastrophic failure. Severe delamination
with resin failure is observed in tension, and the delamination propagates through the whole
sample. The tension sample breaks into several pieces/layers once it fails. This is related to
the pull-out effect and intensive delamination between layers [57]. Axial yarns tend to have
out-of-plane displacement, and the transverse yarns can only provide limited resistance
against that. Once the interface fails with large delamination zone, abrupt pull-out of the
axial yarns occurs due to the loss of through-thickness support. A significant matrix resin
failure is also observed in experiments, as plenty of resin powders or debris are found after
tests. In the RVE simulation, there will be a catastrophic failure once the yarn breakage
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occurs. Meanwhile, significant delamination among plies appears with the yarns being
straightened. Even prior to the final yarn breakage, intensive resin damage develops on the
RVE surface. It demonstrates that the resin damage and delamination initiate at an early
stage and keep accumulating until the final tension failure. For the compression case, the
samples also show a catastrophic failure mode, and transverse yarns crack and delamination
are observed after the test. Different from the gradual damage accumulation under tension,
no clear damage is observed in the compression simulation before final rupture. Therefore,
the delamination and resin damage are caused by the yarn breakage and occur at the final
stage simultaneously. Simulation results provide detailed insights into the failure behavior
by preserving all the details in the evolution process. In summary, the failure modes in both
tension and compression are well captured by current simulation, which also provides in-
depth insights into the damage evolution process.

4.2 Local stress distribution and Poisson’s ratio evolution

The complex geometries in woven fabric composite, especially the yarn crimp, will affect
the stress and deformation states, and thus the damage initiation and morphology [3]. To
better understand the geometry’s effect, local stress distributions of the top and bottom parts
in one load-aligned yarn under both tension and compression are illustrated in Fig. 9.
Remarkable undulation in the loading stress is observed which has also been observed in a
previous study [19]. Even under small deformation (e =0.0025), the stress variation has
already developed in the thickness direction. Sharp evolution from peak to valley occurs
near the region with high misorientations, as marked by dot lines. With higher level of strain,
the stress difference between top and bottom surfaces becomes more significant. The stress
under compression shows a similar trend as that under tension. The stress concentration
further develops and finally leads to yarn breakage in these regions. This agrees with the
experimental results, where the crimp ratio has a linear correlation with the uniaxial tension
strength [45]. By comparing the yarn geometries before and after deformation, obvious yarn
strengthening behavior is observed under tension, whereas little deformation is found under
compression till failure.

Both tension and compression samples show a similar strain pattern where the difference in
strains of longitudinal and transverse yarns creates a pattern of regularly alternating
transversal bands, corresponding to high or low strain levels. Therefore, only the strain
distribution under tension is shown here (Fig. 10). The uneven strain distribution becomes
more significant with increasing tension strain. Once the sample enters the transition region,
matrix resin failure starts on the surface.

Poisson’s ratio is another important factor representing material volume compressibility,
which is calculated based on the strains along longitudinal and transverse directions as
below.

(€2)

Uvpp = — E (20)
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Here, {...) represents averaging over the selected strain field from DIC measurement, which
are 85 mm x 15 mm and 10 mm x 10 mm for tension and compression analysis,
respectively. Note that Poisson’s ratio as an elastic constant is usually only measured in the
elastic deformation region. In order to characterize the strain evolution in both directions and
the possible damage here, nominal Poisson’s ratio is extended to a large deformation range.
As reported in previous work [56], the Poisson’s ratio shows a considerably large scatter in
experimental measurement. Here, the average value obtained from the experimental results
is plotted, while the upper and lower limits are also presented as dot lines in Fig. 11.

Fig. 11 compares the Poisson’s ratio evolution in experiment and simulation of warp
direction tension and compression. At the initial deformation stage, the Poisson’s ratio keeps
a relatively constant low value in both loading conditions. However, after a certain strain, the
Poisson’s ratio shows a remarkable increase in tension. After this rapid increase stage, it
keeps relatively constant again. In contrast, for the compression case, the Poisson’s ratio
maintains a constantly low value until the final failure. In the elastic region, tension and
compression samples have similar Poisson’s values. Fig. 11 also presents the predicted
Poisson’s ratio under both loading conditions. The remarkable increase of Poisson’s ratio in
tension is well captured by simulation, and the predicted quasi-constant evolution in
compression is also consistent with the experimental result.

It has been reported that the Poisson’s ratio measured at surface layer strain may be different
from the one measured at the inner ones, due to the different boundary conditions [11][58].
Here, the Poisson’s ratios calculated from four individual layers are compared in Fig. 12. As
shown in Fig. 12(a), for the tension case, Poisson’s ratios in four layers are very close and
have the same variation trend in the elastic region. It implies single-layer RVE should be
able to predict the elastic property well even for the multiple layers composite with random
stacking patterns. After damage initiation, divergence in Poisson’s ratios of various layers is
observed. The clear transition appears earlier in top and bottom layers, of which Poisson’s
ratio is larger, while Poisson’s ratio shows a more dramatic evolution but maintains at a
lower level in inner layers. The different evolution trends are related to the constraint
conditions. With constraints from only one side, the transverse yarns in surface layers can
shrink more easily. In contrast, the inner layers have to overcome the constraints from both
sides of the neighboring plies, and thus both the damage evolution and deformation in the
transverse direction are reduced. Only when the constraints are reduced to a certain degree
with damage accumulation, the inner layers will have significant shrinkage, which results in
dramatic change in Poisson’s ratio.

A similar comparison is performed for the compression loading case, as shown in Fig. 12(b).
Because there is no clear damage under compression, all four layers show a very similar
trend up to the failure point and the small divergence may be related to the variations in
geometries of different layers. Therefore, it can be concluded that single layer RVE is only
sufficient to predict the elastic properties, but the multi-layer model, by incorporating the
interactions between layers, is necessary to capture the complex large deformation more
precisely.

Int J Mech Sci. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 15

It is noted that after the transition in tension, the simulation slightly underestimates the
Poisson’s value compared with experiment results. This may arise from the strong
constraints imposed in RVE model. Compared with 4 longitudinal yarns in one layer of the
RVE model, there are only 8 yarns in one layer of the actual tensile specimen. The PBC is
usually chosen to approximate a large (infinite) region by using the RVE. In current tension
test, the width of tensile sample is only about twice of the RVE size, which means the PBC
on the transverse yarns provides overestimated constraints and thus limits the deformation in
transverse direction. Previous experimental analysis showed that the increase in Poisson’s
ratio was determined by the easy shrinkage of transverse yarns after intensive damage [45].
Therefore, with stronger boundary constraints in transverse yarns, current RVE model
predicts a lower transverse deformation strain and Poisson’s ratio.

4.3 Damage evolution

In previous sections, the stress-strain curve, strain/stress distribution and evolution of
Poisson’s ratio are compared under in-plane tension and compression. All these properties
are related to the damage evolutions closely, and different damage evolutions occur under
either tension or compression. In this section, more details on damage evolutions are further
investigated by using the RVE model.

The predicted damage in tension is compared with experiment at three strain levels, ~0.005,
~0.01 and ~0.015, which are roughly correspondent to the initiation of transition, the end of
transition and approaching final failure, as shown in Fig. 13(a). Fig. 14 compares the
detailed damage developments. In order to show the damage more clearly, cracks in
experimental microscopic images are highlighted. Before the initiation of transition region
(e =~0.005), transverse yarn damage is clearly observed around the center of yarn and near
the yarn edge (as marked by circles, A and B), which is well captured in the simulation.
With tension strain increasing, damage develops rapidly in the transition region, and
intensive transverse damage and resin damage appear, as shown in Fig. 14(b). The dramatic
damage development leads to the transition region in stress-strain curve and the abrupt
evolution in Poisson’s ratio. After the transition region till the final failure (¢ =~0.015), both
experiments and simulation show further damage developments, and the yarn straightening
dominates the deformation.

The damage development under compression (e =~0.005) is also illustrated in Fig. 15.
Compared with the intensive damage before final failure in tension, the compression sample
shows less damage before failure. Until the final yarn breakage, there is neither clear
transverse yarn damage nor delamination. Only limit matrix damage appears on the surface
and inside. Based on the previous stress analysis in load-aligned yarns, the crimp region
shows higher stress concentration, which corresponds to the yarn breakage locations shown
in Fig. 15(b). It also confirms that the delamination and transverse yarn damage observed in
the ruptured compression samples are resulted from the catastrophic yarn breakage.

In order to explore the correlation between nominal Poisson’s ratio and damage evolution
under tension, the deformed shape of one typical transverse yarn is compared at the above
mentioned three stages, as shown in Fig. 16. At 0.005 strain, there is no significant damage,
and the transverse yarn shrinks uniformly. With intensive damage accumulation in the
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transition region (e =~0.01), the strong constraints among yarns are released, and the
transverse yarn curvature increases remarkably, leading to the crimp interchange and large
Poisson’s ratio [45]. It is noted that the extremely large nominal Poisson’s ratio after damage
is only adopted to characterize the deformation in two directions, which is more like a
structural property rather than a material constant.

In summary, the developed RVE model and computational approach present great
advantages in describing the mesoscale features and detailed failure mechanisms in woven
composites. Future work plans to incorporate more sophisticated features, such as the
variations of fiber distribution and combination of various stacking patterns, and analyze
their influence on the damage behaviors.

5. Conclusions

In this study, the mechanical properties and damage behaviors of a 2 x 2 twill carbon/epoxy
composite under in-plane tension and compression are analyzed at mesoscale by both
experiments and simulations. A new mesh generation method is developed to generate the
multi-layer RVE model with realistic geometry, consistent mesh and high yarn volume
fraction. Material constitutive laws considering comprehensive elasto-plastic-damage
behaviors and tension-compression asymmetry are applied separately to the three
components: yarn, resin matrix and interface. The mechanical behaviors and damage
evolutions are studied under uniaxial tension and compression. The following conclusions
are drawn based on this study.

(1) Geometry characteristics of woven fabric composites, especially the crimp ratio, have
significant effects on the mechanical responses of fabric composites. A lower crimp ratio in
warp direction leads to a higher modulus and strength under both tension and compression.
A clear transition region in stress-strain curve under tension is observed, while the
compressive stress-strain curve shows a quasi-linear behavior up to failure.

(2) Different evolution trends in Poisson’s ratio are observed during tensile and compressive
deformation. Compared with a quasi-constant Poisson’s ratio under compression loading, a
significant increase occurs under tension, which corresponds to the transition region in
stress-strain curve. Intensive damage during tension leads to large transverse strain and
abrupt change of Poisson’s ratio. Similar Poisson’s ratio is observed in different layers
before intensive damage. In contrast to the inner layers, earlier transition and higher stable
value of Poisson’s ratio appear in the surface layers due to the single-side constraint.

(3) Damage shows significant dependence on the loading condition. In uniaxial tension,
damage in matrix resin and transverse yarn, and delamination initiate at small strain and
accumulate gradually. The rapid damage evolution generates the transition in tension curve.
In contrast, there is little damage observed in compression before final failure,
corresponding to the quasi-linear stress-strain curve and relatively constant Poisson’s ratio.

Current work proposes a novel and effective computational approach to analyze the complex
properties of woven fabric composite, which will be instrumental in future geometry design
and optimization of such fabric composites.
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Appendix A.: Single element test of yarn material constitutive law

The constitutive law for yarn material is implemented as an Abaqus VUMAT and is
validated with one 3D element model under various loading conditions. As shown in Fig. A,
five different loading conditions are tested with a single element model, including uniaxial
tension/compression in fiber and transverse directions, and in-plane shear. In the current
yarn material law, only the fiber tension and compression failure will cause element deletion.
To avoid any numerical problem, the damage can only increase to a maximum value of 0.9
before the damaged element is deleted. As shown in the figures, the nonlinear behavior and
tension-compression asymmetry in the transverse direction and in-plane shear are well
modeled with current constitutive law.
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Fig. A.
Single element simulations under various loading conditions: (a) fiber direction loading, (b)
transverse direction loading and (c) in-plane shear.
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Fig. 1.

Initial microstructures along both warp and weft directions of a twill-660 composite.
Different geometries and stacking patterns are observed in both directions, (a and b represent
the long and short diameter, respectively.)
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Fig. 2.
Calculation of total yarn volume fraction based on the images from two orthogonal sections.

The fractions of the green regions measured in the two directions will be summed up to
obtain the total yarn volume fraction.
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Fig. 3.
(a) Uniaxial tension and compression sample geometry (unit: mm), (b) experiment setup for
uniaxial tension and compression test.
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Fig. 4.

Penetration and gap generated in the meshing process even with the shared geometry
boundary, and the modifications on the meshes: (a) unprocessed meshes and (b) processed
meshes.
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Fig. 5.

(a) RVE model incorporating dry fabric, cohesive layer and matrix parts, (b) yarn cross-
section variation, (¢) mesh quality of the matrix part (elements of high aspect ratio are
marked in white).
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Fig. 6.

Comparison of yarn orientations from experiment analysis and RVE compression molding

simulation.
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Fig. 7.
Comparison of stress-strain curves between experiment and simulation for uniaxial tension

(a) and compression (b). The average experimental strengths are also marked as green dots
in the figures.
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Fig. 8.
Final failure morphologies under tension (a) and compression (b) in warp direction.
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Fig. 9.
Evolutions of stress distribution on the top and bottom surfaces in one typical load-aligned

yarn: (a) tension and (b) compression along warp direction. All the stresses are presented
under the local coordinate system.
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Fig. 10.
Predicted strain distribution evolution in the RVE model under warp direction tension.

Int J Mech Sci. Author manuscript; available in PMC 2021 January 15.

0.020



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhou et al.

0.5

04

03

Poisson's ratio

=  Exp warp
—— Sim warp

0.5

04+

0.2+

Poisson's ratio

01

= Expwarp
Sim warp

0.0
0.000

Fig. 11.

- 0.002 ’ 0.004 ’ 0.006
Strain
(b)

Page 33

Evolutions of Poisson’s ratio in tension (a) and compression (b) along the warp direction.
The dot lines represent the low and upper limits of measured values.
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Fig. 12.

The evolution of Poisson’s ratio in each layer under tension (a) and compression (b).
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Fig. 13.

(b)

Overall damage evolutions and the specific strain levels for damage analysis under tension
(a) and compression (b) along the warp direction.
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Fig. 14.
(a) Comparison of damage evolutions under tension in experiment and simulation, (b) A

zoom-in part of the simulation result at £ =~0.01. The loading direction is horizontal.
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Fig. 15.
Damage evolution under compression: (a) before final failure and (b) after final failure.
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Fig. 16.
The deformation of one typical transverse yarn at three stages in tension: prior to the

transition, at the end of the transition and prior to the failure. The deformation is scaled by
5x for better illustration.
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Initial configuration of the twill-660 composite.

Yarn Geometry

Warp a (mm) 2.518 Warp 6 (mm) 0.369
Weft a (mm) 2.739 Weft b (mm) 0.337
Warp crimp ratio (%) | 0.659 | Weft crimp ratio (%) | 0.933
Volume fraction (VF)
Yarn VF (%) 87.3 Fiber VF in yarn (%) 60.1
Fiber VF (%) 52.5
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Table. 2

Mechanical properties of the yarn material.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Elastic properties
E;(GPa) | 14838 | £,(GPa) 9.72
G12(GPa) 5.88 Vi 0.32
V23 0.6
Damage properties
X¢(MPa) 2810 | Xc(MPa) | 1200
Y:(MPa) 63.5 Y (MPa) 250
Sz (MPa) 84 Gy (N/mm) | 91.6
Gye(NImm) | 799 | Gy(N/mm) | 0.022
Gy (N/mm) 2.0
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Mechanical properties of the epoxy resin.

E,(GPa) | 38 Vy 0.3
Vim 038 | X:(MPa) 300
X¢(MPa) | 61.6 | Gjc(N/mm) | 0.3341
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The properties of the interface.

K (N/mmd) 1e5 N (MPa) 20
S(MPa) 20 | Gie(N/mm) | 0.36
Guc/Guic (NImm) | 0.48 m 1.2
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