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Abstract

Initial fibre misalignment is recognised to be one of the precursors leading to longitudinal compressive
failure in fibre-reinforced composites. Thus, to properly model their mechanical behaviour, an accurate spa-
tial representation of the fibrous reinforcements must be assured. This work presents a three-dimensional
micromechanical framework that is capable of analysing in detail the longitudinal tensile and compressive
failure mechanisms which are inherent in unidirectional composites. This is achieved through the incorpo-
ration of initial fibre waviness via a combination of a stochastic process and an optimisation procedure. A
robust micro-scale framework is developed by assigning, to both constituents and their interface, proper ther-
modynamically consistent damage models. Several microstructures having different degrees of misalignment
are modelled and a clear trend is observed for the longitudinal compressive load case, i.e. by increasing initial
fibre misalignment, the overall performance of the material decreases. In contrast, the models subjected to
longitudinal tension exhibit a similar overall response, despite the misalignment. However, local mechanisms
seem to change with the degree of friction and fibre misalignment, but these smaller-scale mechanisms do
not play a decisive role on the overall longitudinal tensile performance of the material.

Keywords: Composite materials, Fibre misalignment, Fracture, Micromechanics, Stochastic

1. Introduction

As a direct consequence of increasing computational power, in the last decade, computational microme-
chanics has emerged as an accurate and reliable numerical tool to evaluate both linear and non-linear geo-
metrical and material behaviour of heterogenous materials. Unlike analytical/semi-analytical methods, the
several complex dissipative phenomena, including local plastic deformation and degradation of the matrix
constituent, fibre-matrix interface debonding, and fibre fracture, are accounted for and their interaction can

be evaluated.
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Compressive failure of composite materials caused by fibre kinking is classified as a complex, multi-staged
phenomenon, due to the interacting mechanisms and instabilities present at peak load, which span over several
length-scales of the material (Argon, 1972, Budiansky, 1983, Budiansky, Fleck, 1993, 1994, Moran et al.,
1995, Jumahat et al., 2010, Costa et al., 2020). There is compelling evidence that this mode of failure is
mostly driven by not only the initial misalignment of the fibres, but also by the shear yield strength of
the matrix (Moran et al., 1995, Bazant et al., 1999, Vogler et al., 2001, Gutkin et al., 2010b, Pinho et al.,
2012). The material is loaded elastically until the first appearance of non-linearity, which is due to the initial
rotation of the fibres, permitted by the plastic response of the matrix. This is also known as “incipient
kinking” (Moran et al., 1995). Due to this rotation and to the formation of microcracks in the resin, the
peak load (instability) is reached, forming an initial kink-band. The progressive shearing/bending stresses in
the material causes its continuous degradation, until this fibre rotation is halted, through a process referred
as fibre lock-up, which eventually leads to the steady-state broadening of the kink-band, causing a constant
stress plateau under compression, referred as the residual compressive strength of the material (Moran et al.,
1995, Zobeiry et al., 2015, Dalli et al., 2020). Kink-bands are characterised by an angle, Sx;,, with respect
to the through-thickness direction (normal to the load), a certain width, wg,, having the fibres rotated from
an angle, ¢y, to the global longitudinal direction. Figure 1 shows a micrograph of a formed kink-band in
an UD cross-ply laminate, as well as a schematic representation of a longitudinal compressive stress-strain

curve, highlighting the main load level stages.
[Figure 1 about here.]

Several computational micromechanical models have been reported, in an attempt to model longitu-
dinal compressive failure in UD composite materials by fibre kinking. Initial insights were provided us-
ing two-dimensional (2D) models, namely on the types of failure mechanisms associated with compres-
sive failure (Gutkin et al., 2010a), the interaction between fibre kinking and fibre-matrix interface debond-
ing (Prabhakar, Waas, 2013), and on the estimation of the kink-band angle and compressive strength of
the material (Kyriakides et al., 1995, Vogler et al., 2001). The limitations of 2D models were addressed
by Hsu et al. (1998), where a bigger degree of discrepancy between 2D and three-dimensional (3D) models
was observed in the post-peak regime. Fortunately, modern computational resources have enabled the gen-
eration of 3D high-fidelity numerical models. Yerramalli, Waas (2004) conducted 3D Finite Element (FE)
analyses to show the importance of fibre bending stiffness on the overall compressive strength of the mate-
rial, as well as the presence of a complex triaxial stress state in the matrix region. Later, Bai et al. (2015),
incorporating a more robust elasto-plastic damage model for the resin (Melro et al., 2013a), subjected dif-
ferent Representative Volume Elements (RVEs) to several loading conditions, i.e. transverse on- and off-axis
compression, and pure longitudinal compression. They were able to obtain some preliminary results con-
cerning kink-band widths and fibre rotation angles, concluding that the interplay between the shear stresses,
presented in the matrix material, and microbuckling, caused by the initial, idealised fibre misalignment,

provides a sound explanation to the fibre kinking failure mode. Bishara et al. (2017) conducted simpler mi-
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cromechanical simulations, considering a single array of fibres, in order to assess the influence of the artificial
imperfection type on the resulting kinking mechanism, the effective determination of the kink-band angle,
and the effect of different fibre strengths on the kink-band angle. Recent studies using a sinusoidal swept
single fibre model, subjected to Periodic Boundary Conditions (PBCs), were undertaken (Naya et al., 2017,
Herrdez et al., 2018, 2020) to give more insight into the effect of the initial fibre misalignment angle on the
kink-band width and fibre rotation angles, by comparing the results with well known analytical models.
As remarked by Hill (1963), an RVE is a medium which characterises the microstructure of the material,
being statistically representative of the mixture of constituents. It has a dimension that contains a sufficient
number of inclusions/reinforcements, making a single fibre model non-representative of the actual material.
Moreover, the application of such PBCs force the kink-band angle to be zero, i.e. B, = 0. Finally, the use
of the maximum homogenised stress, obtained by using First Order Homogenisation Techniques (FOHT),
may not be a proper way to measure the actual strength of the material, since, as strain localisation occurs,
the separation of scales (Hashin, 1983) is intrinsically violated, making the solution dependent on both BCs
applied and size of the considered medium. For a concise review on the analytical, semi-analytical, and nu-
merical methodologies which treat longitudinal compressive failure in fibre-reinforced composites, addressing
both phenomenology and failure mechanisms involved, the reader is referred to Daum et al. (2019).
Modelling fibre-dominated damage, in UD composites, is a complex task due to the acting damage mech-
anisms which arise when submitted to a longitudinal tensile loading scenario. There are several important
factors when modelling the longitudinal tensile behaviour of a composite, namely: i) capture the formation
of fibre break clusters, which later leads to the unstable final failure of the material (Scott et al., 2011, 2012,
Thionnet et al., 2014); ii) capture the stochastic nature of the tensile strength of carbon fibres (Lamon, 2007,
Tanaka et al., 2014, Torres et al., 2017); iii) capture the complete ineffective and debond length of a bro-
ken fibre; and iv) treat fibre fracture as a dynamic event, where the internal strain energy released by the
reinforcements is converted into kinetic energy (Swolfs et al., 2015a, Tavares et al., 2019b). Figure 2 shows
a computed tomography (CT) image of a cross-ply laminate, which failed under longitudinal tension, high-
lighting the pulled-out 0° fibres and the corresponding perpendicular fracture plane (Laffan et al., 2010), and
a synchrotron radiation computed tomography (SRCT) image of disperse and co-planar clusters of broken

fibres (Swolfs et al., 2015a).
[Figure 2 about here.]

There are several models which are available in literature that are capable of estimating the longitudinal
tensile strength of UD carbon fibre-reinforced composite materials, hybridised or not, being able to tackle most
(if not all) of the aforementioned features governing longitudinal tensile failure (Swolfs et al., 2015¢,b, 2016,
Tavares et al., 2016, 2017, St-Pierre et al., 2017, Guerrero et al., 2018, Tavares et al., 2019b). These often rely
on simpler micromechanical models, where fibre fracture is taken into account using maximum stress criteria.

In contrast, the work of Tavares et al. (2016) reports the usage and implementation of thermodynamically
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consistent damage models, providing enough detail to capture the micro-scale failure mechanisms which
govern longitudinal tensile failure.

Most of the aforementioned micromechanical models make reference to an implicitly assumed, constant
in space, initial fibre misalignment, making such predictions unsuitable for real case scenarios, since to em-
pirically quantify fibre misalignment, a statistically representative parameter is needed. Variable, spatially
distributed fibre waviness, has long been recognised as an important consideration, and investigations into the
stochastic properties of its magnitude and distribution have been reported (Hillig, 1994, Clarke et al., 1995,
Creighton et al., 2001, Requena et al., 2009, Sutcliffe et al., 2012, Pain, Drinkwater, 2013, Mizukami et al.,
2016, Wilhelmsson, Asp, 2018). Recently, Sebaey et al. (2019) developed an integrated approach to statisti-
cally represent fibre misalignment at the scale of the constituents, where the deviations in fibre angles and
corresponding footprints are first determined using CT scans, and then the data is statistically fitted fol-
lowing a von Mises distribution, characterised by the corresponding concentration parameter. A post-study
conducted by Catalanotti, Sebaey (2019) involved the proposal of a semi-stochastic algorithm where initial
fibre misalignment is taken into account by combining the stochastic process and an optimisation procedure.

Here, a 3D FE micromechanical framework is built to analyse in detail, the longitudinal failure of com-
posite materials. To describe the non-linear behaviour of the constituents and their interface, appropriate
constitutive material models are implemented along with an algorithm for the generation of high-fidelity
RVEs, accounting for a stochastic-based fibre misalignment. To the authors’ knowledge, this is the first time
that a numerical micromechanical framework is built together, to investigate the effect of a stochastic-based
initial fibre waviness on the longitudinal failure of unidirectional carbon fibre-reinforced composite materials.
Additional analyses are undertaken to investigate the effect of considering frictional cohesive surfaces on the

damage tolerance of the composite.

2. Computational framework

The developed 3D FE micromechanical framework is composed of detailed micromechanical representa-
tions of the material, henceforth described as RVEs, having different degrees of fibre misalignment and the
same fibre volume fraction, wy. For brevity, only pertinent aspects of the RVE generation and the constitutive

material models used, are presented, where several important considerations are discussed.

2.1. Generation of the RVEs

The generation of the RVEs involves the measurement of the angle between the projection of the tangent
vector of the fibres and a given direction (Catalanotti, Sebaey, 2019). Figure 3 shows the three spatial
descriptors, which the algorithm makes use of, that characterise fibre misalignment, where z, y, and z
represent the longitudinal, transverse, and through-thickness directions of a typical UD lamina, respectively,

and 4, j, and k the unit vectors in each corresponding direction.

[Figure 3 about here.]
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The three spatial descriptors, shown in Figure 3, are the three misalignment angles, which are defined
as: ¢yg, the angle between i and the projection of the tangent vector to the fibre, 7/, onto the O, plane;
0., the angle between i and the projection of the tangent vector to the fibre, ©/, onto the O, plane;
and agy, the angle between j and the the projection of the tangent vector to the fibre, 7/, onto the Oy,
plane (Catalanotti, Sebaey, 2019). Both in-plane and out-of-plane misalignment angles, ¢,, and ¢.,, re-
spectively, are of importance when conducting RVE-based numerical simulations, and may be experimentally
characterised using appropriate experimental techniques (Sutcliffe et al., 2012, Sebaey et al., 2019). However,
there is no relevance on characterising the remaining misalignment angle, o,, since, in principle, it does not
have any practical importance when submitting the RVEs to the stress states mentioned in this work.

For introducing the waviness of the fibres via a stochastic process, the fibres are modelled as Bézier curves,
whose initial control points are determined by using a 2D fibre distribution algorithm (Catalanotti, 2016).
These control points can then be moved in a random fashion, for a desired number of times, in a plane
perpendicular to Z, creating the 3D geometrical variability, i.e. fibre waviness. Periodicity of the virtual
microstructure is also achieved by computing the proper distance between the control points of different
fibres and assuring continuity between the first and last control point of the same fibre, when translated in
the longitudinal direction by the length of the RVE (Catalanotti, Sebaey, 2019). The radial coordinates are
chosen in order to ensure that the distribution of the misalignment angles match the empirical/theoretical
ones (Sebaey et al., 2019). It was assumed the distribution follows the general von Mises distribution, whose

probability density function (pdf) reads:

1
h, eos(#)— 1
27l (k)¢ ’ (1)

(¢, 1, k)
where ¢ is equal either to the in-plane or out-of-plane misalignment angle, u is the mean direction, x is the
concentration parameter, and Iy is the modified Bessel function of the first kind and order 0. Since the mean
direction represents the longitudinal (2-direction) direction of the composite, p is assumed to be equal to
0, and therefore the concentration parameter, x, is the only variable which characterises the distribution.
By minimising the standard errors (likelihood and probability), it is possible to achieve a remarkable match
between the experimental/theoretical and numerical distributions. Figure 4 shows an example of the pdf

of theoretical and numerical distributions, the Q-Q plot, and the associated front and isometric views of a

generated RVE with x = 2000.
[Figure 4 about here.]

For modelling perfectly aligned fibres, & is equal to co, and for modelling very wavy fibres, x takes a small
value, e.g. k = 500. For a complete description of the algorithm used to generate 3D RVEs incorporating

fibre waviness, the reader is referred to Catalanotti, Sebaey (2019).
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2.2. Constitutive material models

2.2.1. Carbon fibres

The carbon fibres are modelled as transversely isotropic and considered to behave linear-elastically up
to failure. Degradation of the stiffnesses of the material is defined by implementing a thermodynamically
consistent isotropic damage model, which is only activated by the longitudinal stress component. The damage

activation function is given as:

F}i=¢?—rf=;—1;—ffa (2)
where ¢?» is the loading function, &1; is the undamaged longitudinal applied stress, X} is the longitudinal
tensile strength of the fibre, and ry is an internal variable related to the damage evolution law of the fibre, dy.
As discussed by several authors (Swolfs et al., 2015¢,b, Tavares et al., 2016, Swolfs et al., 2016, Tavares et al.,
2017), the tensile strength of the carbon fibres has an intrinsic stochastic nature, mostly due to the flaws

which are present on the surface of the fibres (Lamon, 2007, Tanaka et al., 2014, Torres et al., 2017), which

needs to be taken into account. Here, these are accounted for through the Weibull distribution (Weibull,

1951):
L o e
(2)E) ) ®

where P represents the failure probability at the applied stress o, o9 and mg are the Weibull strength and

P(o) =1—exp

parameter, respectively, and Lo and L are the reference and gauge length, respectively. Modifying equation (3)
and generating a random scalar in the interval ]0,1[, 2, that represents the failure probability, the tensile

strength can be estimated following:

1/mo
Xt = o l - %ma - %)] . ()

The Weibull distribution is probably the most used statistical distribution for fibre strength. How-
ever, it has been shown that it is not the best suited for carbon and glass fibres (Gulino, Phoenix, 1991,
Beyerlein, Phoenix, 1996, Curtin, 2000), leading to an overprediction in both tensile strength and failure
strain (Tavares et al., 2017). The correct definition of the proper fibre tensile strength distribution is out of
the scope of the current work, thus the Weibull distribution is used due to its simplicity in implementation.

To avoid damage localisation and to control the energy dissipated in the fracture process, Bazant and

ON’s crack band model (Bazant, Oh, 1983) is implemented to regularise the computed dissipated energy:

> 09, dd; gl
\IJ = —_— 7(1’[" P = c 5 5
f /1 8df an ! l; ( )

where ¢} is the complementary free energy density of the fibrous material, G {C is the mode I fracture toughness

of the fibres, and [ represents the characteristic element length.
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The damage evolution law for the fibres is given by:

eAs(l=rys)
df =1~ TR (6)
where Ay is a mesh regularisation parameter which conveys the numerical model with mesh size indepen-
dency (Bazant, Oh, 1983) and must be computed for each finite element by solving equation (5).
The mechanical properties of the AS4 fibres considered here are shown in Table 1 and were taken

from Soden et al. (1998), Bai et al. (2015), Herrdez et al. (2016), Tavares et al. (2016).
[Table 1 about here.]

For more details on the damage model, the reader is referred to Tavares et al. (2016).

2.2.2. Epoxy matriz

Previous studies (Ghorbel, 2008) have shown that both the Drucker-Prager and Mohr-Coulomb constitu-
tive material models are not able to properly model the representative behaviour of an epoxy resin, namely
under the presence of triaxial stress states. A more representative elasto-plastic material model, proposed
by Melro et al. (2013a), is used here to simulate the behaviour of the matrix constituent.

The model assumes that the matrix behaves in a linear-elastic fashion until the following paraboloidal

yield criterion, originally proposed by Tschoegl (1971), is met:

®(0,el) = 6J3 + 2(0y — oy, )1 — 20y 0y, (7)

where oy! and oy are the absolute values of the tensile and compressive yield strengths, I; = tr(o) is the
first invariant of the stress tensor and J; = %s : s is the second deviatoric stress tensor (s) invariant. In order
to correctly define the plastic deformation under the presence of a hydrostatic pressure, a non-associative

flow rule is defined. Both tensile and compressive yield strengths depend on the equivalent plastic strain, €2:

el = | ———5¢eP 1 ep, (8)
where v? is the plastic Poisson’s ratio of the matrix.
The yield surface presented in equation (7) depends only on the tensile (07! ) and compressive (0y" ) yield
strengths which are both affected by hardening:
oy, = oy, (7)), oy. = oy (7). 9)

Figure 5 shows the hardening curves used in the plasticity model in both tension and compression.

[Figure 5 about here.]
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Damage is defined by using a model developed within the framework of thermodynamically admissible

processes. Initiation of damage is computed with the following failure criterion (Melro et al., 2013a):

3Js L(X5, — X))

Fl gl g
m=0m =T = ey T xe xt

— T, (10)

where ¢¢, is the loading function, X¢, and X!, represent the compressive and tensile strengths of the material,
respectively, and 7, is an internal variable related to the matrix damage variable. Both invariants (jg and
I 1) are determined using the effective stress tensor, i.e. the stress tensor calculated using the undamaged
stiffness tensor. The damage variable is given by:

dp =1— M7 (11)

T+2r2, -2

where A,, is a parameter that must be computed for each element of the finite element mesh of the matrix
material. To avoid mesh size dependency problems, Bazant and Oh’s crack band model (Bazant, Oh, 1983)
was also implemented, making use of the mode I fracture toughness of the epoxy, Gj% and corresponding

characteristic element length, % | to regularise the computed dissipated energy (Bazant, Oh, 1983):

© G O , G
By By T e

where ¥, is the complementary free energy density of the matrix material.

v, =

(12)

Table 2 shows the mechanical properties used to model the epoxy. For more information regarding the

constitutive material model, the reader is referred to Melro et al. (2013a).
[Table 2 about here.]

This material constitutive model has exhibited promising results when modelling the behaviour of epoxy
resins under a variety of loading conditions (Melro et al., 2013b, Arteiro et al., 2014, 2015, Tavares et al.,
2016, Varandas et al., 2017, 2019, Sun et al., 2019b, Arteiro et al., 2019, Chen et al., 2019, Meer van der et al.,
2019, Dalli et al., 2019, Varandas et al., 2020a,b, Dalli et al., 2020).

2.2.3. Fibre-matrixz interface

Due to the intricate mesh required for these RVEs, the interfaces between fibres and matrix were modelled
using cohesive surfaces, rather than cohesive elements, as it does not require mesh compatibility between the
two constituents. A Mohr-Coulomb friction condition has also been considered for post-failure of the cohesive
bond between the two constituents. Once the cohesive stiffness starts degrading, friction starts contributing
to the shear stresses. This feature will capture the pull-out resistance between fibre and matrix caused mostly

by the rough failure surface on the fibre, after interfacial failure, and it is governed by the friction coefficient,

Hor -
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Initiation of fibre-matrix interface damage is predicted using a stress-based quadratic failure criterion (Lin Ye,

1988):

()6 )

where 71, T2, and 73 represent the components of traction and 77, 79, and 79 are the corresponding inter-
face strengths. A bi-linear traction-separation behaviour is assumed, and the fibre-matrix interface damage

variable is computed as (Aba, 2018):

6max(5ifnt - 5?nt)

wnt

; (14)

int —

where, 5ifnt = 2G /70, with G as the mixed-mode fracture toughness (Benzeggagh, Kenane, 1996) and 7%

max

as the effective traction at damage initiation. §3* refers to the maximum value of the effective displacement

0
int

attained during loading history and ¢;, , is the displacement at damage initiation. Table 3 shows the properties

used to model the interfaces.

[Table 3 about here.]

2.3. Finite element modelling

Several RVEs having different concentration parameters, «, are considered (see equation (1)). As remarked
by Hill (1963), an important aspect in RVE-based modelling, is the size of the RVE and boundary conditions
(BCs) imposed. The applied BCs should affect the overall mechanical performance of the material, namely
during softening, existing an interplay between the BCs and size of the RVE (Triantafyllidis, Bardenhagen,
1996, Gitman et al., 2007, Galli et al., 2008). Since Periodic Boundary Conditions (PBCs) yield an enor-
mous computational cost, as well as, in longitudinal compression, they constrain the kink-band angle a
priori (Gutkin et al., 2010a), standard BCs are used, where direct constraints are applied to the bound-
aries of the RVEs. Moreover, by considering a sufficiently large FE model, edge and face effects can be
neglected (Kanit et al., 2003, Stroeven et al., 2004, Gitman et al., 2006, Sun et al., 2019b). With reference
to Figure 6, the following BCs are applied for each loading condition (Hsu et al., 1998, Vogler et al., 2001,
Tavares et al., 2016, Bishara et al., 2017):

e Longitudinal compression - The longitudinal (z-direction) and through-thickness (z-direction) axial
displacements of face 1 are fixed. Tie Constraints are applied between Face 3 and Face 4. A longitudinal

(z-direction) compressive velocity-type BC is applied to face 2. Faces 5 and 6 are free to deform.

e Longitudinal tension - The longitudinal axial (z-direction) displacements are fixed on Face 1 and a
longitudinal (z-direction) tensile velocity-type BC is applied to Face 2. All other faces are free to

deform to account for Poisson’s contraction.
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The dimension of the RVEs in the longitudinal direction (z-direction) is denoted by L,, and the in-plane

dimensions (y- and z-directions) by H (see Figure 3).
[Figure 6 about here.]

The micromechanical simulations were conducted using the FE solver Abaqus® /Explicit (Aba, 2018).
Damaged elements having d; > 0.9999 V d,, > 0.9999 (see equations (6) and (11)) were removed through-
out the numerical simulations to prevent excessive element distortion. The models ran on one node (20
CPUs @ 3.4 GHz of Intel® Haswell®) having 512 GB of RAM. The Variable Mass Scaling capability of
Abaqus® /Explicit (Aba, 2018) was used in order to reduce computational cost, by scaling all masses of the
elements, to ensure that they all have the same time increment. With that being said, due to the peak load
instability and to its kinetic nature, load stages beyond peak load, such as kink-band broadening, could not
be captured using the present framework.

Due to its complex geometry, the epoxy matrix material is modelled using C3D4, three-dimensional linear
tetrahedrons. The fibres are modelled using C3D8R, reduced integration, linear hexahedrons, combined with
C3D6R, reduced integration, linear triangular prisms. The orientation of each element is computed by: (i)
obtaining the coordinates of the respective centroid of the ith element, C;={w;,y;, 2 }"; (ii) finding the
nearest point of the middle line of the associated fibre, i.e. of the associated Bézier curve, to the centroid
C;, with coordinates Cy={zy,ys,z¢}; and (iii) calculating the unit vector which is tangent to the curve
in Cy, i.e. f. and assign it to the orientation of the ith element. Figure 7 shows the longitudinal direction

(1-direction) of each element, in a highly misaligned fibre.

[Figure 7 about here.]

3. Numerical results

3.1. Longitudinal compression

This section aims to evaluate the longitudinal compressive failure through fibre kinking. Different RVEs,
having random microstructures with several degrees of misalignment were generated following equation (1),
with k = 1500, k = 2000, x = 3000, x = 4000, x = 6000, x = 8000, and x = oo. Figure 8 shows the
pdf distribution of the misalignment angles for each von Mises concentration parameter considered in this
section. Certain outputs related to compressive failure are analysed in detail, making several quantitative
and qualitative parallelisms with experimental observations. Moreover, the effect of fibre-matrix interfacial
friction is also analysed. It must be noted that it is not feasible to compare these numerical results with
analytical/semi-analytical models which estimate the compressive strength of the material, since most of

these assume a constant in space initial fibre misalignment angle.

[Figure 8 about here.]
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The following two sections present preliminary results assessing the influence of the RVE size and mesh
density on the peak stress of the material, as well as global and local features exhibited on a material loaded

in longitudinal compression.

3.1.1. Effect of RVE size

Several analyses were conducted to evaluate the influence of the size of the RVE and its mesh size on the
overall mechanical performance of the material. Firstly, RVEs with a refined mesh and different dimensions
were virtually tested. By considering a constant aspect ratio of the RVE (ratio between the length and in-
plane dimensions of the RVE, A, = L, /H), i.e. A, =4, the in-plane dimensions considered were 5, 10, 15, 20,
25, and 30 times the radius of a single fibre. Figure 9 and Table 4 show the normalised numerical predictions,
with respect to the peak stress associated with the largest RVE. Only one simulation was conducted per size,

for k = 4000.
[Figure 9 about here.]
[Table 4 about here.]

The results show that when increasing the size of the RVE, the peak load increases as well. Since the
smallest RVEs could not accommodate the formation of a kink-band, the material failed prematurely mainly
due to interfacial debonding. The results are considered geometrical independent for RVEs with H > 25Ry,
where the peak load represented =~ 99% of the RVE having the largest dimensions. From the concluded
above, in-plane dimensions and total length of the RVE of approximately H = 75 ym and L, = 300 um,

respectively, are chosen for the forthcoming numerical simulations.

3.1.2. Influence of mesh density
To ensure mesh independent results, FE meshes of different densities were considered, for an FE model

with k£ = 4000, and pertinent results are presented in Figure 10 and Table 5.
[Figure 10 about here.]
[Table 5 about here.]

Mesh independence was achieved with models containing over 7 million elements. Therefore, a mesh

density with an average value of Ry/5 was considered for the forthcoming simulations.

3.1.3. Global mechanical response

Figure 11 shows the numerical results associated with an RVE with x = 3000, where a representative
stress-strain curve is shown (see Figure 11a) and corresponding contour plots of the equivalent plastic strain
of the epoxy matrix (see Figure 11b), associated with three different stages of the non-linear process: (A)
initiation of plasticity; (B) just before peak load instability, where the kink-band is almost formed; and (C1)

and (C2) complete formation of the kink-band and initiation of the dynamic process.
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[Figure 11 about here.]

To assess the effect of the initial fibre misalignment on the longitudinal mechanical performance of the
material, it is presented in Figure 12a the representative stress-strain curves for different concentration
parameters, x, all normalised with respect to the results associated with x = co. Moreover, in Figure 12b
and Table 6, the results associated with the effect of the initial fibre misalignment on both overall longitudinal

compressive Young’s modulus and strength of the material are shown.
[Figure 12 about here.]
[Table 6 about here.]

The normalised stress vs. applied strain curves are presented in Figure 12a (where 017 and €11 represent
the longitudinal stress and strain, respectively, and of}_ represents the compressive peak stress associated
with the RVE with k = c0), which shows that both compressive Young’s modulus, Ef;, and peak stress,
oft, depend on the initial fibre misalignment angle distribution, quantified by k. As x increases (less mis-
alignment), both mechanical properties increase. The RVEs having the highest misalignment (x = 1500)
yielded a peak stress of &~ 32% that of the idealised RVE having perfectly aligned fibres (k = o00). The
decrease in peak stress is explained by the higher initial micro-buckling introduced in several regions of the
fibres along the length of the RVEs, causing an earlier degradation of the epoxy matrix and fibre-matrix
interface, thus promoting an earlier kinking of the reinforcement. Moreover, for this material system, the
quantitative results show that the variation in peak stress with the distribution of the misalignment angles
fits better with a rational type of fit (o§¥ (k™) = (p1x~" +p2)/(k~' + q1), where p; = 667.30, po = 1.00 and
@1 = 1.95 x 107%), and the corresponding coefficient of determination is approximately R2, = 0.991. The
compressive Young’s modulus can be assumed to vary in a linear fashion (E¢,(k™1) = nis~! + ng, where
ny = —2.05 x 10* and ny = 125.40), where the corresponding coefficient of determination is approximately
Rﬁn = 0.994, as shown in Figure 12b.

Comparing the results with the experimental values of the longitudinal compressive strength of several
composite material systems, having similar fibre volume fractions, such as AS4/8552 (X¢ ~ 1530 MPa),
IM7/8552 (X ¢ ~ 1689 MPa), and IM10/8552 (X¢ ~ 1793 MPa) (Hexcel, 2016a) or IMA/M21 (X ~ 1500
MPa), AS7/M21 (X¢ ~ 1560 MPa), and IM7/M21 (X¢ ~ 1790 MPa) (Hexcel, 2016b), it is evident that
only the RVEs having fibres with a more realistic initial fibre misalignment angle distribution (Sebaey et al.
(2019), found for an IM7/8552 and an IM7/PEEK UD material systems, a von Mises concentration parameter
of k = 1582.91 and k = 2069.72, respectively) yielded reasonable longitudinal compressive strengths. In
contrast, as shown in Figure 13, the idealised RVE incorporating perfectly aligned fibres (x = o0), did not
form a kink-band, due to the unrealistic spatial representation of the fibres, but a sort of crushing scenario, in
which the RVE failed at higher applied strains in a region near to the boundaries of the RVE, overpredicting

the mechanical performance of the material.
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[Figure 13 about here.]

By considering the non-uniform variation of the fibre waviness along the RVE, when this waviness was
relatively high, a local failure in the highest misaligned region was observed prior to ultimate failure. Figure 14
shows the contour plots of the equivalent plastic strain (equation (8)), at different stages of the damage
process, associated with an RVE with x = 1500. The first appearance of non-linearity was in a region where
the fibres were highly misaligned, leading to local damage propagation, and for a higher applied strain,

catastrophic failure of the material.
[Figure 14 about here.]

Interestingly, some RVEs exhibited a wedge-shaped kink-band, as shown in Figure 15. This was also seen
experimentally (Sun et al., 2019a, Wang et al., 2019), where, during compressive loading, localised areas of
the material having smaller degrees of misalignment formed fibre kink-bands which act together to move a

“wedge” of material upwards, thus leading to a different kink-band shape.
[Figure 15 about here.]

Even if fibre-matrix interfacial friction is expected to mostly affect the post-peak response, the effect of
friction on the mechanical performance of the material, up to peak load, was studied. Two RVEs having
different concentration parameters, i.e. & = 2000 and k£ = 8000 were analysed considering a frictionless
(1 = 0) interface. Figure 16a shows the longitudinal compressive reaction force vs. the applied displacement
for the two RVEs having different interfacial friction coeflicients. The difference in peak load is larger for the
RVE having the highest degree of misalignment, exhibiting a difference in approximately 5%, where the less
misaligned RVE did not show any substantial decrease in peak load, i.e. less than 0.01%. This is due to the
amount of frictional energy that is dissipated during damage propagation (see Figure 16b). As shown, the
amount of energy dissipated by friction is much greater for the case of the RVE with x = 2000, in comparison
to the RVE with x = 8000. The RVEs with a frictionless interface still exhibit a level of energy dissipation,

since the general contact algorithm implements friction with self-contact.

[Figure 16 about here.]

8.1.4. Kink-band width and fibre rotation angle

The developed kink-band is characterised by certain features, namely its width, angle, and fibre rotation
within the kink-band. There is strong empirical evidence which shows that for most thermoset-based com-
posites, when the kink-band is formed (before softening), the fibres within the band rotate by an angle of
15° < )Y < 30° (Soutis et al., 1993, Moran et al., 1995, Vogler, Kyriakides, 2001, Gutkin et al., 2010b). In
contrast, the values measured for both kink-band angle and width have been more disperse, i.e. 5° < z’gp <
30° (Kyriakides et al., 1995, Vogler et al., 2001, Lee, Soutis, 2007) and 25 pm < wy,” < 80 pm (Jelf, Fleck,
1992, Jumahat et al., 2010, Laffan et al., 2012, Zobeiry et al., 2015), respectively. The kink-band width, wyy,
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is shown to increase with increasing radii of the fibrous reinforcements, i.e. wy, o Ry (Fleck et al., 1995,
Budiansky et al., 1998), being approximately equal to 20 times the fibre radii (Soutis et al., 1993). The
kink-band angle, By, is not explored in this work, since, even if the applied BCs allow for its qualitative
representation (in Figure 14d: [y, ~ 13°), for its proper evaluation, for different x, a thicker RVE is needed.

The kink-band width, wgp, was computed as the distance between the two extreme points of the kink-
band, which have the highest stress, as soon as the kink-band is formed, as suggested by Pimenta et al.
(2009). The fibre rotation angle, ¢k, was measured as the angle that the kink-band forms with a horizontal
line. Figure 17 shows the local longitudinal stress along the kink-band for three different RVEs, having
different degrees of misalignment, where both the kink-band width and fibre rotation angle are highlighted.
Table 7 shows the estimated quantitative results of the kink-band width and fibre rotation angle, for different
concentration parameters, k. Moreover, the evolution of both wy, and ¢y, were quantified for the case
presented in Figure 11 - (A): wy, &~ 36 um and g, =~ 6°; (B): wip &~ 40 pm and ¢k, ~ 12°; and (C1 =C2):

wip &~ 49 pm and g ~ 23°.
[Figure 17 about here.]
[Table 7 about here.]

From the aforementioned results, the kink-band width was found to be independent of the initial fibre
misalignment distribution. Looking at different fibre radii, a previous preliminary study conducted by the
authors, presented by Catalanotti et al. (2020), showed that, for larger fibre radii and same material system,
larger kink-band widths were estimated, i.e. wi, ~ 80 pm. The fibre rotation angles seem to gradually
decrease with x, where smaller degrees of misalignment, at peak load, promote slightly smaller overall fibre
rotation angles.

Despite the initial individual misalignment that each fibre presents when the kink-band is developed, all
tend to have the same orientation inside the kink-band. This can be verified in Figure 18, where different
fibres within the same RVE, having different initial misalignment distributions, just after peak load, exhibit

similar orientation angles in the kink-band.

[Figure 18 about here.]

3.2. Longitudinal tension

To accurately capture the behaviour of composite materials in longitudinal tension, the RVEs must be
large enough to capture both co-planar and disperse fibre break clusters. RVEs having an in-plane dimension
of H ~ 175 pm and a longitudinal dimension of L, =~ 500 pm, were generated. Due to the high computational
cost that these FE models yield, and based on previous micromechanical simulations (Tavares et al., 2016,
2017), the aforementioned dimensions were deemed sufficient. These RVEs encompass approximately 600
fibres. For this stress state, RVEs having four different degrees of misalignment were considered: x =

4000, k = 6000, k = 8000, and k = oo (see equation (1) and Figure 8) and only one simulation was
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performed per configuration. The in-plane dimensions of each finite element are approximately 0.8 wpm,
whereas their longitudinal dimension is approximately I$ = L,/150 = 4 pym. As mentioned by several
authors (Watson, Smith, 1985, Gulino, Phoenix, 1991, Tavares et al., 2017), the Weibull distribution may
lead to overestimations of the fibre strength at short gauge lengths, however, a refined discretisation of the
microstructure for such long RVEs is needed. Since the objective of this work is to analyse the effect of fibre
misalignment on the behaviour of the material, a Weibull distribution was deemed to be sufficiently accurate
to represent the stochastic distribution of the tensile strength of the fibres. Moreover, even if there are several
methods to determine clusters of broken fibres (Sibson, 1973, Murtagh, Contreras, 2012), here it is chosen to

evaluate the formation of fibre break clusters in a qualitative way.

3.2.1. Global response and formation of fibre break clusters

The longitudinal stress-strain curves for the four different RVEs are shown in Figure 19. For a better
understanding of the in-plane fibre break clustering process, three different points (associated with x = 00),
corresponding to different applied strains, are highlighted, as well as the corresponding contour plots of the
fibre (equation (6)) and matrix (equation (11)) damage, in the critical section of the RVE: 1) initial broken
fibres, as well as damage in the surrounding matrix; 2) development of a critical cluster, causing; 3) the

catastrophic failure of the material.
[Figure 19 about here.]

The overall longitudinal tensile mechanical response of the material is not substantially affected by the
initial fibre misalignment. Even if the Young’s modulus slightly decreases with decreasing x (from Ej; ~ 125
GPa to F11 ~ 121 GPa), the peak stresses are all very similar. With increasing strain, the number of broken
fibres increase, leading to the formation of small clusters of broken fibres. Despite the misalignment, the
same cluster-type formation was observed for all RVEs, where the maximum number of fibre fractures was
qualitatively the same.

The majority of fibres did not fail in the same plane, leading to the formation of disperse clusters, where

the locations of fibre breaks are observed in multiple locations along the length of the RVE (see Figure 20).

[Figure 20 about here.]

3.2.2. Local damage mechanisms

Certain local mechanisms such as the ineffective length, debond length, stress profile along a fibre, and
the effect of fibre-matrix interfacial friction and misalignment, are analysed in this section. These local
mechanisms are assessed with no prior cracks in the matrix, since they play an important role in the stress
recovery of the broken fibre and consequently in the debond length (Swolfs et al., 2015b). Moreover, there are
several parameters which locally affect the tensile damage process, such as, distribution of the microstructure,

material properties of the matrix constituent, and strain-rate (Zeng et al., 1997, Heuvel van den et al., 2000,
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Zhao, Takeda, 2000, Hobbiebrunken et al., 2007, Foreman et al., 2009, Swolfs et al., 2015b, Tavares et al.,
2017), where most of which were analysed by Tavares et al. (2019a) using the Spring Element Model (SEM).

The ineffective length is a measure of the stress recovery length of the fibre and can be defined as twice
the length at which the broken fibre is able to carry 90% of the applied stress (Rosen, 1964). To analyse this
effect, fibres which were far from the boundaries of the RVEs were chosen to give a more detailed evaluation
of the local damage mechanisms. Figures 21a and Figures 21b show the contour plots of the longitudinal
stress and cohesive interfacial damage along the length of a single fibre inside an RVE with « = oo, for
different friction coefficients and same applied strain, just after fibre breakage. Fibre breakage was promoted

at its centre, by artificially decreasing the local tensile strength of the central elements to 4050 MPa.
[Figure 21 about here.]

By increasing the friction coefficient, both ineffective and debond length are reduced, leading to a higher
stress recovery profile of the fibre, slowing down the damage process. Moreover, Figure 21c shows the
numerical predictions of the volumetrically homogenised longitudinal stress along the single fibre, for different
friction coefficients. After fibre fracture, different interfacial friction coefficients lead to slightly different stress
profiles, where for the same longitudinal position, a greater homogenised stress can be observed, leading to
an ineffective length of ~ 68 pym and ~ 55 pm, for a frictionless interface and for one considering p, = 0.70,
respectively.

To locally assess the effect of fibre waviness, two different fibres positioned far from the boundaries of the
RVE, having qualitatively a different degree of misalignment, were chosen inside an RVE with x = 4000. In
Figures 22a and 22b, the contour plots of the fibre-matrix interface damage and longitudinal stress, for the
two different fibres are shown, and Figure 22c shows the volumetrically homogenised longitudinal stress of
each cross-section, along each fibre, having qualitatively different degrees of misalignment for central elements
having two different failure strains (5? = 0.6% in red and E?C = 1.1% in blue). The friction coefficient was

kept constant and equal to pu, = 0.52.
[Figure 22 about here.]

For both analysed failure strains, the ineffective length increases with initial fibre misalignment. The
difference between the ineffective length of a fibre having a small and a high degree of misalignment, was
approximately 10 pm, for both failure strains. Additionally, it was noted that the debonded length increases
with increasing failure strain. The changes in the local damage mechanisms, due to initial fibre waviness, may
alter the development of fibre break clustering, as they change the local stress redistribution to neighbouring
fibres, after fibre breakage. However, the overall behaviour of the composite is not directly connected to the
local effects acting on a single fibre, but a bigger collection of fibres, possibly making these individual damage
mechanisms, which act in a particular region of a single fibre, negligible when comparing to the longitudinal

tensile strength distribution.
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4. Conclusions

The importance of representing the realistic 3D microstructure of UD composite materials was addressed
in this work, namely when the material is submitted to a longitudinal (fibre-direction) stress state. A
computational finite element micromechanics framework was built, using a recent methodology to gener-
ate the initial fibre misalignment via a combination of a stochastic process and an optimisation proce-
dure (Catalanotti, Sebaey, 2019). RVEs having different degrees of misalignment were then generated to
simulate the longitudinal compressive and tensile failure, and analyse the associated intrinsic damage mech-
anisms.

Different results associated with the compressive failure of the material by fibre kinking were obtained
using the present framework. It was observed that by decreasing the degree of misalignment of the RVEs
(increasing ), both Young’s modulus and peak stress increased, where these results have shown to have a
best fit using linear and rational functions, respectively. The RVEs having a more realistic x (experimentally
obtained by Sebaey et al. (2019)), yielded peak stresses comparable to empirical compressive strengths of
different material systems (Hexcel, 2016a,b). Moreover, the present framework enabled the analysis of the
kink-band width and of the fibre rotation inside the kink-band. The kink-band width was found to be
independent of initial fibre waviness, in contrast, the fibre rotation angle was sensitive to it, where bigger
degrees of initial misalignment lead to higher fibre rotation angles. Additionally, despite having different
initial misalignment, after peak load, fibres which belong to the same RVE, exhibited similar orientation
angles, in the kink-band region. Finally, friction seems to play a role for lower concentration parameters
(higher misalignment), in which the energy dissipated by friction was higher.

The failure mechanisms associated with a longitudinal tensile loading were also evaluated. By generating
RVEs with different fibre misalignments, the overall performance of the material remained unaltered, i.e. the
peak stress remained the same and the Young’s modulus changed slightly. Moreover, the RVEs exhibited
similar damage patterns, leading to a similar type of fibre break clustering. More detailed analyses were
undertaken to assess the effect of friction and degree of misalignment on the local load carrying capacity of
the broken fibres. Friction was shown to decrease the ineffective length of the fibres, whereas misalignment
increased the ineffective length, possibly leading to a faster progression of damage, changing the stress
redistribution to neighbouring fibres. However, these local phenomena do not seem to dictate the final failure
of the material, making the variation of the longitudinal tensile strength of the reinforcements the most
influential parameter on the final failure of the material.

Idealised representations of the microstructure cannot properly represent fibre kinking. In contrast,
a more realistic spatial distribution (Catalanotti, Sebaey, 2019) guarantees a correct representation of the
damage mechanisms associated with longitudinal compressive failure of UD materials. Despite the magnitude
of the initial fibre misalignment, the longitudinal tensile behaviour and failure mechanisms were all very
similar. There are certain limitations which were not assessed here. Fibre compressive and/or shear failure

was not considered, due to a lack of strength characterisation testing of neat fibres, which can lead to an
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overestimation of the local and overall performance of the material for small degrees of fibre misalignment.
Finally, there is a need for developing analytical /semi-analytical models which are able to take into account
the stochastic variability of the initial waviness of the reinforcements, thus yielding representative estimations
of the parameters associated with compressive failure by fibre kinking.

This study has shown that micromechanics can be treated as a reliable computational tool to analyse
certain geometric and material variabilities which cannot be assessed using ply- or laminate-level analyses.
Further studies can encompass the investigation of the effect of initial fibre waviness on the transverse tensile
and compressive response, in- and out-of-plane shear loading scenarios, as well as other biaxial and triaxial

loading conditions.
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(a) (b)
Figure 1: (a) Micrograph of a developed kink-band, highlighting its width, wgy, angle, Bkp, and the fibre rotation angle, ¢y,

from Jumahat et al. (2010) (with permission); (b) schematic representation of the longitudinal compressive response of an UD
composite material, highlighting the different loading stages.
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Figure 2: (a) CT image of a fracture surface of a cross-ply laminate, from Laffan et al. (2010) (with permission) and (b) SRCT
image of disperse (left) and co-planar (right) fibre break clusters, from Swolfs et al. (2015a) (with permission).
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Figure 3: Spatial descriptors that characterise 3D fibre waviness (the green line portraits a representative fibre).
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Figure 4: Results associated with a 3D fibre distribution with x = 2000.

28



180 .

7
P! e

160 |- e 1
— '
] -7
& 140+ P 1
=} Pr
§120p ,7° "7 TTTT |
s /
% 1
& 100 4 .
2
v I
h=1
k5 80 - 8
B
5
=2 60 8
€3]

40 | Tension ]
= = =Compression
20 s \ s \
0 5 10 15 20

Equivalent plastic strain, €& [%]

Figure 5: Hardening curves used in the epoxy matrix plasticity model (Melro et al., 2013b, Arteiro et al., 2014, 2015).

Face 6

Face 2
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Figure 11: Numerical results associated with an RVE with x = 3000, in longitudinal compression.
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Figure 12: Numerical results showing the effect of the initial fibre misalignment on the longitudinal compressive response.
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Figure 13: Contour plots of the equivalent plastic strain of an RVE with kK = oo, showing the localisation of damage at one of
the boundaries of the RVE, when submitted to longitudinal compression, just (a) before and (b) after peak load.
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X

Figure 14: Deformed configuration of an RVE with x = 1500, highlighting the contour plots of the equivalent plastic strain at
different stages of the damage process in longitudinal compression: (a) non-linearities in the most misaligned region; (b) damage
propagation along this region; (c) severe damage propagation along the height of the RVE before peak load; (d) fracture of the
material after peak load.

z
. Wedge-shaped
kink-band

Figure 15: Deformed configuration of an RVE with x = 8000, just after peak load, exhibiting a wedge-shaped kink-band.
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(a) Reaction force vs. displacement. (b) Frictional energy dissipated vs. displacement.

Figure 16: Numerical assessment of the influence of friction between constituents considering two degrees of misalignment in
longitudinal compression. The red points indicate peak load.
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0,011

(Avg: 75%)
+1.880e+03
+1.479e+03
+1.078e+03
+6.764e+02
+2.752e+02
-1.259e+02
-5.271e+02
-9.282e+02
-1.329e+03
-1.731e+03
-2.132e+03
-2.533e+03
-2.934e+03

i

Figure 17: Contour plots of the local longitudinal stress along the kink-band, highlighting the fibre rotation angle of the fibres
and kink-band width, associated with RVEs having: (a) £ = 2000; (b) x = 4000; and (c) & = 6000 (only the kink-band region
is shown).
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Figure 18: Bi-dimensional (z and z) central spatial coordinates of different fibres, with different degrees of misalignment, of the
same RVE (k = 2000), having an undeformed (dashed lines) and deformed (solid lines) configurations at peak load.
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Figure 19: (a) Longitudinal tensile stress-strain curves of four RVEs having different distributions of the initial fibre misalignment,
r; (b) corresponding contour plots of the matrix and fibres damage variable, at different stages of the damage process, for an
RVE with k = 6000.
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Figure 20: Contour plots of both matrix and fibres damage variable for an RVE with x = oo, at different longitudinal sections:
(a) Ay/Ly =0.31; (b) Az/Ly = 0.53; and (¢) Az/Lz = 0.78.
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Figure 21: (a) and (b) Contour plots of the longitudinal stress (o11) and fibre-matrix interface damage (CSDMG) along a single
fibre inside an RVE, considering - = 0 and pr = 0.70, respectively; (c) numerical results of the distribution of the longitudinal
stress along a single fibre inside an RVE with k = oo, for different p~ (the results associated with only half a fibre are shown).
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Figure 22: (a) and (b) Contour plots of the fibre-matrix interface damage (left - CSDMG) and longitudinal stress (right -
o11 in MPa), exhibiting the debond length, for a fibre having, qualitatively, a “Small” and a “High” degree of misalignment,
respectively; (c) numerical predictions of the volumetrically homogenised longitudinal stress along each fibre having different
degrees of misalignment (red lines - z—:(} = 0.6%; blue lines - z—:(} =1.1%).
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Table 1: AS4 carbon fibre material properties (Soden et al., 1998, Bai et al., 2015, Herrdez et al., 2016, Tavares et al., 2016).

Material property Value
Fibre diameter

2R, [mm] 0.006
Fibre volume fraction

wy (%] 55.9
Young’s moduli

EI, [MPa 225000
EJ, [MPa] 15000
Poisson’s ratio

V{2 [ 0.2
Shear moduli

GJ, [MPa] 15000
G} [MPa] 7000
Mode I fracture toughness

G/ [N/mm] 0.05
Weibull parameters

oo [MPa] 4275
mo [—] 10.7
Lo [mm] 12.7
Density

ps [kg/mm?] 1.78 x 1076

Table 2: Matrix material properties (Melro et al., 2013b, Arteiro et al., 2014, 2015).

Material property Value
Young’s modulus

E,, [MPa] 3760
Poisson’s ratio

Vm [-] 0.39
Plastic Poisson’s ratio

vh -] 0.3
Tensile strength

Xt [MPa] 93
Compressive strength

X< [MPa] 180
Mode I fracture toughness

G7% [N/mm)] 0.277
Density

pm [kg/mm®] 1.3 x 1076
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Table 3: Fibre-matrix interface properties (Melro et al., 2013b, Arteiro et al., 2014, 2015).

Material property Value
Interface stiffness

K [N/mm’] 108
Interface strengths

7 [MPa] 75
79 [MPal] 75
79 [MPa] 50
Interface fracture toughnesses

Gre [N/mm)] 0.002
g]]C [N/mm] 0.006
g]]]C [N/mm] 0006
Mixed-mode interaction parameter

TBK [-] 1.45
Friction coefficient

o 0.52

Table 4: Size of the RVE vs. normalised numerical predictions of the peak stress.

cu

In-plane dimension, H [pgm] Number of fibres, ny [#] Normalised peak stress, % (%]
11
SRy =15 4 7.7
10R; = 30 16 82.5
15Ry =45 36 86.8
20R; = 60 64 90.4
25R; =175 120 99.2
30R; =90 168 100.0

Table 5: Quantitative results for different mesh densities.

Element size [um] N. of elements [#M] Normalised peak stress, ;2(1” [%] Computational time, C' [h]
11
~ Ry /2 ~1.1 51.2 108.5
~ Ry/3 ~ 3.4 75.5 140.0
~Ry/4 ~ 6.0 94.4 191.8
~ Ry /5 ~7.2 99.4 243.9
~ R;/6 ~9.4 100.0 317.4

Table 6: Numerical predictions of the mean compressive Young’s modulus, Ef,, mean peak stresses, o{}', and their corresponding
standard deviations, for different von Mises concentration parameters, k.

Kk = 1500 Kk = 2000 k=3000 K =4000 Kk =6000 k= 8000 K = 00
Ef, [GPa]  111.5%03 115.6%03  118.4%07  119.8%0-6 1222403 123 2+02 125 1401
a.fvli [MP&] 1785:|:133.38 1907i120.19 2148:|:86.5 2589:t167.6 3048:|:103.0 3561:|:53.3 5114i122.7

Table 7: Mean estimated results associated with the kink-band width, wyy, fibre rotation angle, ¢k, and their corresponding
standard deviations, for different von Mises concentration parameters, k.

Kk = 1500 Kk = 2000 Kk = 3000 Kk = 4000 Kk =6000 k= 8000
Wi [pm]  50.17E0-88  50.69EL62 49 43+111 5 77ESAT 49 ggE2.83 51 ggE3.31
Oib [o] 23.87i0'49 23.44:|:0.57 23.19:|:0.5O 22.44:|:0.47 21.91:|:0.31 20.73:|:0.18
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Abstract

Initial fibre misalignment is recognised to be one of the precursors leading to longitudinal compressive
failure in fibre-reinforced composites. Thus, to properly model their mechanical behaviour, an accurate spa-
tial representation of the fibrous reinforcements must be assured. This work presents a three-dimensional
micromechanical framework that is capable of analysing in detail the longitudinal tensile and compressive
failure mechanisms which are inherent in unidirectional composites. This is achieved through the incorpo-
ration of initial fibre waviness via a combination of a stochastic process and an optimisation procedure. A
robust micro-scale framework is developed by assigning, to both constituents and their interface, proper ther-
modynamically consistent damage models. Several microstructures having different degrees of misalignment
are modelled and a clear trend is observed for the longitudinal compressive load case, i.e. by increasing initial
fibre misalignment, the overall performance of the material decreases. In contrast, the models subjected to
longitudinal tension exhibit a similar overall response, despite the misalignment. However, local mechanisms
seem to change with the degree of friction and fibre misalignment, but these smaller-scale mechanisms do
not play a decisive role on the overall longitudinal tensile performance of the material.

Keywords: Composite materials, Fibre misalignment, Fracture, Micromechanics, Stochastic

1 1. Introduction

2 As a direct consequence of increasing computational power, in the last decade, computational microme-
s chanics has emerged as an accurate and reliable numerical tool to evaluate both linear and non-linear geo-
+ metrical and material behaviour of heterogenous materials. Unlike analytical/semi-analytical methods, the
s several complex dissipative phenomena, including local plastic deformation and degradation of the matrix
¢ constituent, fibre-matrix interface debonding, and fibre fracture, are accounted for and their interaction can

7 be evaluated.
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Compressive failure of composite materials caused by fibre kinking is classified as a complex, multi-staged
phenomenon, due to the interacting mechanisms and instabilities present at peak load, which span over several
length-scales of the material (Argon, 1972, Budiansky, 1983, Budiansky, Fleck, 1993, 1994, Moran et al.,
1995, Jumahat et al., 2010, Costa et al., 2020). There is compelling evidence that this mode of failure is
mostly driven by not only the initial misalignment of the fibres, but also by the shear yield strength of
the matrix (Moran et al., 1995, Bazant et al., 1999, Vogler et al., 2001, Gutkin et al., 2010b, Pinho et al.,
2012). The material is loaded elastically until the first appearance of non-linearity, which is due to the initial
rotation of the fibres, permitted by the plastic response of the matrix. This is also known as “incipient
kinking” (Moran et al., 1995). Due to this rotation and to the formation of microcracks in the resin, the
peak load (instability) is reached, forming an initial kink-band. The progressive shearing/bending stresses in
the material causes its continuous degradation, until this fibre rotation is halted, through a process referred
as fibre lock-up, which eventually leads to the steady-state broadening of the kink-band, causing a constant
stress plateau under compression, referred as the residual compressive strength of the material (Moran et al.,
1995, Zobeiry et al., 2015, Dalli et al., 2020). Kink-bands are characterised by an angle, Sx;,, with respect
to the through-thickness direction (normal to the load), a certain width, wg,, having the fibres rotated from
an angle, ¢y, to the global longitudinal direction. Figure 1 shows a micrograph of a formed kink-band in
an UD cross-ply laminate, as well as a schematic representation of a longitudinal compressive stress-strain

curve, highlighting the main load level stages.
[Figure 1 about here.]

Several computational micromechanical models have been reported, in an attempt to model longitu-
dinal compressive failure in UD composite materials by fibre kinking. Initial insights were provided us-
ing two-dimensional (2D) models, namely on the types of failure mechanisms associated with compres-
sive failure (Gutkin et al., 2010a), the interaction between fibre kinking and fibre-matrix interface debond-
ing (Prabhakar, Waas, 2013), and on the estimation of the kink-band angle and compressive strength of
the material (Kyriakides et al., 1995, Vogler et al., 2001). The limitations of 2D models were addressed
by Hsu et al. (1998), where a bigger degree of discrepancy between 2D and three-dimensional (3D) models
was observed in the post-peak regime. Fortunately, modern computational resources have enabled the gen-
eration of 3D high-fidelity numerical models. Yerramalli, Waas (2004) conducted 3D Finite Element (FE)
analyses to show the importance of fibre bending stiffness on the overall compressive strength of the mate-
rial, as well as the presence of a complex triaxial stress state in the matrix region. Later, Bai et al. (2015),
incorporating a more robust elasto-plastic damage model for the resin (Melro et al., 2013a), subjected dif-
ferent Representative Volume Elements (RVEs) to several loading conditions, i.e. transverse on- and off-axis
compression, and pure longitudinal compression. They were able to obtain some preliminary results con-
cerning kink-band widths and fibre rotation angles, concluding that the interplay between the shear stresses,
presented in the matrix material, and microbuckling, caused by the initial, idealised fibre misalignment,

provides a sound explanation to the fibre kinking failure mode. Bishara et al. (2017) conducted simpler mi-
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cromechanical simulations, considering a single array of fibres, in order to assess the influence of the artificial
imperfection type on the resulting kinking mechanism, the effective determination of the kink-band angle,
and the effect of different fibre strengths on the kink-band angle. Recent studies using a sinusoidal swept
single fibre model, subjected to Periodic Boundary Conditions (PBCs), were undertaken (Naya et al., 2017,
Herrdez et al., 2018, 2020) to give more insight into the effect of the initial fibre misalignment angle on the
kink-band width and fibre rotation angles, by comparing the results with well known analytical models.
As remarked by Hill (1963), an RVE is a medium which characterises the microstructure of the material,
being statistically representative of the mixture of constituents. It has a dimension that contains a sufficient
number of inclusions/reinforcements, making a single fibre model non-representative of the actual material.
Moreover, the application of such PBCs force the kink-band angle to be zero, i.e. g, = 0. Finally, the use
of the maximum homogenised stress, obtained by using First Order Homogenisation Techniques (FOHT),
may not be a proper way to measure the actual strength of the material, since, as strain localisation occurs,
the separation of scales (Hashin, 1983) is intrinsically violated, making the solution dependent on both BCs
applied and size of the considered medium. For a concise review on the analytical, semi-analytical, and nu-
merical methodologies which treat longitudinal compressive failure in fibre-reinforced composites, addressing
both phenomenology and failure mechanisms involved, the reader is referred to Daum et al. (2019).
Modelling fibre-dominated damage, in UD composites, is a complex task due to the acting damage mech-
anisms which arise when submitted to a longitudinal tensile loading scenario. There are several important
factors when modelling the longitudinal tensile behaviour of a composite, namely: i) capture the formation
of fibre break clusters, which later leads to the unstable final failure of the material (Scott et al., 2011, 2012,
Thionnet et al., 2014); ii) capture the stochastic nature of the tensile strength of carbon fibres (Lamon, 2007,
Tanaka et al., 2014, Torres et al., 2017); iii) capture the complete ineffective and debond length of a bro-
ken fibre; and iv) treat fibre fracture as a dynamic event, where the internal strain energy released by the
reinforcements is converted into kinetic energy (Swolfs et al., 2015a, Tavares et al., 2019b). Figure 2 shows
a computed tomography (CT) image of a cross-ply laminate, which failed under longitudinal tension, high-
lighting the pulled-out 0° fibres and the corresponding perpendicular fracture plane (Laffan et al., 2010), and
a synchrotron radiation computed tomography (SRCT) image of disperse and co-planar clusters of broken

fibres (Swolfs et al., 2015a).
[Figure 2 about here.]

There are several models which are available in literature that are capable of estimating the longitudinal
tensile strength of UD carbon fibre-reinforced composite materials, hybridised or not, being able to tackle most
(if not all) of the aforementioned features governing longitudinal tensile failure (Swolfs et al., 2015¢,b, 2016,
Tavares et al., 2016, 2017, St-Pierre et al., 2017, Guerrero et al., 2018, Tavares et al., 2019b). These often rely
on simpler micromechanical models, where fibre fracture is taken into account using maximum stress criteria.

In contrast, the work of Tavares et al. (2016) reports the usage and implementation of thermodynamically
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consistent damage models, providing enough detail to capture the micro-scale failure mechanisms which
govern longitudinal tensile failure.

Most of the aforementioned micromechanical models make reference to an implicitly assumed, constant
in space, initial fibre misalignment, making such predictions unsuitable for real case scenarios, since to em-
pirically quantify fibre misalignment, a statistically representative parameter is needed. Variable, spatially
distributed fibre waviness, has long been recognised as an important consideration, and investigations into the
stochastic properties of its magnitude and distribution have been reported (Hillig, 1994, Clarke et al., 1995,
Creighton et al., 2001, Requena et al., 2009, Sutcliffe et al., 2012, Pain, Drinkwater, 2013, Mizukami et al.,
2016, Wilhelmsson, Asp, 2018). Recently, Sebaey et al. (2019) developed an integrated approach to statisti-
cally represent fibre misalignment at the scale of the constituents, where the deviations in fibre angles and
corresponding footprints are first determined using CT scans, and then the data is statistically fitted fol-
lowing a von Mises distribution, characterised by the corresponding concentration parameter. A post-study
conducted by Catalanotti, Sebaey (2019) involved the proposal of a semi-stochastic algorithm where initial
fibre misalignment is taken into account by combining the stochastic process and an optimisation procedure.

Here, a 3D FE micromechanical framework is built to analyse in detail, the longitudinal failure of com-
posite materials. To describe the non-linear behaviour of the constituents and their interface, appropriate
constitutive material models are implemented along with an algorithm for the generation of high-fidelity
RVEs, accounting for a stochastic-based fibre misalignment. To the authors’ knowledge, this is the first time
that a numerical micromechanical framework is built together, to investigate the effect of a stochastic-based
initial fibre waviness on the longitudinal failure of unidirectional carbon fibre-reinforced composite materials.
Additional analyses are undertaken to investigate the effect of considering frictional cohesive surfaces on the

damage tolerance of the composite.

2. Computational framework

The developed 3D FE micromechanical framework is composed of detailed micromechanical representa-
tions of the material, henceforth described as RVEs, having different degrees of fibre misalignment and the
same fibre volume fraction, wy. For brevity, only pertinent aspects of the RVE generation and the constitutive

material models used, are presented, where several important considerations are discussed.

2.1. Generation of the RVEs

The generation of the RVEs involves the measurement of the angle between the projection of the tangent
vector of the fibres and a given direction (Catalanotti, Sebaey, 2019). Figure 3 shows the three spatial
descriptors, which the algorithm makes use of, that characterise fibre misalignment, where z, y, and z
represent the longitudinal, transverse, and through-thickness directions of a typical UD lamina, respectively,

and 4, j, and k the unit vectors in each corresponding direction.

[Figure 3 about here.]
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The three spatial descriptors, shown in Figure 3, are the three misalignment angles, which are defined
as: ¢yg, the angle between i and the projection of the tangent vector to the fibre, 7/, onto the O, plane;
0., the angle between i and the projection of the tangent vector to the fibre, ©/, onto the O, plane;
and agy, the angle between j and the the projection of the tangent vector to the fibre, 7/, onto the Oy,
plane (Catalanotti, Sebaey, 2019). Both in-plane and out-of-plane misalignment angles, ¢,, and ¢.,, re-
spectively, are of importance when conducting RVE-based numerical simulations, and may be experimentally
characterised using appropriate experimental techniques (Sutcliffe et al., 2012, Sebaey et al., 2019). However,
there is no relevance on characterising the remaining misalignment angle, o, since, in principle, it does not
have any practical importance when submitting the RVEs to the stress states mentioned in this work.

For introducing the waviness of the fibres via a stochastic process, the fibres are modelled as Bézier curves,
whose initial control points are determined by using a 2D fibre distribution algorithm (Catalanotti, 2016).
These control points can then be moved in a random fashion, for a desired number of times, in a plane
perpendicular to Z, creating the 3D geometrical variability, i.e. fibre waviness. Periodicity of the virtual
microstructure is also achieved by computing the proper distance between the control points of different
fibres and assuring continuity between the first and last control point of the same fibre, when translated in
the longitudinal direction by the length of the RVE (Catalanotti, Sebaey, 2019). The radial coordinates are
chosen in order to ensure that the distribution of the misalignment angles match the empirical/theoretical
ones (Sebaey et al., 2019). It was assumed the distribution follows the general von Mises distribution, whose

probability density function (pdf) reads:

1
h, eos(#)— 1
27l (k)¢ ’ (1)

(¢, p, k)
where ¢ is equal either to the in-plane or out-of-plane misalignment angle, u is the mean direction, x is the
concentration parameter, and Iy is the modified Bessel function of the first kind and order 0. Since the mean
direction represents the longitudinal (2-direction) direction of the composite, p is assumed to be equal to
0, and therefore the concentration parameter, x, is the only variable which characterises the distribution.
By minimising the standard errors (likelihood and probability), it is possible to achieve a remarkable match
between the experimental/theoretical and numerical distributions. Figure 4 shows an example of the pdf

of theoretical and numerical distributions, the Q-Q plot, and the associated front and isometric views of a

generated RVE with £ = 2000.
[Figure 4 about here.]

For modelling perfectly aligned fibres, & is equal to co, and for modelling very wavy fibres, x takes a small
value, e.g. k = 500. For a complete description of the algorithm used to generate 3D RVEs incorporating

fibre waviness, the reader is referred to Catalanotti, Sebaey (2019).
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2.2. Constitutive material models

2.2.1. Carbon fibres

The carbon fibres are modelled as transversely isotropic and considered to behave linear-elastically up
to failure. Degradation of the stiffnesses of the material is defined by implementing a thermodynamically
consistent isotropic damage model, which is only activated by the longitudinal stress component. The damage

activation function is given as:

F}i=¢?—rf=;—1;—ffa (2)
where ¢?» is the loading function, &1; is the undamaged longitudinal applied stress, X} is the longitudinal
tensile strength of the fibre, and ry is an internal variable related to the damage evolution law of the fibre, dy.
As discussed by several authors (Swolfs et al., 2015¢,b, Tavares et al., 2016, Swolfs et al., 2016, Tavares et al.,
2017), the tensile strength of the carbon fibres has an intrinsic stochastic nature, mostly due to the flaws

which are present on the surface of the fibres (Lamon, 2007, Tanaka et al., 2014, Torres et al., 2017), which

needs to be taken into account. Here, these are accounted for through the Weibull distribution (Weibull,

1951):
L o e
(2)E) ) ®

where P represents the failure probability at the applied stress o, o9 and mg are the Weibull strength and

P(o) =1—exp

parameter, respectively, and Lo and L are the reference and gauge length, respectively. Modifying equation (3)
and generating a random scalar in the interval ]0,1[, 2, that represents the failure probability, the tensile

strength can be estimated following:

1/mo
Xt = o l - %ma - %)] . ()

The Weibull distribution is probably the most used statistical distribution for fibre strength. How-
ever, it has been shown that it is not the best suited for carbon and glass fibres (Gulino, Phoenix, 1991,
Beyerlein, Phoenix, 1996, Curtin, 2000), leading to an overprediction in both tensile strength and failure
strain (Tavares et al., 2017). The correct definition of the proper fibre tensile strength distribution is out of
the scope of the current work, thus the Weibull distribution is used due to its simplicity in implementation.

To avoid damage localisation and to control the energy dissipated in the fracture process, Bazant and

OW’s crack band model (Bazant, Oh, 1983) is implemented to regularise the computed dissipated energy:

> 09, dd; gl
\IJ = —_— 7(1’[" P = c 5 5
f /1 8df an ! l; ( )

where ¢} is the complementary free energy density of the fibrous material, G {C is the mode I fracture toughness

of the fibres, and [ represents the characteristic element length.
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The damage evolution law for the fibres is given by:

eAs(l=rys)
df =1~ TR (6)
where Ay is a mesh regularisation parameter which conveys the numerical model with mesh size indepen-
dency (Bazant, Oh, 1983) and must be computed for each finite element by solving equation (5).
The mechanical properties of the AS4 fibres considered here are shown in Table 1 and were taken

from Soden et al. (1998), Bai et al. (2015), Herrdez et al. (2016), Tavares et al. (2016).
[Table 1 about here.]

For more details on the damage model, the reader is referred to Tavares et al. (2016).

2.2.2. Epoxy matriz

Previous studies (Ghorbel, 2008) have shown that both the Drucker-Prager and Mohr-Coulomb constitu-
tive material models are not able to properly model the representative behaviour of an epoxy resin, namely
under the presence of triaxial stress states. A more representative elasto-plastic material model, proposed
by Melro et al. (2013a), is used here to simulate the behaviour of the matrix constituent.

The model assumes that the matrix behaves in a linear-elastic fashion until the following paraboloidal

yield criterion, originally proposed by Tschoegl (1971), is met:

®(0,el) = 6J3 + 2(0y — oy, )1 — 20y 0y, (7)

where oy and oy are the absolute values of the tensile and compressive yield strengths, I; = tr(o) is the
first invariant of the stress tensor and J; = %s : s is the second deviatoric stress tensor (s) invariant. In order
to correctly define the plastic deformation under the presence of a hydrostatic pressure, a non-associative

flow rule is defined. Both tensile and compressive yield strengths depend on the equivalent plastic strain, €2:

el = | ———5¢eP 1 ep, (8)
where v? is the plastic Poisson’s ratio of the matrix.
The yield surface presented in equation (7) depends only on the tensile (07! ) and compressive (0y" ) yield
strengths which are both affected by hardening:
oy, = oy, (7)), oy. = oy (7). 9)

Figure 5 shows the hardening curves used in the plasticity model in both tension and compression.

[Figure 5 about here.]
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Damage is defined by using a model developed within the framework of thermodynamically admissible

processes. Initiation of damage is computed with the following failure criterion (Melro et al., 2013a):

3Js L(X5, — X))

Fl gl g
m=0m =T = ey T xe xt

— T, (10)

where ¢¢, is the loading function, X¢, and X!, represent the compressive and tensile strengths of the material,
respectively, and 7, is an internal variable related to the matrix damage variable. Both invariants (jg and
I 1) are determined using the effective stress tensor, i.e. the stress tensor calculated using the undamaged
stiffness tensor. The damage variable is given by:

dp =1— M7 (11)

T+2r2, -2

where A,, is a parameter that must be computed for each element of the finite element mesh of the matrix
material. To avoid mesh size dependency problems, Bazant and Oh’s crack band model (Bazant, Oh, 1983)
was also implemented, making use of the mode I fracture toughness of the epoxy, Gj% and corresponding

characteristic element length, % | to regularise the computed dissipated energy (Bazant, Oh, 1983):

© G O , G
By By T e

where ¥, is the complementary free energy density of the matrix material.

v, =

(12)

Table 2 shows the mechanical properties used to model the epoxy. For more information regarding the

constitutive material model, the reader is referred to Melro et al. (2013a).
[Table 2 about here.]

This material constitutive model has exhibited promising results when modelling the behaviour of epoxy
resins under a variety of loading conditions (Melro et al., 2013b, Arteiro et al., 2014, 2015, Tavares et al.,
2016, Varandas et al., 2017, 2019, Sun et al., 2019b, Arteiro et al., 2019, Chen et al., 2019, Meer van der et al.,
2019, Dalli et al., 2019, Varandas et al., 2020a,b, Dalli et al., 2020).

2.2.3. Fibre-matrixz interface

Due to the intricate mesh required for these RVEs, the interfaces between fibres and matrix were modelled
using cohesive surfaces, rather than cohesive elements, as it does not require mesh compatibility between the
two constituents. A Mohr-Coulomb friction condition has also been considered for post-failure of the cohesive
bond between the two constituents. Once the cohesive stiffness starts degrading, friction starts contributing
to the shear stresses. This feature will capture the pull-out resistance between fibre and matrix caused mostly

by the rough failure surface on the fibre, after interfacial failure, and it is governed by the friction coefficient,

Hor-
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Initiation of fibre-matrix interface damage is predicted using a stress-based quadratic failure criterion (Lin Ye,

1988):

()6 )

where 71, T2, and 73 represent the components of traction and 77, 79, and 79 are the corresponding inter-
face strengths. A bi-linear traction-separation behaviour is assumed, and the fibre-matrix interface damage

variable is computed as (Aba, 2018):

6max(5ifnt - 5?nt)

wnt

; (14)

int —

where, 5ifnt = 2G /70, with G as the mixed-mode fracture toughness (Benzeggagh, Kenane, 1996) and 7%

max

as the effective traction at damage initiation. §3* refers to the maximum value of the effective displacement

0
int

attained during loading history and ¢;, , is the displacement at damage initiation. Table 3 shows the properties

used to model the interfaces.

[Table 3 about here.]

2.3. Finite element modelling

Several RVEs having different concentration parameters, «, are considered (see equation (1)). As remarked
by Hill (1963), an important aspect in RVE-based modelling, is the size of the RVE and boundary conditions
(BCs) imposed. The applied BCs should affect the overall mechanical performance of the material, namely
during softening, existing an interplay between the BCs and size of the RVE (Triantafyllidis, Bardenhagen,
1996, Gitman et al., 2007, Galli et al., 2008). Since Periodic Boundary Conditions (PBCs) yield an enor-
mous computational cost, as well as, in longitudinal compression, they constrain the kink-band angle a
priori (Gutkin et al., 2010a), standard BCs are used, where direct constraints are applied to the bound-
aries of the RVEs. Moreover, by considering a sufficiently large FE model, edge and face effects can be
neglected (Kanit et al., 2003, Stroeven et al., 2004, Gitman et al., 2006, Sun et al., 2019b). With reference
to Figure 6, the following BCs are applied for each loading condition (Hsu et al., 1998, Vogler et al., 2001,
Tavares et al., 2016, Bishara et al., 2017):

e Longitudinal compression - The longitudinal (z-direction) and through-thickness (z-direction) axial
displacements of face 1 are fixed. Tie Constraints are applied between Face 3 and Face 4. A longitudinal

(z-direction) compressive velocity-type BC is applied to face 2. Faces 5 and 6 are free to deform.

e Longitudinal tension - The longitudinal axial (z-direction) displacements are fixed on Face 1 and a
longitudinal (z-direction) tensile velocity-type BC is applied to Face 2. All other faces are free to

deform to account for Poisson’s contraction.
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The dimension of the RVEs in the longitudinal direction (z-direction) is denoted by L,, and the in-plane

dimensions (y- and z-directions) by H (see Figure 3).
[Figure 6 about here.]

The micromechanical simulations were conducted using the FE solver Abaqus® /Explicit (Aba, 2018).
Damaged elements having dy > 0.9999 V d,, > 0.9999 (see equations (6) and (11)) were removed through-
out the numerical simulations to prevent excessive element distortion. The models ran on one node (20
CPUs @ 3.4 GHz of Intel® Haswell®) having 512 GB of RAM. The Variable Mass Scaling capability of
Abaqus® /Explicit (Aba, 2018) was used in order to reduce computational cost, by scaling all masses of the
elements, to ensure that they all have the same time increment. With that being said, due to the peak load
instability and to its kinetic nature, load stages beyond peak load, such as kink-band broadening, could not
be captured using the present framework.

Due to its complex geometry, the epoxy matrix material is modelled using C3D4, three-dimensional linear
tetrahedrons. The fibres are modelled using C3D8R, reduced integration, linear hexahedrons, combined with
C3D6R, reduced integration, linear triangular prisms. The orientation of each element is computed by: (i)
obtaining the coordinates of the respective centroid of the ith element, C;={w;,y;, 2 }"; (ii) finding the
nearest point of the middle line of the associated fibre, i.e. of the associated Bézier curve, to the centroid
C;, with coordinates Cy={zy,ys,z¢}; and (iii) calculating the unit vector which is tangent to the curve
in Cy, i.e. f. and assign it to the orientation of the ith element. Figure 7 shows the longitudinal direction

(1-direction) of each element, in a highly misaligned fibre.

[Figure 7 about here.]

3. Numerical results

3.1. Longitudinal compression

This section aims to evaluate the longitudinal compressive failure through fibre kinking. Different RVEs,
having random microstructures with several degrees of misalignment were generated following equation (1),
with k = 1500, k = 2000, x = 3000, x = 4000, x = 6000, x = 8000, and x = oo. Figure 8 shows the
pdf distribution of the misalignment angles for each von Mises concentration parameter considered in this
section. Certain outputs related to compressive failure are analysed in detail, making several quantitative
and qualitative parallelisms with experimental observations. Moreover, the effect of fibre-matrix interfacial
friction is also analysed. It must be noted that it is not feasible to compare these numerical results with
analytical/semi-analytical models which estimate the compressive strength of the material, since most of

these assume a constant in space initial fibre misalignment angle.

[Figure 8 about here.]
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The following two sections present preliminary results assessing the influence of the RVE size and mesh
density on the peak stress of the material, as well as global and local features exhibited on a material loaded

in longitudinal compression.

3.1.1. Effect of RVE size

Several analyses were conducted to evaluate the influence of the size of the RVE and its mesh size on the
overall mechanical performance of the material. Firstly, RVEs with a refined mesh and different dimensions
were virtually tested. By considering a constant aspect ratio of the RVE (ratio between the length and in-
plane dimensions of the RVE, A, = L, /H), i.e. A, =4, the in-plane dimensions considered were 5, 10, 15, 20,
25, and 30 times the radius of a single fibre. Figure 9 and Table 4 show the normalised numerical predictions,
with respect to the peak stress associated with the largest RVE. Only one simulation was conducted per size,

for k = 4000.
[Figure 9 about here.]
[Table 4 about here.]

The results show that when increasing the size of the RVE, the peak load increases as well. Since the
smallest RVEs could not accommodate the formation of a kink-band, the material failed prematurely mainly
due to interfacial debonding. The results are considered geometrical independent for RVEs with H > 25Ry,
where the peak load represented =~ 99% of the RVE having the largest dimensions. From the concluded
above, in-plane dimensions and total length of the RVE of approximately H = 75 ym and L, = 300 um,

respectively, are chosen for the forthcoming numerical simulations.

3.1.2. Influence of mesh density
To ensure mesh independent results, FE meshes of different densities were considered, for an FE model

with k£ = 4000, and pertinent results are presented in Figure 10 and Table 5.
[Figure 10 about here.]
[Table 5 about here.]

Mesh independence was achieved with models containing over 7 million elements. Therefore, a mesh

density with an average value of Ry/5 was considered for the forthcoming simulations.

3.1.3. Global mechanical response

Figure 11 shows the numerical results associated with an RVE with x = 3000, where a representative
stress-strain curve is shown (see Figure 11a) and corresponding contour plots of the equivalent plastic strain
of the epoxy matrix (see Figure 11b), associated with three different stages of the non-linear process: (A)
initiation of plasticity; (B) just before peak load instability, where the kink-band is almost formed; and (C1)

and (C2) complete formation of the kink-band and initiation of the dynamic process.

11
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[Figure 11 about here.]

To assess the effect of the initial fibre misalignment on the longitudinal mechanical performance of the
material, it is presented in Figure 12a the representative stress-strain curves for different concentration
parameters, x, all normalised with respect to the results associated with x = co. Moreover, in Figure 12b
and Table 6, the results associated with the effect of the initial fibre misalignment on both overall longitudinal

compressive Young’s modulus and strength of the material are shown.
[Figure 12 about here.]
[Table 6 about here.]

The normalised stress vs. applied strain curves are presented in Figure 12a (where 017 and €11 represent
the longitudinal stress and strain, respectively, and of}_ represents the compressive peak stress associated
with the RVE with k = c0), which shows that both compressive Young’s modulus, Ef;, and peak stress,
oft, depend on the initial fibre misalignment angle distribution, quantified by k. As x increases (less mis-
alignment), both mechanical properties increase. The RVEs having the highest misalignment (x = 1500)
yielded a peak stress of &~ 32% that of the idealised RVE having perfectly aligned fibres (k = o00). The
decrease in peak stress is explained by the higher initial micro-buckling introduced in several regions of the
fibres along the length of the RVEs, causing an earlier degradation of the epoxy matrix and fibre-matrix
interface, thus promoting an earlier kinking of the reinforcement. Moreover, for this material system, the
quantitative results show that the variation in peak stress with the distribution of the misalignment angles
fits better with a rational type of fit (o§¥ (k™) = (p1x~" +p2)/(k~' + q1), where p; = 667.30, po = 1.00 and
@1 = 1.95 x 107%), and the corresponding coefficient of determination is approximately R2, = 0.991. The
compressive Young’s modulus can be assumed to vary in a linear fashion (E¢,(k™1) = nis~! + ng, where
ny = —2.05 x 10* and ny = 125.40), where the corresponding coefficient of determination is approximately
Rﬁn = 0.994, as shown in Figure 12b.

Comparing the results with the experimental values of the longitudinal compressive strength of several
composite material systems, having similar fibre volume fractions, such as AS4/8552 (X¢ ~ 1530 MPa),
IM7/8552 (X ¢ ~ 1689 MPa), and IM10/8552 (X¢ & 1793 MPa) (Hexcel, 2016a) or IMA/M21 (X ~ 1500
MPa), AS7/M21 (X¢ ~ 1560 MPa), and IM7/M21 (X¢ ~ 1790 MPa) (Hexcel, 2016b), it is evident that
only the RVEs having fibres with a more realistic initial fibre misalignment angle distribution (Sebaey et al.
(2019), found for an IM7/8552 and an IM7/PEEK UD material systems, a von Mises concentration parameter
of k = 1582.91 and k = 2069.72, respectively) yielded reasonable longitudinal compressive strengths. In
contrast, as shown in Figure 13, the idealised RVE incorporating perfectly aligned fibres (x = 00), did not
form a kink-band, due to the unrealistic spatial representation of the fibres, but a sort of crushing scenario, in
which the RVE failed at higher applied strains in a region near to the boundaries of the RVE, overpredicting

the mechanical performance of the material.

12
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[Figure 13 about here.]

By considering the non-uniform variation of the fibre waviness along the RVE, when this waviness was
relatively high, a local failure in the highest misaligned region was observed prior to ultimate failure. Figure 14
shows the contour plots of the equivalent plastic strain (equation (8)), at different stages of the damage
process, associated with an RVE with x = 1500. The first appearance of non-linearity was in a region where
the fibres were highly misaligned, leading to local damage propagation, and for a higher applied strain,

catastrophic failure of the material.
[Figure 14 about here.]

Interestingly, some RVEs exhibited a wedge-shaped kink-band, as shown in Figure 15. This was also seen
experimentally (Sun et al., 2019a, Wang et al., 2019), where, during compressive loading, localised areas of
the material having smaller degrees of misalignment formed fibre kink-bands which act together to move a

“wedge” of material upwards, thus leading to a different kink-band shape.
[Figure 15 about here.]

Even if fibre-matrix interfacial friction is expected to mostly affect the post-peak response, the effect of
friction on the mechanical performance of the material, up to peak load, was studied. Two RVEs having
different concentration parameters, i.e. & = 2000 and k£ = 8000 were analysed considering a frictionless
(1 = 0) interface. Figure 16a shows the longitudinal compressive reaction force vs. the applied displacement
for the two RVEs having different interfacial friction coeflicients. The difference in peak load is larger for the
RVE having the highest degree of misalignment, exhibiting a difference in approximately 5%, where the less
misaligned RVE did not show any substantial decrease in peak load, i.e. less than 0.01%. This is due to the
amount of frictional energy that is dissipated during damage propagation (see Figure 16b). As shown, the
amount of energy dissipated by friction is much greater for the case of the RVE with x = 2000, in comparison
to the RVE with x = 8000. The RVEs with a frictionless interface still exhibit a level of energy dissipation,

since the general contact algorithm implements friction with self-contact.

[Figure 16 about here.]

8.1.4. Kink-band width and fibre rotation angle

The developed kink-band is characterised by certain features, namely its width, angle, and fibre rotation
within the kink-band. There is strong empirical evidence which shows that for most thermoset-based com-
posites, when the kink-band is formed (before softening), the fibres within the band rotate by an angle of
15° < )Y < 30° (Soutis et al., 1993, Moran et al., 1995, Vogler, Kyriakides, 2001, Gutkin et al., 2010b). In
contrast, the values measured for both kink-band angle and width have been more disperse, i.e. 5° < E’gp <
30° (Kyriakides et al., 1995, Vogler et al., 2001, Lee, Soutis, 2007) and 25 pm < wy,” < 80 pm (Jelf, Fleck,
1992, Jumahat et al., 2010, Laffan et al., 2012, Zobeiry et al., 2015), respectively. The kink-band width, wyy,
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is shown to increase with increasing radii of the fibrous reinforcements, i.e. wy, o Ry (Fleck et al., 1995,
Budiansky et al., 1998), being approximately equal to 20 times the fibre radii (Soutis et al., 1993). The
kink-band angle, By, is not explored in this work, since, even if the applied BCs allow for its qualitative
representation (in Figure 14d: Sy, ~ 13°), for its proper evaluation, for different x, a thicker RVE is needed.

The kink-band width, wgp, was computed as the distance between the two extreme points of the kink-
band, which have the highest stress, as soon as the kink-band is formed, as suggested by Pimenta et al.
(2009). The fibre rotation angle, ¢xp, was measured as the angle that the kink-band forms with a horizontal
line. Figure 17 shows the local longitudinal stress along the kink-band for three different RVEs, having
different degrees of misalignment, where both the kink-band width and fibre rotation angle are highlighted.
Table 7 shows the estimated quantitative results of the kink-band width and fibre rotation angle, for different
concentration parameters, k. Moreover, the evolution of both wy, and ¢y, were quantified for the case
presented in Figure 11 - (A): wyp &~ 36 um and @g, ~ 6°; (B): wyp &~ 40 um and ¢p, ~ 12°; and (C1 =C2):

wip &~ 49 pm and g ~ 23°.
[Figure 17 about here.]
[Table 7 about here.]

From the aforementioned results, the kink-band width was found to be independent of the initial fibre
misalignment distribution. Looking at different fibre radii, a previous preliminary study conducted by the
authors, presented by Catalanotti et al. (2020), showed that, for larger fibre radii and same material system,
larger kink-band widths were estimated, i.e. wi, ~ 80 pm. The fibre rotation angles seem to gradually
decrease with x, where smaller degrees of misalignment, at peak load, promote slightly smaller overall fibre
rotation angles.

Despite the initial individual misalignment that each fibre presents when the kink-band is developed, all
tend to have the same orientation inside the kink-band. This can be verified in Figure 18, where different
fibres within the same RVE, having different initial misalignment distributions, just after peak load, exhibit

similar orientation angles in the kink-band.

[Figure 18 about here.]

3.2. Longitudinal tension

To accurately capture the behaviour of composite materials in longitudinal tension, the RVEs must be
large enough to capture both co-planar and disperse fibre break clusters. RVEs having an in-plane dimension
of H ~ 175 pm and a longitudinal dimension of L, =~ 500 pm, were generated. Due to the high computational
cost that these FE models yield, and based on previous micromechanical simulations (Tavares et al., 2016,
2017), the aforementioned dimensions were deemed sufficient. These RVEs encompass approximately 600
fibres. For this stress state, RVEs having four different degrees of misalignment were considered: x =

4000, k = 6000, k = 8000, and k = oo (see equation (1) and Figure 8) and only one simulation was
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performed per configuration. The in-plane dimensions of each finite element are approximately 0.8 wpm,
whereas their longitudinal dimension is approximately I$ = L,/150 = 4 pym. As mentioned by several
authors (Watson, Smith, 1985, Gulino, Phoenix, 1991, Tavares et al., 2017), the Weibull distribution may
lead to overestimations of the fibre strength at short gauge lengths, however, a refined discretisation of the
microstructure for such long RVEs is needed. Since the objective of this work is to analyse the effect of fibre
misalignment on the behaviour of the material, a Weibull distribution was deemed to be sufficiently accurate
to represent the stochastic distribution of the tensile strength of the fibres. Moreover, even if there are several
methods to determine clusters of broken fibres (Sibson, 1973, Murtagh, Contreras, 2012), here it is chosen to

evaluate the formation of fibre break clusters in a qualitative way.

3.2.1. Global response and formation of fibre break clusters

The longitudinal stress-strain curves for the four different RVEs are shown in Figure 19. For a better
understanding of the in-plane fibre break clustering process, three different points (associated with x = 00),
corresponding to different applied strains, are highlighted, as well as the corresponding contour plots of the
fibre (equation (6)) and matrix (equation (11)) damage, in the critical section of the RVE: 1) initial broken
fibres, as well as damage in the surrounding matrix; 2) development of a critical cluster, causing; 3) the

catastrophic failure of the material.
[Figure 19 about here.]

The overall longitudinal tensile mechanical response of the material is not substantially affected by the
initial fibre misalignment. Even if the Young’s modulus slightly decreases with decreasing x (from Ej; ~ 125
GPa to Fq1 ~ 121 GPa), the peak stresses are all very similar. With increasing strain, the number of broken
fibres increase, leading to the formation of small clusters of broken fibres. Despite the misalignment, the
same cluster-type formation was observed for all RVEs, where the maximum number of fibre fractures was
qualitatively the same.

The majority of fibres did not fail in the same plane, leading to the formation of disperse clusters, where

the locations of fibre breaks are observed in multiple locations along the length of the RVE (see Figure 20).

[Figure 20 about here.]

3.2.2. Local damage mechanisms

Certain local mechanisms such as the ineffective length, debond length, stress profile along a fibre, and
the effect of fibre-matrix interfacial friction and misalignment, are analysed in this section. These local
mechanisms are assessed with no prior cracks in the matrix, since they play an important role in the stress
recovery of the broken fibre and consequently in the debond length (Swolfs et al., 2015b). Moreover, there are
several parameters which locally affect the tensile damage process, such as, distribution of the microstructure,

material properties of the matrix constituent, and strain-rate (Zeng et al., 1997, Heuvel van den et al., 2000,
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Zhao, Takeda, 2000, Hobbiebrunken et al., 2007, Foreman et al., 2009, Swolfs et al., 2015b, Tavares et al.,
2017), where most of which were analysed by Tavares et al. (2019a) using the Spring Element Model (SEM).

The ineffective length is a measure of the stress recovery length of the fibre and can be defined as twice
the length at which the broken fibre is able to carry 90% of the applied stress (Rosen, 1964). To analyse this
effect, fibres which were far from the boundaries of the RVEs were chosen to give a more detailed evaluation
of the local damage mechanisms. Figures 21a and Figures 21b show the contour plots of the longitudinal
stress and cohesive interfacial damage along the length of a single fibre inside an RVE with « = oo, for
different friction coefficients and same applied strain, just after fibre breakage. Fibre breakage was promoted

at its centre, by artificially decreasing the local tensile strength of the central elements to 4050 MPa.
[Figure 21 about here.]

By increasing the friction coefficient, both ineffective and debond length are reduced, leading to a higher
stress recovery profile of the fibre, slowing down the damage process. Moreover, Figure 21c shows the
numerical predictions of the volumetrically homogenised longitudinal stress along the single fibre, for different
friction coefficients. After fibre fracture, different interfacial friction coefficients lead to slightly different stress
profiles, where for the same longitudinal position, a greater homogenised stress can be observed, leading to
an ineffective length of ~ 68 pym and ~ 55 pm, for a frictionless interface and for one considering p, = 0.70,
respectively.

To locally assess the effect of fibre waviness, two different fibres positioned far from the boundaries of the
RVE, having qualitatively a different degree of misalignment, were chosen inside an RVE with x = 4000. In
Figures 22a and 22b, the contour plots of the fibre-matrix interface damage and longitudinal stress, for the
two different fibres are shown, and Figure 22c shows the volumetrically homogenised longitudinal stress of
each cross-section, along each fibre, having qualitatively different degrees of misalignment for central elements
having two different failure strains (6? = 0.6% in red and E?C = 1.1% in blue). The friction coefficient was

kept constant and equal to pu, = 0.52.
[Figure 22 about here.]

For both analysed failure strains, the ineffective length increases with initial fibre misalignment. The
difference between the ineffective length of a fibre having a small and a high degree of misalignment, was
approximately 10 pm, for both failure strains. Additionally, it was noted that the debonded length increases
with increasing failure strain. The changes in the local damage mechanisms, due to initial fibre waviness, may
alter the development of fibre break clustering, as they change the local stress redistribution to neighbouring
fibres, after fibre breakage. However, the overall behaviour of the composite is not directly connected to the
local effects acting on a single fibre, but a bigger collection of fibres, possibly making these individual damage
mechanisms, which act in a particular region of a single fibre, negligible when comparing to the longitudinal

tensile strength distribution.
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4. Conclusions

The importance of representing the realistic 3D microstructure of UD composite materials was addressed
in this work, namely when the material is submitted to a longitudinal (fibre-direction) stress state. A
computational finite element micromechanics framework was built, using a recent methodology to gener-
ate the initial fibre misalignment via a combination of a stochastic process and an optimisation proce-
dure (Catalanotti, Sebaey, 2019). RVEs having different degrees of misalignment were then generated to
simulate the longitudinal compressive and tensile failure, and analyse the associated intrinsic damage mech-
anisms.

Different results associated with the compressive failure of the material by fibre kinking were obtained
using the present framework. It was observed that by decreasing the degree of misalignment of the RVEs
(increasing ), both Young’s modulus and peak stress increased, where these results have shown to have a
best fit using linear and rational functions, respectively. The RVEs having a more realistic x (experimentally
obtained by Sebaey et al. (2019)), yielded peak stresses comparable to empirical compressive strengths of
different material systems (Hexcel, 2016a,b). Moreover, the present framework enabled the analysis of the
kink-band width and of the fibre rotation inside the kink-band. The kink-band width was found to be
independent of initial fibre waviness, in contrast, the fibre rotation angle was sensitive to it, where bigger
degrees of initial misalignment lead to higher fibre rotation angles. Additionally, despite having different
initial misalignment, after peak load, fibres which belong to the same RVE, exhibited similar orientation
angles, in the kink-band region. Finally, friction seems to play a role for lower concentration parameters
(higher misalignment), in which the energy dissipated by friction was higher.

The failure mechanisms associated with a longitudinal tensile loading were also evaluated. By generating
RVEs with different fibre misalignments, the overall performance of the material remained unaltered, i.e. the
peak stress remained the same and the Young’s modulus changed slightly. Moreover, the RVEs exhibited
similar damage patterns, leading to a similar type of fibre break clustering. More detailed analyses were
undertaken to assess the effect of friction and degree of misalignment on the local load carrying capacity of
the broken fibres. Friction was shown to decrease the ineffective length of the fibres, whereas misalignment
increased the ineffective length, possibly leading to a faster progression of damage, changing the stress
redistribution to neighbouring fibres. However, these local phenomena do not seem to dictate the final failure
of the material, making the variation of the longitudinal tensile strength of the reinforcements the most
influential parameter on the final failure of the material.

Idealised representations of the microstructure cannot properly represent fibre kinking. In contrast,
a more realistic spatial distribution (Catalanotti, Sebaey, 2019) guarantees a correct representation of the
damage mechanisms associated with longitudinal compressive failure of UD materials. Despite the magnitude
of the initial fibre misalignment, the longitudinal tensile behaviour and failure mechanisms were all very
similar. There are certain limitations which were not assessed here. Fibre compressive and/or shear failure

was not considered, due to a lack of strength characterisation testing of neat fibres, which can lead to an
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overestimation of the local and overall performance of the material for small degrees of fibre misalignment.
Finally, there is a need for developing analytical /semi-analytical models which are able to take into account
the stochastic variability of the initial waviness of the reinforcements, thus yielding representative estimations
of the parameters associated with compressive failure by fibre kinking.

This study has shown that micromechanics can be treated as a reliable computational tool to analyse
certain geometric and material variabilities which cannot be assessed using ply- or laminate-level analyses.
Further studies can encompass the investigation of the effect of initial fibre waviness on the transverse tensile
and compressive response, in- and out-of-plane shear loading scenarios, as well as other biaxial and triaxial

loading conditions.
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(a) (b)
Figure 1: (a) Micrograph of a developed kink-band, highlighting its width, wgy, angle, Bkp, and the fibre rotation angle, ¢y,

from Jumahat et al. (2010) (with permission); (b) schematic representation of the longitudinal compressive response of an UD
composite material, highlighting the different loading stages.

0° plies  90° plies

(a) (b)

Figure 2: (a) CT image of a fracture surface of a cross-ply laminate, from Laffan et al. (2010) (with permission) and (b) SRCT
image of disperse (left) and co-planar (right) fibre break clusters, from Swolfs et al. (2015a) (with permission).
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Figure 3: Spatial descriptors that characterise 3D fibre waviness (the green line portraits a representative fibre).
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Figure 4: Results associated with a 3D fibre distribution with x = 2000.
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Figure 6: Representation of a misaligned micromechanical RVE, highlighting its different faces. White - epoxy matrix; red -
carbon fibres.
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Figure 7: Representation of the main, 1-direction, of each element of a highly misaligned fibre.
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having a constant aspect ratio of A, = 4. The red points indicate the corresponding normalised peak stress.
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Figure 10: Preliminary results to assess the effect of mesh density on the quantitative results (x = 4000).
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(b) Contour plots of the equivalent plastic strain of the epoxy matrix, at different stages of the damage process (blue
- 0.0; yellow - 0.19; red - 0.25).

Figure 11: Numerical results associated with an RVE with x = 3000, in longitudinal compression.
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Figure 12: Numerical results showing the effect of the initial fibre misalignment on the longitudinal compressive response.
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Figure 13: Contour plots of the equivalent plastic strain of an RVE with kK = oo, showing the localisation of damage at one of
the boundaries of the RVE, when submitted to longitudinal compression, just (a) before and (b) after peak load.
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Figure 14: Deformed configuration of an RVE with x = 1500, highlighting the contour plots of the equivalent plastic strain at
different stages of the damage process in longitudinal compression: (a) non-linearities in the most misaligned region; (b) damage
propagation along this region; (c) severe damage propagation along the height of the RVE before peak load; (d) fracture of the
material after peak load.
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Figure 15: Deformed configuration of an RVE with x = 8000, just after peak load, exhibiting a wedge-shaped kink-band.
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Figure 16: Numerical assessment of the influence of friction between constituents considering two degrees of misalignment in
longitudinal compression. The red points indicate peak load.
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Figure 17: Contour plots of the local longitudinal stress along the kink-band, highlighting the fibre rotation angle of the fibres
and kink-band width, associated with RVEs having: (a) x = 2000; (b) x = 4000; and (c) x = 6000 (only the kink-band region
is shown).
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Figure 18: Bi-dimensional (z and z) central spatial coordinates of different fibres, with different degrees of misalignment, of the
same RVE (k = 2000), having an undeformed (dashed lines) and deformed (solid lines) configurations at peak load.
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Figure 19: (a) Longitudinal tensile stress-strain curves of four RVEs having different distributions of the initial fibre misalignment,
r; (b) corresponding contour plots of the matrix and fibres damage variable, at different stages of the damage process, for an
RVE with k = 6000.
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Figure 20: Contour plots of both matrix and fibres damage variable for an RVE with x = oo, at different longitudinal sections:
(a) Ay/Ly =0.31; (b) Az/Ly = 0.53; and (¢) Az/Lz = 0.78.
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Figure 21: (a) and (b) Contour plots of the longitudinal stress (o11) and fibre-matrix interface damage (CSDMG) along a single
fibre inside an RVE, considering - = 0 and pr = 0.70, respectively; (c) numerical results of the distribution of the longitudinal
stress along a single fibre inside an RVE with k = oo, for different p~ (the results associated with only half a fibre are shown).
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Figure 22: (a) and (b) Contour plots of the fibre-matrix interface damage (left - CSDMG) and longitudinal stress (right -
o11 in MPa), exhibiting the debond length, for a fibre having, qualitatively, a “Small” and a “High” degree of misalignment,
respectively; (c) numerical predictions of the volumetrically homogenised longitudinal stress along each fibre having different
degrees of misalignment (red lines - z—:(} = 0.6%; blue lines - z—:(} =1.1%).
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Table 1: AS4 carbon fibre material properties (Soden et al., 1998, Bai et al., 2015, Herrdez et al., 2016, Tavares et al., 2016).

Material property Value
Fibre diameter

2R, [mm] 0.006
Fibre volume fraction

wy (%] 55.9
Young’s moduli

EI, [MPa 225000
EJ, [MPa] 15000
Poisson’s ratio

V{2 [ 0.2
Shear moduli

GJ, [MPa] 15000
G} [MPa] 7000
Mode I fracture toughness

G/ [N/mm] 0.05
Weibull parameters

oo [MPa] 4275
mo [—] 10.7
Lo [mm] 12.7
Density

ps [kg/mm?] 1.78 x 1076

Table 2: Matrix material properties (Melro et al., 2013b, Arteiro et al., 2014, 2015).

Material property Value
Young’s modulus

E,, [MPa] 3760
Poisson’s ratio

Vm [-] 0.39
Plastic Poisson’s ratio

vh -] 0.3
Tensile strength

Xt [MPa] 93
Compressive strength

X< [MPa] 180
Mode I fracture toughness

G7% [N/mm)] 0.277
Density

pm [kg/mm®] 1.3 x 1076
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Table 3: Fibre-matrix interface properties (Melro et al., 2013b, Arteiro et al., 2014, 2015).

Material property Value
Interface stiffness

K [N/mm’] 108
Interface strengths

7 [MPa] 75
79 [MPal] 75
79 [MPa] 50
Interface fracture toughnesses

Gre [N/mm)] 0.002
g]]C [N/mm] 0.006
g]]]C [N/mm] 0006
Mixed-mode interaction parameter

TBK [-] 1.45
Friction coefficient

oo 0.52

Table 4: Size of the RVE vs. normalised numerical predictions of the peak stress.

cu

In-plane dimension, H [pgm] Number of fibres, ny [#] Normalised peak stress, % (%]
11
SRy =15 4 7.7
10R; = 30 16 82.5
15Ry =45 36 86.8
20R; = 60 64 90.4
25R; =175 120 99.2
30R; =90 168 100.0

Table 5: Quantitative results for different mesh densities.

Element size [um] N. of elements [#M] Normalised peak stress, ;2(1” [%] Computational time, C' [h]
11
~ Ry /2 ~1.1 51.2 108.5
~ Ry/3 ~ 3.4 75.5 140.0
~Ry/4 ~ 6.0 94.4 191.8
~ Ry /5 ~7.2 99.4 243.9
~ R;/6 ~9.4 100.0 317.4

Table 6: Numerical predictions of the mean compressive Young’s modulus, Ef,, mean peak stresses, o{}', and their corresponding
standard deviations, for different von Mises concentration parameters, k.

Kk = 1500 Kk = 2000 k=3000 K =4000 Kk =6000 k= 8000 K = 00
Ef, [GPa]  111.5%03 115.6%03  118.4%07  119.8%0-6 1222403 123 2+02 125 1401
a.fvli [MP&] 1785:|:133.38 1907i120.19 2148:|:86.5 2589:t167.6 3048:|:103.0 3561:|:53.3 5114i122.7

Table 7: Mean estimated results associated with the kink-band width, wyy, fibre rotation angle, ¢gp, and their corresponding
standard deviations, for different von Mises concentration parameters, k.

Kk = 1500 Kk = 2000 Kk = 3000 Kk = 4000 Kk =6000 k= 8000
Wi [pm]  50.17E0-88  50.69EL62 49 43+111 5 77ESAT 49 ggE2.83 51 ggE3.31
Oib [o] 23.87i0'49 23.44:|:0.57 23.19:|:0.5O 22.44:|:0.47 21.91:|:0.31 20.73:|:0.18
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