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Abstract

A micro-mechanical finite element model of a composite sublaminate is pro-
posed to study the mechanical response of ultra-thin plies, consisting of a rep-
resentative volume element of a 90° thin lamina in-between two homogenised
+6° plies. Random fibre distributions, materially and statistically equivalent
to real distributions, are analysed. A three-dimensional computational micro-
mechanics framework, with a special focus on the elastic-plastic and damage
constitutive behaviours_ of the matrix and on the response of the fibre-matrix
interface, is used in the present analysis. Varying the 90° ply thickness, it is
possible to assess its effect on the mechanical response of laminated composites
— the in situ effect. The proposed framework is able to accurately represent the
micro-mechanical response of ultra-low grades, including (i) the mechanics of
transverse cracking onset and propagation, (ii) the constraining effect observed
in the lJaminae embedded in multidirectional laminates, (iii) the gradual, slow
stress relaxation and progressive transverse cracking observed in very thin plies,
and consequent increase of the crack density, (iv) the reduction in crack-opening
displacement of the transverse cracks with ply thinness, (v) the formation of thin
necks of matrix material around the regions where interfacial damage is more

pronounced, and (vi) the in situ strengths.
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1. Introduction

The effect of ply thickness on the onset of ply damage (transverse cracking)
and delamination is extremely important for the prediction of the mechanical
response of laminated composite structures. This is of particular significance
when dealing with the most recent spread-tow, ultra-thin grades, where dry ply
thicknesses can be extremely low.

The spread tow thin-ply technology [1, 2] is a recent technology of great
interest. This technique is able to continuously-and stably open fibre tows,
and produce flat and straight plies with dry ply thicknesses as low as 0.02 mm,
considerably below the standard for CFRP low grade tapes. Widely opened
tows can be cost-effectively obtained from thick tows, such as 12K filament
tows or higher, without damaging the filament fibres.

The potential benefits of such ultra-thin plies are several. On one hand, the
use of thinner plies allows the production of thinner and lighter laminates and
structures. On the other hand, per given laminate thickness, more plies can
be accommodated (particularly interesting for thin laminates), increasing the
design space-and leading to a possibility of using smaller relative fibre angles
between adjacent plies. This is beneficial when it comes to interfacial fracture
between plies [3]. Also, by reducing the ply thickness in a multidirectional lam-
inate, the in situ effect, characterised by an increase in transverse strength of
a lamina constrained between two plies with a different fibre orientation, gains
additional importance. Matrix cracking and delamination can, therefore, be
delayed [4-6] without the use of special resins and/or through-the-thickness re-
inforcements, providing high strength and enhancing fatigue life. In terms of
design and manufacturing, spread-tow plies are known to exhibit improved fibre
orientation and distribution, potentially leading to fewer weak zones. Other ben-
efits include easier homogenisation (opening perspectives for automated, con-

tinuous lay-up) and potential to use heavier tow yarns, which can significantly



reduce production costs. There is also a huge potential for production of im-
proved textile and non-crimp fabric reinforcements, whose handling and lay-up
procedures, even over complex shapes, are much easier [7]; thinner fibre tows
can result in lower crimp angles and in a reduced impact of the stitching yarns.
Therefore, it is not surprising to see that the interest of the scientific and in-
dustrial communities in this new technology has increased drastically in the last
years [4-6, 8-27].

When embedded in a multidirectional laminate, the laminae whose fibre
orientation is perpendicular to the loading direction develops transverse cracks
at strains lower than the failure strain of the entire laminate [4, 5]. Consequently,
the actual strengths and the crack density in such transverse plies typically are
not only higher than those measured in unidireetional (UD) coupons, due to the
constraints imposed by the neighbouring plies, as they reportedly increase with
decreasing ply thickness [4, 5, 28]. In fact, early research about the strength
prediction of multidirectional laminates has shown that using as ply properties
those measured directly from UD plies, regardless of ply orientation or laminate
thickness, results in very conservative predictions that could differ substantially
from the experimental results [29].

Several experimental studies in the literature show that the transverse tensile
strength (Y7) and the in-plane shear strength (Sz) of a ply are function of ply
thickness [29-35] and fibre orientation (or stiffness) of the adjacent plies [29, 33],
whereas analysis methods show they are also a function of the ply’s position in
the laminate [28]; thus, they cannot be treated as intrinsic lamina properties
[29, 33].

This is a deterministic size effect that occurs at the meso-scale, known as
the in situ effect. Typically, it is taken into account by using fracture mechanics
models that predict the relation between the ply thickness, its fracture toughness
and the in situ strengths [28, 36], whose accurate determination is necessary
for implementation of any physical based failure criteria for matrix cracking
in constrained plies (see, for instance, Refs. [37-43]). Note that, in the case

of in-plane shear, linear elastic fracture mechanics (LEFM) alone is not able



to accurately predict the in situ strength, and the nonlinear shear response
typically observed in laminated composites must be included in the prediction
models [28].

For very low ply thicknesses, such as those of the thinner spread tows, frac-
ture mechanics predictions of the in situ strengths yield asymptotic results when
the ply thickness tends to zero. Therefore, an understanding of the in situ ef-
fect for such ply thinness is of crucial importance, namely for the development
of physically meaningful analytical models applicable at this scale. However,
experimental analysis based on in situ observations of very thin plies are ex-
tremely difficult, not only because it is hard to identify any transverse damage
at this scale, but also because the applied strains needed to develop such dam-
age mechanisms are so high that conduct to failure (or severe damage) of the
constraining material. A possible way through for the understanding of the in
situ effect is the use of computational micro-mechanics.

Recently, Saito et al. [4] experimentally evaluated transverse cracking con-
straining on thin-ply carbon-epoxy cross-ply laminates. The thickness of the
inner 90° layer varied between 0.040 mm (single ultra-thin ply) and 0.160 mm
(block of four ultrasthin plies). In an interesting analysis approach, these au-
thors reported @ much lower crack-opening displacement (COD) for the thin
90° ply when compared to blocks of two and four plies. This was clearly a
constraining effect caused the stiff 0° plies adjacent to the inner 90° ply. For
the thickest transverse laminae, the matrix crack extension, which occurred
suddenly through the lamina thickness, led to stress relaxation, whereas, for
the thinner transverse laminae, matrix cracking extended gradually, eventually
without completely penetrating through the thickness, making stress relaxation
much more difficult. The higher stress field maintained in the thinner transverse
laminae caused, therefore, new matrix cracks to occur, increasing the crack den-
sity. A crack suppression effect was shown to exist, attributed to a decrease in
the energy release rate (ERR) at the crack tip as the ply thickness decreases.

In a complementary study, Saito et al. [5] numerically investigated matrix

cracking restriction in the inner transverse ply in a thin-ply laminate, and the



effect of the stiffness of the adjacent plies, to clarify the mechanisms of transverse
damage suppression in thin-ply laminates. A two-dimensional micro-mechanical
model, simulating a representative volume element (RVE) of an embedded ply
subjected to transverse tensile loading, where fibres and matrix were discretely
represented, was used. A “weak interfacial strength” was assumed between
matrix and fibres, modelled using cohesive elements in the interfaces.” The
fibres distribution in the RVE of the 90° ply was modelled mimicking the in situ
observations on the actual specimens tested in Ref. [4]. The widths of the RVEs
were defined using the experimentally observed crack density information, such
that the area modelled along the length direction contained only one transverse
crack. An initial thermal step has been performed to account for the residual
stresses of the curing process in the RVE. Standard boundary conditions were
applied to the RVE. A bilinear elastic-plastic constitutive model was used to
model the mechanical behaviour of the matrix. Failure was assumed to occur
when the tensile or shear strains in the matrix reached their critical values,
and the moduli of failed matrix was reduced to 10% of the original moduli.
The numerical results were consistent with the experiments [4], with drastic
penetration of the transverse cracks for the thicker 90° plies. When having 45°
plies adjacent to the inner 90° layer, matrix crack propagation was faster than
when having 0° adjacent plies, confirming the effect of the stiffness of adjacent
plies on the constraining imposed to the 90° laminae [33].

In order to improve the analysis carried out in Ref. [5], particularly through
the analysis of transverse cracking development in ultra-thin plies with thick-
nesses as low as 0.020 mm, a recent three-dimensional (3D) computational
micro-mechanics framework [44, 45] is employed in the present work. This
framework gives particular emphasis to the constitutive behaviour of the differ-
ent constituents and to the characteristics of the RVEs under analysis, enabling
an accurate representation of the micro-mechanical phenomena without relying
on empirical observations.

The ability of damage models to predict physical phenomena, such as the ini-

tiation and propagation of damage, strongly depends on the scale (or resolution)



at which the (failure) mechanisms under consideration are modelled [46, 47]. In
fact, the conceptual idealisation of the damage process, i.e., the identification,
characterisation and formulation of the governing physical principles of damage
evolution, may span from molecular dynamics scales to structural mechanics
scales, including the intermediate micro- and meso-mechanics [47]. In the case
of composite laminates, where the in-plane dimensions exceed the length scale
at which delamination, matrix cracking and fibre debonding take place by one
to several orders of magnitude, the proper definition of the modelling scale has
particular importance [46].

At lower structural scales, damage idealisations have higher resolution and
higher kinematic freedom, and they are able to recreate all kinds of damage
mechanisms, each of these captured with separate damage laws [47-49]. Micro-
mechanical scale models, based on the constituent level, represent what is nor-
mally the smallest scale of composite damage idealisation [47, 49, 50]. Due
to the sophistication of the modelling techniques and to the ever-increasing
computational power, computational micro-mechanics has been emerging as an
accurate and reliable tool to study the mechanical response of laminated com-
posites. Within this framework, experimental data on the properties of the
fibres and matrix materials, which are seen as individual homogeneous materi-
als, are used to study the constitutive behaviour and to obtain the macroscopic
properties of a composite lamina [49-51], not only the elastic constants, but
also the strength properties under diverse loading conditions. Detailed matrix
damage mechanisms, such as matrix plasticity and damage, and fibre-matrix
interface cracking can be easily represented by means of the numerical simu-
lation of the deformation and failure of an RVE of the microstructure, where
fibre, matrix and their interface are modelled with the appropriate constitutive
equations. Therefore, the micro-scale is the ideal damage scale to analyse in-
tralaminar fracture, in particular the ply thickness and constraining (in situ)
effects on matrix damage initiation and propagation.

An RVE can be defined as the smallest volume fraction of the material whose

properties are representative of the global mechanical performance of the ma-



terial system [52, 53]. Therefore, an important issue when using computational
micro-mechanics is the minimum size of the RVE. It cannot be too large, as this
would endanger the possibility to numerically analyse it, but it cannot be too
small, since it should contain all the necessary information about the statistical
description of the microstructure, so that the average properties of this volume
element are independent of its size and position within the material [54, 55].
This critical RVE size depends on the phase and interface properties; and on
the spatial distribution [54]. In addition to the size of the RVE, other important
issues are fibre size distribution, volume fraction and spatial arrangement of re-
inforcements in the matrix. This spatial arrangement is usually not periodic
and is highly dependent upon the manufacturing process [55]. To accurately
reproduce the onset and evolution of damage in the matrix, it is important
to represent properly the transverse randommess of the fibre distribution (i.e.
distance to first neighbours, occurrence of clusters of fibres, etc.) [55, 56].

However, in the computational analysis of composite materials, periodic RVE
are often employed, assuming that the material has a deterministic and ordered
distribution of fibres, mainly because this assumption leads to lower compu-
tational costs [56, 57].~To understand if this type of assumption conducts to
worse results than when using RVEs with randomly distributed fibres, Trias et
al. [57] compared the stress and strain distributions between a periodic and
a randem model for a carbon fibre reinforced polymer (CFRP), established in
Ref. [56]. This comparison showed that periodic models can be used for the
simulation of effective properties when the accuracy required is not so high (the
difference in the Young’s modulus was about 12% and in the Poisson’s ratio
about 6%); however, for any statistical analysis or for the simulation of local
phenomena such as local damage or matrix cracking, random models must be
considered. Clearly, this is an important feature to take into account in the
micro-mechanical analysis of the in situ effect.

Another relevant aspect in the development of micro-mechanical models is
the correct definition of the constitutive behaviour of the composite material’s

constituents, in particular of the matrix material. For example, epoxy resins,



which are typically used in advanced composite laminates, are known to be pres-
sure dependent and extremely ductile under shear loading. Unlike the standard
nonlinear models, such as the Mohr-Coulomb and the Drucker-Prager elastic-
plastic models, or other alternative plastic models that do not consider hard-
ening effects, Melro et al. [44, 45] proposed and implemented a new pressure
dependent, elastic-plastic thermodynamically consistent damage model that is
able to properly represent the most relevant characteristics of epoxy matrices,
namely the pressure dependency on its yield and failure behaviour, and the
shear nonlinear-almost perfectly plastic behaviour.

In this work, a micro-mechanical finite element (FE) model of a thin-ply
carbon-epoxy sublaminate, consisting of an RVE of @ 90° thin lamina in-between
two homogenised +6° plies, is used to study the mechanical response of ultra-
thin spread tows. This RVE is created using an adaptation of the algorithm
proposed in Ref. [55], which is able to generate random fibre distributions
(even for high values of fibre volume fractions) that are materially and statisti-
cally equivalent to real distributions in the transverse cross-section of laminated
composites. A computational micro-mechanics framework proposed recently
[44, 45], with a special focus on the matrix material behaviour and fibre-matrix
interface, is used in this analysis. The matrix is modelled using a pressure de-
pendent, elastic-plastic damage model, and cohesive elements are used to model
the interface between matrix and fibres [44]. Cohesive elements are also used to
simulate delamination between the 90° lamina and the adjacent homogenised
+60° plies. Varying the 90° ply thickness, it is possible to assess its effect on
the mechanical response of laminated composites (in situ effect). In addition,
a truthful insight on the mechanics of thin-ply laminates is sought using the
proposed micro-mechanical model, including a better understanding of their
damage mechanics and of the mechanisms that preclude both microcracking

and delamination, as observed elsewhere [4, 6, 10, 11, 19, 20, 24, 26].



2. Constitutive modelling

The FE model of the thin-ply sublaminate consists of three main parts,
namely a micro-mechanical RVE of a 90° thin lamina, two adjacent homogenised
+6° plies, and the interfaces between the 90° lamina and the homogenised plies.
The RVE of the 90° thin lamina is composed by a random distribution of fi-
bres, generated using an adaptation of the algorithm proposed in Ref.  [55],
embedded on an epoxy matrix, and the interfaces between fibres and matrix.
The homogenised +6° plies are intended to simulate the mesoscopic elastic be-
haviour of the surrounding laminae and its effect on the mechanical response and
on the damage initiation and growth in the mid-90° ply. The interfaces between
the 90° lamina and the homogenised plies, and the corresponding interlaminar
damage onset and propagation, are simulated using cohesive elements. The con-
stitutive models for each of these materials are briefly described in the following

sections.

2.1. Reinforcing fibres

In this work, a simple transversely isotropic, linear-elastic constitutive model
is used to simulate the individual reinforcing carbon fibres. The diameter of the
individual fibres is considered constant in the entire RVE [45]. Table 1 shows
the material properties of standard carbon fibres, used in the present micro-

mechanical model.

[Table 1 about here.]

2.2. Epoxy matrix

The epoxy matrix is modelled using the elastic-plastic constitutive model
with damage proposed in Ref. [44], implemented as an UMAT user subroutine
of the FE commercial software Abaqus® [58]. The initial elastic behaviour is
defined by a linear relation between the stress tensor and the elastic strain.

A paraboloidal yield criterion, defined as a function of the stress tensor and



of the compressive and tensile yield strengths, is used together with a non-
associative flow rule, which allows for a correct definition of the volumetric
deformation in plasticity. The tensile and compressive hardening functions are
provided by two piecewise functions of the equivalent plastic strain. Since it is
fully differentiable, the paraboloidal yield function is integrated by means of a
general return mapping algorithm.

Damage in the epoxy matrix is modelled by a single damage variable that
affects only the Young’s modulus of the material once activated. This isotropic
damage model is defined in a thermodynamically consistent way, ensuring ir-
reversibility of the damage process. Damage onset is defined by a damage ac-
tivation function similar to the paraboloidal yield eriterion, but using the final
compressive and tensile strengths of the epoxy matrix instead of yield strengths
and the concept of effective stress tensor, i.e., the stress tensor calculated using
the undamaged stiffness tensor [44]: To avoid damage localisation (mesh size
dependency), Bazant and Oh’s crack band model [59], which makes use of the
characteristic length of the FE and the fracture toughness of the epoxy ma-
trix to regularise the computed dissipated energy, is implemented along with
the definition of the damage evolution law [44]. The chosen damage evolution
law forces damage localisation and strain softening on the material under ten-
sile load, but under compressive load, the influence of the hydrostatic pressure
causes.a different evolution of the damage variable. The progression of damage
is softer than in the tensile case, which suggests a slower propagation of damage
[44]. For more details, the reader is referred to Refs. [44, 45].

Fiedler et al. [60] characterized the stress-strain behaviour of a typical epoxy
matrix material (Toho # 113) under tension, compression and shear. The rele-
vant elastic and strength properties needed to model the material behaviour of
the epoxy matrix were extracted from these experimental results, as well as the
hardening data for both tension and compression. The plastic Poisson’s ratio
has been determined by Guild et al. [61], which is considered a standard value
for epoxy resins, and the fracture toughness (or critical energy release rate, G.)

used in this work is a mean value of the values reported in the literature [45].
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The epoxy matrix material properties are shown in table 2, and the yield curves

for both tension and compression are shown in figure 1.
[Table 2 about here.]

[Figure 1 about here.]

2.8. Fibre-matrix interface

The interface between fibre and matrix is modelled using the cohesive el-
ements of the FE commercial software Abaqus® [58]. . The cohesive element
behaviour is defined by a bilinear traction-separation damage law. Mode de-
pendent cohesive elements’ strengths are considered, and the rate of damage
progression is controlled by the fracture energy (or critical energy release rate)
of the cohesive element under mode I, mode II; or mixed-mode, according to
the BK law [62].

Table 3 shows the material ‘properties of the fibre-matrix interface. The
initial stiffness K is set to maintain continuity of the stress and strain fields
between fibres and matrix. The values of the interface fracture energies G;. and
Grr1e, although somewhat low, are justified not only by experimental evidence
(see, for instance, Varna et al. [63]), but also from previous micro-mechanical
numerical analyses [45, 64], which have demonstrated that the brittle behaviour
in transverse tension typical of composites is only captured for such low values

of interfacial toughness [45].

[Table 3 about here.]

2.4. Homogenised outer plies

The outer plies are modelled assuming a linear-elastic transversely isotropic
material behaviour. Since they are introduced in the micro-mechanical model to
assess the effect of the stiffness of the adjacent plies in the mechanical response
and damage evolution of the intermediate 90° lamina, no nonlinear or fracture

behaviour are considered.
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The IM7/8552 carbon-epoxy composite laminate is used to model the outer
plies of the proposed RVE, as the corresponding material properties are available

in several publications [65-67]. Table 4 shows the relevant material properties.

[Table 4 about here.]

2.5. Plies interface

The interfaces between the intermediate 90° lamina and the adjacent ho-
mogenised £6° plies are modelled using the cohesive elements in Abaqus® [58].
Similarly to the fibre-matrix interface, the cohesive element behaviour is defined
by a mode dependent bilinear traction-separation damage law. Once again, the
rate of damage progression is controlled by the fracture energy of the cohesive
element under mode I, mode II, or mixed-mode, according to the BK law [62].

The interlaminar properties of the IM7/8552 carbon-epoxy composite lami-
nate [39] are used to model the interfaces between the intermediate 90° lamina
and the adjacent homogenised +6° plies. The main reason for this consider-
ation is the use of the IM7/8552 elastic and physical properties to model the

homogenised outer plies. Table 5 shows the corresponding material properties.

[Table 5 about here.]

3. Finite element modelling

3.1. Finite element discretisation

Figure 2 shows a schematic view of the thin-ply sublaminate RVE, where b
is the thickness of the intermediate 90° lamina (zz-direction), ¢ is the thickness
of each individual outer ply, constant and equal to 0.075 mm throughout the
analysis, a is the RVE’s width (yy-direction), defined to ensure the representa-
tiveness of the different RVEs analysed in the present work (see table 6), ¢ is
the RVE’s thickness (zz-direction), constant and approximately equal to two
times the average element size of the 90° ply mesh, and 6 is the orientation of

the outer plies, which is kept constant and equal to 0°.

12



[Figure 2 about here.]
[Table 6 about here.]

Different 3D RVEs of the thin-ply sublaminate, with varying transverse ply
thickness (b) and, when necessary, varying RVE’s width (a) — see figure 2 and
table 6 — have been generated using an adaptation of the algorithm proposed
by Melro et al. [55]. Several 90° ply thicknesses are studied, spanning from the
ultra-thin 0.02 mm to the more conventional 0.14 mm.

Following Melro et al. [45], linear hexahedral elements with reduced integra-
tion (Abaqus® C3D8R) are used to generate the mesh of the 90° intermediate
ply (both matrix and fibres). However, due to the randomness of the distribu-
tion of reinforcements and consequent difficulties to mesh this geometry, some
linear wedge elements (Abaqus® C3D6) are also included in the mesh. Ac-
cording to Melro et al. [45], the wedge elements present no influence in the
meso-mechanical behaviour of the composite. Abaqus® C3D8R. elements are
also used to generate the mesh of the homogenised outer plies. For the interface
between fibres and matrix and for the interface between the mid-90° ply and
adjacent homogenised plies, 8-node cohesive elements (Abaqus® COH3DS8) are
used. Figure 3.shows a representative FE discretisation of part of an RVE with

a 0.040 mm thick 90° intermediate ply.

[Figure 3 about here.]

3.2." Loading and boundary conditions

A transverse tensile load is applied to the RVE, corresponding to a total ho-
mogenised strain of 2.0% in the transverse (yy-) direction, resulting in transverse
damage in the RVE.

Periodic boundary conditions (PBCs) are applied to the thin-ply sublami-
nate RVEs in the zx- and yy-directions. Although the authors recognise that
the use of this type of boundary conditions affects the damage pattern results

[45], and that additional studies have to be conducted to assess its impact, it is
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considered that the appropriate definition of boundary conditions in RVE-based
modelling is outside the scope of the present work.

The imposition of PBCs in the finite element analysis (FEA) follows Melro
et al. [45]. Linear multi-point constraints are used, i.e., kinematic constraints
imposed on the degrees of freedom of each pair of nodes belonging to opposite
faces, edges or vertices of the RVE. These equations include the corresponding
degrees of freedom, as well as the far-field applied strains. Depending on the
nodes position — faces, edges or vertices — a different set of equations is ap-
plied to their degrees of freedom to solve compatibility issues between different

kinematic constraints [45].

4. Results and discussion

Figures 4 to 7 show the contour.plots of the matrix damage variable on
RVEs of 90° laminae with thicknesses between 0.020 mm and 0.080 mm at
applied strains ranging from 0.6% to 2.0%. Only sublaminates with 0° outer
plies are considered. Figure 8 shows the contour plots of the equivalent plastic
strain in the matrix at an applied strain of 2.0%. Although only one random
distribution of fibres is presented for each case, it is representative of other

random distributions in terms of damage localisation.
[Figure 4 about here.]
[Figure 5 about here.]
[Figure 6 about here.]
[Figure 7 about here.]
[Figure 8 about here.]

As expected, a crack develops along a direction transverse to the applied
load (see figures 4 to 7). Similarly to what was observed experimentally from in

situ observations [4] (and confirmed numerically in Ref. [5]), damage starts in

14



the narrower portions of matrix between the closest adjacent fibres aligned with
the loading direction at approximately the same applied strain (in the present
case at around 0.56-0.58%), first as fibre-matrix decohesions, then followed
by matrix cracking. Even though not clear in figure 4a, due to the reduced
COD, for an applied strain of 0.6% fibre-matrix decohesion has also occurred
in the thinner (0.020 mm thick) transverse ply. This can be seen in more detail
in figure 9, which shows the damage variable of the cohesive elements in the

interface between fibre and matrix in a detail of the 0.020 mm thick ply RVE.
[Figure 9 about here.]

The in situ observations presented in Ref. [4] have also shown that, for the
thicker 90° plies, once a transverse crack is formed, it rapidly penetrates through
the thickness. This was also observed in the present simulations, as shown in
figures 10 to 12 for more conventional transverse ply thicknesses. Notice that,
due to the enormous computational cost of these models, the sublaminate RVEs
with transverse ply thicknesses above or equal to 0.100 mm have been modelled
in order to accommodate a single transverse crack (as in Ref. [5], for example),
with a reduction of the total width of the RVEs when compared to the thin-
ply sublaminates. It is recognised that, particularly during softening, the size
of the RVE may affect the material response. Nevertheless, even though the
models for the thicker RVEs shown in figures 10 to 12 may not be completely
representative in terms of damage progression after full extension of the first
(single) transverse crack, they are useful in showing the differences in terms of

damage evolution in a first stage of transverse crack propagation.
[Figure 10 about here.]
[Figure 11 about here.]
[Figure 12 about here.]

In the case of the thinner transverse plies, crack extension reportedly slows

down with increasing applied strain [4]. In the numerical simulations presented
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in this work, the same trend is observed (compare, for example, figures 5 and
7 and the experimental observations reported in Ref. [4]). This becomes even
more clear observing figure 13, showing the normalised crack length, obtained
by dividing the length of the transverse crack by the 90° ply thickness, as-a
function of applied strain. The length of the transverse crack is given by the
base distance between the nodes in the tips of the longer transverse crack in
the RVE. The numerical results for a representative random distribution of
sublaminate RVEs with 0.020 mm, 0.080 mm and 0.140 mm thick transverse

plies are shown.
[Figure 13 about here.]

As reported by Saito et al. [4], for the thickest transverse laminae, the sudden
matrix crack extension leads to stress relaxation, whereas the thinner transverse
laminae show a gradual extension of the transverse cracks, eventually without
completely penetrating through the thickness (see figure 13). Therefore, stress
relaxation is much more difficult in this case — see figures 14 and 15, showing
the transverse stress field (o33) in cracked 0.020 mm and 0.080 mm thick 90°
plies, obtained from the proposed micro-mechanical models. As discussed in
Ref. [4], this higher stress field in the thinner transverse laminae results in an
increase of the crack density of the thinner plies, as can be observed in figures 4
to 7 (this progressive fragmentation and multiple cracking of ultra-thin plies has
been exploited, for example, by Czél and Wisnom [20] to produce pseudo-ductile

high strength hybrid composite materials).
[Figure 14 about here.]
[Figure 15 about here.]

The ability of the proposed micro-mechanical models to predict the gradual,
slow stress relaxation and progressive transverse cracking in thin and ultra-thin
plies can also be observed looking at the homogenised stress-strain curves of

the embedded 90° ply shown in figure 16 for the different sublaminate RVEs.

16



The results for only one representative sublaminate RVE per 90° ply thickness
have been plotted, to facilitate the analysis. Volumetric homogenisation was

performed to obtain the homogenised stress-strain curves [45]:

NP

oy = %/Vaij dV = é;afjvk (1)
where G'?j is the homogenised stress component, afj and V¥ are the stress com-
ponent determined at integration point k and associated volume, and /N, is the
total number of integration points in the RVE. Note that, after the onset of
damage, which occurs approximately at the same applied strain (as observed
elsewhere [4, 5]), softening is more gradual for the thinner transverse plies, be-
coming steeper and with more pronounced jumps as the ply thickness increases.
For more conventional ply thicknesses, this progressive softening behaviour is
not observed, and the appearance of the first crack generally corresponds to first-
ply-failure (as stressed before, the'sublaminate RVEs with the thicker transverse
plies, due to the reduced size of the RVE justified by limitations in computational
power, may not be completely representative in terms of damage progression af-
ter full extension of the first transverse crack, reason why the homogenised

stress-strain curves have not been shown for these cases).
[Figure 16 about here.]

Another very interesting finding reported by Saito et al. [4] and also observed
in the present simulations is related with the COD of the transverse cracks in
90° plies of different thicknesses. Due to the constraining effect imposed by
the adjacent 0° plies, the COD in the thinner 90° plies was much smaller than
observed in the thicker (compare figures 4 to 7 and 10 to 12), as observed
experimentally [4]. Figure 17 shows the COD as a function of the applied strain
for sublaminate RVEs with 0.020 mm, 0.080 mm and 0.140 mm thick transverse
plies. The COD is determined as the higher relative displacement between
adjacent nodes in the surface of a transverse crack. Only one representative

random distribution per sublaminate RVE is considered to facilitate the analysis.
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Similar trends to those reported in Ref. [4] can be observed.
[Figure 17 about here.]

Another interesting result of the numerical simulations, also confirmed by
experimental evidence, is the formation of thin necks of matrix material around
the regions where interfacial damage is more pronounced; such damage mech-
anism was also reported in the numerical analyses presented by Melro et al.
[45]. The in situ observations presented by Saito et al. [4]'suggest that this
phenomenon is potentiated by increasing ply thicknesses, since it could barely
be seen in the thinner 0.040 mm thick 90° plies, an effect also captured in the
present simulations, as shown in figure 8. For a comparison with more conven-

tional ply thicknesses, see also figure 18.
[Figure 18 about here.]

Figure 19 shows the in situ transverse strength as a function of the ply
thickness calculated from the micro-mechanical models presented in this work.
The applied remote strain corresponding to the extension of a transverse crack
through the thickness of the 90° ply is used together with the elastic proper-
ties determined from a linear-elastic analysis of the same RVE to calculate the
in situ strength. Since a clear transverse crack did not penetrate completely
through the thinner (0.020 mm and 0.040 mm thick) plies, the in situ transverse
strengths for these two cases could not be determined (it should be noted that,
for an applied strain of 2.0%, the longitudinal stress in the outer 0° plies is
above 4000 MPa). The trends typically observed experimentally [30-34] could

be reproduced.

[Figure 19 about here.]

5. Concluding remarks

A recent 3D computational micro-mechanics framework [44, 45] has been

employed in this work to study the micro-mechanics of the in situ effect in
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tow-spread, ultra-thin plies. In a comparison with a thorough experimental
study on similar grades [4], it was observed that the proposed framework is
able to accurately represent the micro-mechanical response of ultra-low grades,
including (i) the mechanics of transverse cracking onset and propagation, (ii)
the constraining effect observed in the laminae embedded in multidirectional
laminates, (iii) the gradual, slow stress relaxation and progressive transverse
cracking observed in very thin plies, and consequent increase of the crack density,
(iv) the reduction in COD of the transverse cracks with ply thinness due to the
constraining effect imposed by the adjacent stiffer laminae, (v) the formation
of thin necks of matrix material around the regions where interfacial damage
is more pronounced, a phenomenon potentiated by increasing ply thicknesses,
and (vi) the in situ effect, characterised by a reduction in the applied stress
needed to extend a transverse crack along the thickness of the ply when the ply
thickness increases. This work is seen as an improvement over initial models [5]
with respect to the understanding and representation of the physics of matrix
cracking suppression in very thin plies.

Besides the transverse tensile and the in-plane shear strengths, experimental
studies have also shown that a substantial reduction in longitudinal compression
and transverse shear strengths can result from transverse cracking (see Ref. [33]
for earlier references). Therefore, the in situ effect may also play an important
role on the delay of other matrix-dominated failure mechanisms.

This has already been addressed through the application of 3D phenomeno-
logical failure criteria, viz. Ref. [42]. According to the formulation presented in
Ref. [42], when embedded in a multidirectional laminate, not only the transverse
tensile strength (Y7) and the in-plane shear strength (Sp) must be regarded
as in situ properties (calculated using the models deduced in Ref. [28]), but
also the transverse compressive strength (Y¢) and the transverse shear strength
(St). These are calculated as a function of the in situ in-plane shear strength,

fracture angle under pure transverse compression and longitudinal friction co-

19



efficient [42]. On the other hand, assuming that kink bands! are triggered by
localised matrix failure in the vicinity of misaligned fibres, the in situ effect must
have a direct, positive influence on the resistance to fibre kinking [42], therefore
affecting the longitudinal compressive behaviour of laminated composites, as
observed experimentally, according to Ref. [33].

In the future, as a follow-up, the present methodology will also be applied to
the cases of transverse compression, in-plane shear and transverse shear stress
states. In addition, emphasis will be given not only to the effect of the transverse
ply thickness, but also to the effect of the stiffness of the adjacent plies and
ply position in the laminate (for instance, placing the 90° ply at the surface
of the laminate). These analyses are intended to support the understanding
of the micro-mechanical constitutive behaviour of ultra-thin (embedded) plies
under such basic stress states, overcoming the complexities and limitations of

experimental testing on such low grade materials.
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Figure 3: Representative FE model of part of an RVE with a 0.040 mm thick transverse ply.
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lamina o blaminate with 0° outer plies (only the 90° lamina is shown).
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(a) Applied strain of 0.6%. { ‘
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'\ (c) Applied strain of 2.0%.

Figure our plots of the matrix damage variable on an RVE of a 0.060 mm thick 90°
lamina o blaminate with 0° outer plies (only the 90° lamina is shown).
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'\ (c) Applied strain of 2.0%.
Figure our plots of the matrix damage variable on an RVE of a 0.080 mm thick 90°
lamina o blaminate with 0° outer plies (only the 90° lamina is shown).
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(a) 0.020 mm thick transverse ply. { ‘
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(d) 0.080 mm thick transverse ply.

Figure 8: Contour plots of the equivalent plastic strain in the matrix of RVEs of 90° laminae
on thin-ply sublaminates with 0° outer plies, at an applied strain of 2.0% (only the 90° laminae
are shown).
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Figure 9: Damage variable of the cohesive elements representing the interf: et e! fibre
and matrix in a detail of the 0.020 mm thick ply RVE at an applied strain 6%
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(b) Applied strain of 1.2%.

Figure 10: Contour plots of the matrix damage variable on an RVE of a 0.100 mm thick 90°
lamina of a sublaminate with 0° outer plies (only the 90° lamina is shown).
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(b) Applied strain of 1.2%.

Figure 11: Contour plots of the matrix damage variable on an RVE of a 0.120 mm thick 90°
lamina of a sublaminate with 0° outer plies (only the 90° lamina is shown).
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O (b) Applied strain of 1.2%.

Figure 12: Contour plots of the matrix damage variable on an RVE of a 0.140 mm thick 90°
lamina of a sublaminate with 0° outer plies (only the 90° lamina is shown).
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Figure 13: Normalised crack length as a function of applied strain for sublaminate RVEs with
0.020 mm, 0.080 mm and 0.140 mm thick transverse plies.
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(a) Applied strain of 0.6%.
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(b) Applied strain of 2.0%.

Figure 14: Transverse stress field (022) in a cracked 0.020 mm thick 90° ply of a sublaminate
with 0° outer plies (only the matrix material of the 90° ply is shown).
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(b) Applied strain of 2.0%.

Figure 15: Transverse stress field (022) in a cracked 0.080 mm thick 90° ply of a sublaminate
with 0° outer plies (only the matrix material of the 90° ply is shown).
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Figure 16: Homogenised stress-strain curves of the embedded 90° ply for sublaminates with
0° outer plies. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Figure 17: COD as a function of applied strain for sublaminate RVEs with 0.020 mm,
0.080 mm and 0.140 mm thick transverse plies.
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(c¢) 0.140 mm thick transverse ply.

Figure 18: Contour plots of the equivalent plastic strain in the matrix of RVEs of 90° laminae
on sublaminates with 0° outer plies, at an applied strain of 2.0% (only the 90° laminae are
shown).
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Figure 19: In situ transverse strength as a function of the ply thickness.
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Table 1: Carbon fibre material properties.

Material property Value
Fibre diameter

2R (mm) 0.0052
Fibre volume fraction

Vi (%) 59.1
Young’s moduli

Eq11 (MPa) 276000
E2 (MPa) 15000
Poisson’s ratio

V12 0.2

Shear moduli

G2 (MPa) 15000
Ga23 (MPa) 7000
Coefficients of thermal expansion

anr (°CTH —0.5 x 107°
az (°CTH) 15 x 1076
Critical energy release rate

Ge (N/mm) 90
Tensile strength

X7 (MPa) 5310
Compressive strength

Xc (MPa) 3500
Density

(kg/mm?) 1.78 x 107°

o1
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Table 2: Epoxy matrix material properties.

Material property Value &
Young’s modulus

E (MPa) 3760

Poisson’s ratio \

v 0.39
Coefficient of thermal expansion

a (oC—l) —6
Stress free temperature

To (°C) 1

Plastic Poisson’s ratio

Vp 0.3
Critical energy release rate

G (N/mm) 0.277
Tensile strength

Xr (MPa) 93
Compressive strength

Xc (MPa) 350
Density

(kg/mm?) 1.3 x107°

A
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Table 3: Fibre-matrix interface properties.

Material property Value &

Interface stiffness
K (N/mm?) 108

Interface mazimum strengths
74 (MPa)
78 (MPa)

79 (MPa)
Interface critical energy release rates
Gre (N/mm) 0.002

Grre (N/mm) 0.006
Grrre (N/mm) 0.006
Mized-mode interaction parameter (BK law [62])

n 1.45
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Table 4: Homogenised outer plies (IM7/8552) material properties.

Material property Value &

Young’s moduli

Ey (MPa) 171420

Es; (MPa) 9080
Poisson’s ratio

V12 0.3

Shear moduli

G12 (MPa) 90

Gas (MPa) 92
Coefficients of thermal expansion

ann (°CTY) —5.5x 107°
aze (°C7Y) 25.8 x 107°
Density

(kg/mm?) 1.57 x 1077
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Table 5: Interlaminar interface properties of the IM7/8552 carbon-epoxy composite laminate.

Material property Value
Interface stiffness

K (N/mm?) 108
Interface mazimum strengths \
74 (MPa)

78 (MPa)

79 (MPa)

Interface critical energy release rates

Gre (N/mm) 0.277
QHC (N/mm) 0788
Grrre (N/mm) 0.788
Mized-mode interaction parameter (BK law [62])

n 1.634
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Table 6: Size of the sublaminate RVEs studied in the present work.

Ply thickness (b) RVE’s width, yy-direction (a) &

0.020 mm 0.200 mm
0.040 mm 0.200 mm
0.060 mm 0.200 mm \
0.080 mm 0.200 mm
0.100 mm 0.120 mm

0.120 mm 0.120 mm
0.140 mm 0.120 mm O
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