Composites Part A 109 (2018) 31-47

journal homepage: www.elsevier.com/locate/compositesa

Contents lists available at ScienceDirect

Composites Part A

Uniaxial strength of a composite array of overlaid and aligned prepreg )

platelets

Sergii G. Kravchenko®, Drew E. Sommer, R. Byron Pipes

Check for
updates

Purdue University, Composites Manufacturing and Simulation Center, Indiana Manufacturing Institute, 1105 Challenger Avenue, Suite 100, West Lafayette, IN 47906,

United States

ARTICLE INFO ABSTRACT

Keywords:

A. Discontinuous reinforcement
B. Strength

C. Damage mechanics

C. Cohesive interface modeling
Platelet

The tensile strength of a discontinuous composite system consisting of aligned, unidirectional prepreg platelets is
predicted by performing progressive damage analyses in a periodic representative volume element. Interlaminar
and in-plane damage mechanisms are combined to yield failure characteristics of the meso-structure. The length-
to-thickness ratio of the platelet was found to be the primary variable for control of system strength and failure
mode. A critical platelet aspect ratio was determined as that ratio wherein system strength is maximized.

Further, composite strength variability was shown to be vary inversely with aspect ratio, while attaining a
minimum at the critical aspect ratio.

1. Introduction

Formability and structural characteristics of a fiber-reinforced
composite define the possible application for the material.
Conventional advanced composite materials consist of multi-axial la-
minates constructed of lamina of collimated, continuous fibers (CF) pre-
impregnated with polymeric matrices. The composite lamina preform is
termed “prepreg”. However, complex three-dimensional geometries
often cannot be efficiently fabricated as continuous fiber laminates. Yet
well dispersed, short fiber molding of these geometries does not yield
the superior structural performance of CF systems since fiber length and
volume fraction are significantly lower than that of the CF systems.
Recently, a modified material form has been introduced that provides
for controlled fiber length and fiber volume fractions in the range of
0.5-0.6. These materials are fabricated by transforming CF prepreg
tape, through a slitting and cutting procedure, into platelets with a
prescribed length, L,, and width, wy,, while the platelet thickness, t,, is
the prepreg tape thickness. These platelets are then compression or
transfer molded into complex geometries appropriate for structural
elements. Application of a prepreg platelet-molded composite requires
basic knowledge of its performance. Effective/macroscopic properties
of a heterogeneous composite system emerge from the complex col-
lective response of the interacting phases, which depends on the ma-
terial structure and the local properties of each constituent phase. The
material structure is a collective arrangement of the phases at the next
scale above that of an individual phase. The structure is characterized
[1] by the geometrical arrangement of constituents in space (known as
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material morphology), proportions (fractions) and shapes of the con-
stituent phases. A systematic knowledge of the material structure-
property relationship [2] is needed to understand the origins of ap-
parent properties from the material structure and to achieve the desired
combination of properties.

Meso-scale morphology is dominant for the properties of a prepreg
platelet-molded composite system, meaning the scale where individual
platelets are distinguishable. A composite system of platelets fabricated
from unidirectional (UD) CF prepreg is a hierarchical system with two
levels of recognized scale. As pointed out by Lakes [3], a structure may
be present on many scales, but the largest structural element scale
controls the effective response of the material system. When continuous
fibers are arranged in a collimated, high fiber volume fraction geometry
such as in a CF prepreg and that system is cut into platelets that contain
fibers of identical length, individual fibers may not be expected to
control system strength. Rather, the properties of a platelet based
composite are determined by the platelet-scale heterogeneities. There-
fore, it is the morphology dependent three dimensional platelet-to-
platelet stress transfer governs the failure mechanisms and, conse-
quently, the effective composite strength.

The geometric meso-scale of the platelet composite can be irregular
and disordered, having platelets arranged in “random” and varying
patterns at various orientations with respect to one another in a semi-
laminated manner, as schematically shown in Fig. 1. Irregular dis-
ordered meso-structures resulting from uncontrolled platelet deposition
and further molding are complex and both property measurements and
predictions have shown their large variations [4-13]. The primary
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Regular morphology
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Fig. 1. Schematics of an irregular and regular morphologies of a platelet-based composite system.

observations from the previous studies were that (a) the strength of a
platelet-molded material system increased with platelet length (L,) for a
constant thickness (t,) [4,5,7], (b) the failure was observed to be either
platelet pullout or platelet split or rupture, and (c) thinner tape allowed
for the improved effective properties [11,12]. Large variability in the
experimental data was suggested [14] to be caused by the non-de-
terministic distribution of arrangement and overlap lengths of platelets.

A composite system with regular morphology must have some re-
peatable pattern for elements accommodation in space. For instance, all
platelets can be aligned and staggered in a certain manner to create a
regular morphology, as shown in Fig. 1. Regular morphologies can be
engineered, meaning achieved with a specific manufacturing proce-
dure. Simpler geometrical arrangement of platelets defines a “simpler
morphology”, which actually corresponds to a more ordered composite
system, or a structure of a superior hierarchical organization. Ordered
system morphology grants superior effective performance character-
istics. Besides, if regular morphologies can be manufactured, they re-
present independent composite systems, which require their own
computational predictive models.

In the present work, the authors examine a simple geometry of a meso-
structure with many platelets in order to identify stress transfer and
strengths as a function of meso-structure geometry (morphology) and pla-
telet aspect ratio in the absence of orientation disorder. An idealized strictly
periodic system of aligned staggered prepreg platelets is herein considered.
A simple morphology may not be directly useful for quantitative predictions
of the effective properties of more complex morphologies but it can provide
an insight, qualitative understanding and easier interpretation of common
phenomena responsible for the effective performance of various types of
morphologies. This work thereby provides the necessary foundation to
study the structure-property relationship in more complex irregular and
stochastic meso-structures wherein platelet fiber orientation and overlap
geometries are more typical of systems resulting from uncontrolled de-
position and molding.

Natural [15] and engineered discontinuous composite systems of
layered and staggered platelets made of different materials were pre-
viously studied for elastic response [16-20] and ultimate strength pre-
diction, based on simplified stress analysis [21-24] or progressive failure
analysis (PFA) [25-30]. In these systems, platelets (also termed bricks,
strands, flakes, or chips by different authors) were separated by adhesive
layers (matrix, mortar, resin). Predictive models for such material systems
relate the composite morphology, constituent properties, and platelet
geometry to the macroscopic mechanical response of a composite for the
purpose of decision making on material selection and processing limits.
Both models from [26,27] gave insight to the deformation and failure of
platelet arrayed composites, though with limitations on predictive cap-
abilities from inherent assumptions. Models from Refs. [26,27] were plane
stress and shear-lag based, implying there were no interlaminar peel
stresses allowed at the platelet-to-platelet interfaces, the mismatch in
Poisson’s ratio between platelet and adhesive layer was not accounted for,
besides the platelets were considered isotropic. The authors of [25,28-30]
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assumed that platelets could not experience breakage and excluded such
failure mode from their model.

The focus of this paper is to develop a comprehensive computational
model to quantify the structure-property relationship in a composite
system of overlaid and aligned prepreg platelets under uniform uniaxial
tensile loading in the displacement control. The sub-scale modeling was
used for the analysis of three-dimensional local stress transfer and da-
maged deformation to failure in the composite system. The direct
computational homogenization [31,32] was used to yield the effective
composite stress at any loading increment. A strictly periodic meso-
scale geometry was considered so that a unit cell could exist to ade-
quately represent the heterogeneity of the system. A unit cell was
chosen as a representative volume element (RVE) [33] thus making the
periodic boundary conditions appropriate to the RVE. The direct finite
element method was used to analyze the RVE in ABAQUS/Standard
(Implicit). A continuum damage mechanics model for the orthotropic
platelet damage modes was coupled with a cohesive zone model at the
inter-platelet planes to capture the disbonding between platelets and
thereby address the two competing failure mechanisms in the system.
The study of the structure-property relationships in the platelet-arrayed
composite system revealed that a “critical platelet length-to-thickness
ratio” for the chosen composite morphology exists to maximize the effec-
tive composite strength. This dimensionless parameter is shown to
control the failure modes and, consequently, attainable macroscopic
composite strength. Variability in morphology of a platelet-based
composite is shown to control the strength variability for smaller
length-to-thickness platelet aspect ratio. The results also suggest that
strength variability caused by meso-morphology in a platelet-based
composite system can be mitigated by increasing the platelet length-to-
thickness ratio.

2. RVE-based computational model for the progressive failure
analysis in a platelet-arrayed composite

2.1. Assumptions for the failure analysis of an array of aligned platelets

Three primary assumptions are employed in this work for the pro-
gressive failure analysis in a platelet-arrayed composite system: (i)
geometrical idealization of platelet arrangement, i.e. composite het-
erogeneous meso-scale morphology; (ii) idealization of stress-carrying
capacity of the composite elements; (iii) idealization of elementary
damage events in the composite system.

The composite system is a collection of UD CF prepreg platelets that
have been systematically arranged. It is assumed that platelets are laid
side by side and parallel to one another in strictly periodic, but stag-
gered planar arrays with their length direction (coincident with the
fiber, or the “1”-preferential direction) along the global x;-direction.
Thin matrix layers are assumed to separate the platelets in the thickness
direction, x3. The (x;xy)-planar arrays are organized to replicate in
every other layer through the stack thickness direction (x3). Perfect
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bonding between platelets and matrix layers is assumed. All platelets
are assumed to possess the same dimensions (length, width, thickness)
in a given RVE and matrix layer has the same thickness.

The three-dimensional stress transfer in the composite system must
be modeled to capture the possible failure modes. The platelets are
assumed to carry the in-plane stress components (011,02,,012), since the
platelet thickness, t,, is taken to be much smaller than its planar di-
mensions (wp, Lp). The stress transfer between platelets is assumed to be
entirely through the adhesive layers in overlap regions. The matrix
layer is assumed to transmit out-of-plane transverse shear (o13,053) and
normal peel stress (033) between the platelets, but not to sustain in-
plane (membrane) stretching and shear stress. The assumption of the
matrix layer supporting no in-plane stress is acceptable when the
polymer is (i) much more compliant and (ii) relatively thin compared to
the adherent (platelet) and is consistent with typical shear lag analyses.
No attempt was made to distinguish between the adhesive and cohesive
types of failure in the matrix layer due to its small thickness. In this
way, the matrix layer was considered not as an independent constituent
with its own set of mechanical properties along with adhesive/platelet
interface, but rather as a platelet-to-platelet interface. This approach
seems reasonable for high platelet volume fractions (above 0.8), but
could become an over-simplification if the matrix layer thickness were
relatively large and the platelet volume fraction small. For simplicity,
no load was assumed to be transferred through the platelet ends, i.e.
there was no in-plane normal stress transferred through the edges of the
platelets (platelet ends were considered dis-bonded from the matrix).
This assumption corresponds to the Cox’s shear-lag model [34] for a
short fiber composite.

Ultimate failure of a heterogeneous composite system is preceded by
the successive evolution and interaction of local damage in platelets
and matrix layer, and occurs after enough sub-critical damage is gra-
dually accumulated for the system to lose its load carrying capacity.
The following fractures are considered as sub-scale damage in an array
of prepreg platelets: (a) a platelet longitudinal split along the fibers
(transverse, or intra-platelet damage); (b) platelet-to-platelet interfacial
disbonding/delamination (inter-platelet damage, or platelet pull-out),
and (c) fiber breakage in a platelet (trans-platelet damage, or platelet
rupture). The damage in a platelet is idealized as damage in a UD CF ply
at the meso-scale [35,36]. The modeling of dis-bonding between the
platelets is similar to previous modeling of the interlaminar damage
(delamination) between the individual plies of a laminate [37-39].

2.2. Finite-element implementation of an RVE-based computational model

RVE-based analysis is herein used to predict the effective failure
characteristics of the platelet-arrayed composite system. Each RVE re-
presents a specific choice in meso-structure geometry of the composite
(platelet arrangement) and thereby provides a tool to examine the
different physical mechanisms leading to failure as the composite
morphology is varied. The RVE contains four platelets located in three
layers, as sketched in Fig. 2. Two platelets make up the central layer,
while the half-thicknesses of the other two platelets are in the two outer
layers. In order to achieve periodic geometries, platelets extending past
the right boundary of the RVE appear in the left boundary of the RVE,
in similar fashion for other boundaries. Geometrical parameters of a
given platelet (length, L, width, w;,, and thickness, t;) are shown in
Fig. 2. The RVE dimensions thus are: L, = L, + &, L, = 2w, + 26,,
L, = 2(t, + teon) With 6,6, and t.,;, being the spacing between the pla-
telets (matrix layer thickness), shown in Fig. 2. The analysis is carried
out with a commercial implicit finite element code ABAQUS/Standard
6.14-1.

The geometrical dimensions of a platelet (¢, < Ly, wp) suggest to use
the shell formulation to achieve computational efficiency. Besides, the
shell formulation allows for a coarser finite element discretization as
compared to the three-dimensional stress formulation. The platelets are
modeled with homogeneous continuum shells (SC8R) with the stiffness
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matrix of a plane stress orthotropic material undergoing damage, uti-
lizing the ABAQUS built-in anisotropic continuum damage mechanics
based constitutive model. Isotopic matrix layers of small thickness
(t.on = 5pm) in the overlaps of platelets are modeled with cohesive
elements (COH3D8) obeying the traction-separation law. Schematics of
stress carrying capacity of both composite constituent phases are shown
in Fig. 2. Node sharing between the platelets and adhesive layers is
insured by modeling the RVE as a single part solid (in ABAQUS jargon)
to avoid using tie constraints. Periodic boundary conditions (PBC) in
the displacement difference form are applied to the RVE faces as for-
mulated by Suquet [32], which allows for the non-linear analysis with
local material softening.

2.3. Constitutive models for progressive damage/failure analysis of a
platelet ensemble

Damage was assumed as a collection of irreversible distributed
changes in the material from loading which affect its mechanical re-
sponse [40]. Stiffness reduction models were used so that the effects of
sub-scale damage at the composite element level were lumped into the
macroscopic internal damage variables [41,42]. The damage variables
modified the material properties based on a strain-softening formula-
tion of the stress-strain relationship and were defined for each ele-
mentary degradation mechanism. The pattern of the damage variables
effectively represented a macroscopic crack, meaning a region with no
stiffness in a specific damage mode and thereby, no stress carrying
capacity for that mode in a fully degraded state. The platelet damage
modes and the damageable interfaces between the platelets were
treated with different computational damage theories. The elastic-
brittle continuum damage mechanics (CDM) model with orthotropic
damage for platelets was coupled with the discrete damage theory with
isotropic damage (cohesive zone modeling) to capture the dis-bonding
between platelets. Direct coupling of the two models was accomplished
by incorporating both damage models within a single finite element
model. The orthotropic platelets were assumed to be made of AS4/
PEEK CF UD tape with elastic and failure properties [43] given in
Table 1, and fracture properties [44] given in Table 2.

2.3.1. Damaged response of a platelet

The platelet is treated as an orthotropic homogenized continuum in
which in-plane damage is the result of the biaxial state of stress. Orthotropic
damage was modeled by the evolution of several internal variables, dj;,
which control the systematic reduction of the orthotropic compliance matrix
of the material. The phenomenological [45], local [46] CDM-based model
implemented in ABAQUS/Standard [36,47] was used to simulate the de-
graded response of each platelet, as given by Eq. (1):

€1 o
€2 t=H() {0'22},
2 e O12 (€]

where H (d) is the damaged compliance matrix of platelet material and d is
the vector of damage variables, both are given in Eq. (2). Herein, d;; reflects
the damage in the fiber direction, d», accounts for the damage in the second
preferential direction, and d;5 is the parameter for in-plane shear damage
that depends on the damage variables d;; and do, [36]. The damage vari-
ables are monotonically increasing functions in the range of 0 < d; < 1,
with d; = 0(ij = 1-2) corresponding to the initial undamaged material
and d; = 1(ij = 1-2) representing a state of complete loss of integrity with
no stress can be transferred.

1 _m 0
1 -diEn Ex di;
_r2 1 —
H(d) = En (1-d)Exn A =1dy
d
0 0 1 12
(1-d12)G12 (2)

The formulation of the damaged compliance matrix, H (d), utilized in this
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Fig. 2. RVE of a unidirectional array of precisely staggered platelets with schematics of idealized stress-carrying capacity of a platelet and resin layer (adhesive) between the platelets.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Material properties of AS4/PEEK UD tape (from [43]).

Material properties AS4/PEEK
Longitudinal modulus, E;; [GPa] 138
Transverse modulus, E,, [GPa] 10.2
Shear modulus, G, [GPa] 5.7
Shear modulus, G,3 [GPa] 3.7
Poisson’s ratios, vy, 0.3
Poisson’s ratio, vo3 0.45
Longitudinal tensile strength, X, [MPa] 2070
Longitudinal compressive strength, X. [MPa] 1360
Transverse tensile strength, Y, [MPa] 86
Transverse compressive strength, Y. [MPa] 230
Longitudinal shear strength, S;» = S13 [MPa] 186
Transverse shear strength, S,; [MPa] 86

Table 2

Fracture properties of AS4/PEEK (from [44]).
Material properties AS4/PEEK
Mode I delamination fracture toughness, Gic [kJ/m?] 1.7
Mode II delamination fracture toughness, Gy [kJ/m?] 2.0

work was adopted from Matzenmiller et al. [48], who simplified the general
anisotropic form to the symmetric form of Eq. (2). PFA is a combination of
the failure criteria (damage initiation) and post-failure degradation rules at
a local point in a heterogeneous material structure. The initiation of damage
is governed by the effective stress components &; through Hashin’s criteria
[49] shown in Eq. (3):
Fiber tension (G, > 0): [ =] =1
@ >0 (%) .
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A o1
Fiber compression (G3; < 0): | —
p Gn ) ( XC ) (3b)
Transverse tension (85, > 0): (022) + (S ) 1 30
12 c
ye \? N
Transverse compression (6 < 0): 022 S
2523 2523 Yc
A 2
. (f) 1
Si2 (3d)

The material constants for Eq. (3) are given in Table 1. After the failure has
been initiated by satisfying the given failure criteria, the corresponding
stresses are degraded following a linear softening law. The evolution of
damage is defined in terms of the fracture energy dissipated during the
damage process [50], Gc. Some recommendations to determine these
fracture energies can be found in [51,52]. In the present investigation nu-
merical values for G. were adopted from [36]. The longitudinal tensile and
compressive fracture energy was assumed 12.5 kJ/m?, while the transverse
tensile and compressive fracture energy was taken as 1kJ/m? The viscous
regularization method [46,53], implemented in ABAQUS/Standard, was
used to reduce damage localization and improve convergence. The strain
rate dependence was introduced into the evolution law of a damage vari-
able, d, as formulated in Eq. (4):

d w1 v
dt(d)_d_n(d a’) @
where 7 is a viscosity coefficient and d" is the viscous (regularized) damage
replacing the damage variable, d, in the constitutive equations. In the pre-
sent work, the following stabilizing parameters were used for the damage
model of a platelet: viscosity coefficient for the damage variable d;,
7 =100"31/s; viscosity coefficients for the damage variable dy,,
7 = 5(103)1/s. These numbers were adopted from [36].
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Fig. 3. Schematics of basic stress sharing in a platelet-arrayed composite system under uniaxial loading.

2.3.2. Damaged response of a platelet-to-platelet interface

Delamination of platelets was idealized with an interfacial damage
model. Cohesive elements describe the evolution of the entire fracture
process, from no crack to complete structural failure [35]. The inter-
facial (cohesive) element is characterized by a constitutive equation
called a traction-separation law, which relates the interlaminar stress
components, 03, to the relative separations, §; = Ay; (i = 1,3), between
the top and bottom surfaces of the element:

o 1-d)k{ 0 0 5
{023} = 0 (1-d)k? 0 5,
= 0 0 (a-dk |\ )

In Eq. (5), k? = 1(106)1% (i = 1-3) is the initial stiffness and d is the
isotropic damage variable which is a function of a single state variable,
an effective displacement jump, J,f, to account for the mode-mixity:

Sy = \J6F + 65 + 6 6)

The isotropic damage variable, d, is related to the effective displace-
ment, 8. by an assumed material softening law. The linear softening
law for damage variable was adopted herein:

55' (5cf _ac.of )

d=d@y) = :
T oy (8%

)

Prior to damage initiation (&,r < 53(}') the value of d is equal to zero. After
the damage initiation criterion is met (5, > 59‘}), the tractions trans-
mitted through the interface decrease with increasing opening (63),
sliding (6;) and tearing (8,) between adjacent platelets until a critical
value of effective displacement jump, 5{}, is reached. When §,; = 5{}, the
damage variable equals to one (d = 1), and the platelets are completely
separated (interface fails). The damage initiation is controlled by a
criterion which defines the corresponding effective displacement, §3.
The magnitude of the effective displacement jump at failure, éef, is
defined by the adopted delamination propagation criterion. A stress-
based quadratic criterion was selected [54] for the initiation of dis-
bonding between platelets, Eq. (8):

o ) as V o V'
The numerical values of cohesive strengths used in the simulations were:
Npax = 50 MPa, Spax = Tmax = 70 MPa. The expression for the effective
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displacement at damage initiation, 63, corresponding to the quadratic
criterion in Eq. (8) can be found in [37]. For the propagation of delami-
nation, a linear fracture mechanics-based criterion was used [55]:

G, G
Grc  Gne

GHI =1

9
where Gy, Gy, and Gy are the work done by the tractions and their cor-
responding displacements in the normal and shear directions, respectively.
Quantities with subscript “C” denote the critical strain energy release rates
corresponding to each fracture mode (Table 2, assuming Gyc = Gyyc). The
explicit form of the critical effective displacement at failure, 5Ef , defined by
Eq. (9) can be found in [37]. Viscous regularization to improve the nu-
merical convergence was used with viscosity coefficient of 5 = 2(10~%)1/
.

Gre

3. Uniaxial tension/compression of a unidirectional array of
platelets

Progressive failure analysis was used as a tool to study the uniaxial
strength of an array of aligned platelets under the prescribed macro-
scopic strain, &;. The effective/macroscopic response of the platelet
meso-structure described in the previous section was calculated by
computational homogenization wherein the macro-stress &; and strain
€, are the average of respective field stress and strains over the RVE
volume, V, as shown in Eq. (10).

_ 1 _1
on = v ‘/“/ o011 (a,%,x3)dV e = v /; €11 (a03)dV.x € V (10)

3.1. Macroscopic stress-strain response of a platelet-array under uniaxial
loading

The “shear-lag” type load transfer between the neighboring platelets
governs the effective mechanical response of the platelet-arrayed
composite system subjected to tension or compression. A platelet builds
up an in-plane axial stress, 07;, through the interlaminar shear and
normal (peel) stresses acting over its interfaces (see Fig. 3). The inter-
facial shear stress is the primary mechanism to equilibrate the in-plane
normal stresses in the platelet. The interfacial shear stresses, 013 and
023, are concentrated near the periphery of platelet-to-platelet overlap
regions with their greatest values near the edges of the platelet and then
decrease rapidly to a near-zero value towards the mid-length of the
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overlap. The interfacial normal stress, 033, is induced by the eccentricity
in the load path. It peaks at the edge of a platelet-to-platelet overlap and
decays rapidly away from the edge. The in-plane normal stress in a
platelet, 011, declines near the platelet edges and vanishes at the pla-
telet edge. The axial normal stress in a platelet peaks at the dis-
continuity of adjacent platelets. This extra stress results from the ad-
jacent platelets unloading their normal stresses.

The axial strength of the platelet meso-structure is determined by
the two interacting mechanisms described earlier. When the geometry
of the meso-structure is chosen such that interlaminar failure is re-
tarded, tensile failure of the platelet controls failure of the meso-
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Fig. 4. (a) Two sample meso-structures (morphologies) of a UD-arrayed platelet composite system; (b) Homogenized stress-strain curves of several UD-arrayed composites with various
morphologies under uniaxial tensile loading (left), and reduction of platelet-composite effective strength from the parent CF UD tape strength (right), L,/t, = 85.
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structure. The second mechanism is illustrated when the interlaminar
failure of the meso-structure occurs at platelet tensile stresses sig-
nificantly less than its tensile strength. Thus, meso-structures corre-
sponding to the tensile failure of the platelet can be characterized as an
efficient load transfer geometry, while the latter geometry is deemed
inefficient.

The macro stress-strain curve of a meso-structure under axial
loading exhibits several stages. Prior to damage initiation, the effective
stress-strain response is linear-elastic. After damage initiation, the
platelet meso-structure starts developing the damage process zone
(DPZ), which is an accumulation of growing and coalescing damaged
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Fig. 5. (a) RVE to study the effect of overlap length between platelets with schematics of possible failure modes; (b) UD platelet array strength versus overlap length-to-platelet length
fraction (L,/t, = 85). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

local regions. With the incipience of the DPZ, the platelet meso-struc- &1, as the meso-structure accumulates damage and DPZ grows. The first
ture stress-strain relationship exhibits non-linear behavior, termed damage that occurs requires lower energy consumption. The localized
strain hardening: delaminations near platelet edges happen early in the loading history

_ E (2 )z - due to stress concentrations near the platelet ends. As the applied load
o = CuEEn an is increased, the interfacial delamination grows. The extent of the in-

where the effective stiffness, Ci;(211), changes with the applied strain, terfacial fracture process zone growth depends on the both the meso-
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Fig. 6. (a) Possible failure modes (sketch from simulated results) for a given composite morphology; (b) variation of tensile/compressive strength of a platelet-arrayed composite system
with platelet length-to-thickness ratio, L,/t,, (normalized by the corresponding uniaxial strength of the parent UD CF tape); the map of failure type is also shown; (c) variation of effective
tensile response of a platelet-arrayed composite system with platelet length, L, and thickness, t,.

structure and platelet geometries. The interfacial facture process zone is
highly localized for large platelet length to thickness ratio and overlaps
of substantial length, but can consume the entire interface when meso-
structures produce largely interlaminar damage for low platelet length-
to-thickness ratio. Eventually, the fully developed DPZ translates into a
macroscopic crack, which leads to the ultimate failure of the entire
meso-structure since the system can no longer support an increase in
the applied load. The size and type of a DPZ is a property of the meso-
structure and platelet strength properties. The macroscopic crack can
have a complex topology appropriate to a particular failure mode of the

38

system including the splits in the fiber direction and fractures perpen-
dicular to the fiber direction in the platelets, delamination between
platelets and combinations of the three. The topology of the macro-
crack is thus related to the attainable strength value of the composite.
The more diffused DPZ (with more interfacial damage) results in a
lower energy consumption to ultimate failure and, consequently, a
lower effective strength of the meso-structure. The more localized DPZ
would involve platelet fiber breakage on the last stages of damage and
require more significant energy input. When the size of DPZ is relatively
small compared to RVE-size, the composite typically exhibited a more
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brittle response. If the DPZ encompasses a significant portion of RVE,
the more ductile effective response is observed.

In the following sections the effective strength of a platelet-arrayed
composite and its failure mode are shown to be determined by (i) the
composite morphology, and (ii) the length-to-thickness ratio of the
platelet.

3.2. Effect of meso-structure geometry on system tensile strength

An array of aligned platelets can exhibit substantially different
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strengths and failure modes depending on the local heterogeneity (meso-
structure morphology) defined by the spatial arrangement of platelets. The
overlap length was found to play an essential role in the load transfer
mechanism. Increasing the overlap length between platelets increases the
tensile stress carried by the platelets and improves the effective strength of
the composite system to the limiting magnitude.

The developed RVE-based computational model was first exercised
to study the variation in tensile response of a meso-structure as a
function of its morphology. Several RVE architectures were generated
(see Appendix A) with various geometric arrangements of platelets in
both planar (x;x5) directions, while holding the platelet volume frac-
tion constant. Herein, the following geometrical parameters were used:
Ly =12.7mm, Ly/w,=4, t,=0.150mm, &=-= 4§, =50um,
t.on = 5 pum. Fig. 4(a) shows an example of the two different RVE geo-
metries of a platelet meso-structure. Fig. 4(b) shows the homogenized
stress, &1, to failure as a function of the applied uniaxial tensile strain,
€1, for several platelet meso-structures. E.g., meso-structure #6 had the
longest and the most uniform overlap areas sufficient for the platelets
fiber fracture, thus exhibiting the greatest macroscopic (effective)
strength, which made about half of the platelet longitudinal strength.
The considered type of morphology determines the composite limiting
strength. When a platelet is sandwiched between the matching dis-
continuities, the composite net cross-sectional area is a half of the
composite gross cross-section area. Therefore, even when a platelet can
take enough stress for fibers fracture, the composite strength is around
one-half of the longitudinal strength of a platelet. Stress-strain curves in
Fig. 4(b) show that the composite performance can be substantially
enhanced or depressed just by modifying the overlap lengths between
platelets. A summary of the meso-structure tensile strengths (average
along with predicted variation) as compared to the prepreg fiber-di-
rection strength is shown in Fig. 4(b).

The overlap length of adjacent platelets is seen to be an important
parameter for determining the strength of a platelet meso-structure. For
this reason, a simplified geometry, shown in Fig. 5(a), with a single
platelet in the x,-direction was considered to systematically study the
effect of the overlap length between platelets, Ly, on the meso-struc-
ture tensile strength. The results are shown in Fig. 5(b) where the
strength is shown versus the overlap length normalized by the platelet
length, L,y/L,. The platelet length and thickness used in the analysis
were L, = 12.7 mm and t, = 0.15 mm. For a given platelet geometry,
the meso-structure strength increases almost in proportion to the
overlap length for small values, but becomes insensitive to the overlap
length for larger overlap length. The maximum achievable strength
(under the assumed arrangement of platelet layers) corresponded to the
Loy/Ly, ratio greater than 0.2. The strength achieved was approximately
50% of that of the parent material (UD tape) strength and is the result of
platelet fracture in the fiber direction. This result shows that there ex-
ists a critical overlap length between platelets (for a given arrangement
of platelets) beyond which the platelets fail and, consequently, exhibit
their full potential. When a platelet overlap length is below the critical
value, the stress sharing between platelets is insufficient to fracture a
platelet. The composite strength is then reduced by the change in
failure mode with platelets disbonding from one another due to en-
hanced interfacial stresses. The failure modes of the two meso-struc-
tures are shown in Fig. 5(a): the dis-bonding between platelets (or
platelet pull-out) where fracture surface is in the platelet-to-platelet
interface, and the platelet fracture under intact interface (fracture
surface passes through the platelet).

3.3. Significance of platelet length-to-thickness ratio on tensile/compressive

strength

The platelet length-to-thickness aspect ratio, L,/t,, is shown to have
a strong effect on the effective tensile/compressive properties of a given
meso-structure. A greater aspect ratio improves the efficiency of the
stress transfer and thus increases effective strength of a composite
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Fig. 8. (a) Development of morphology independence of effective composite tensile response with increased platelet (L,/t,)-ratio; (b) mitigation of morphology caused variation of tensile
strength with increased platelet L,/t,-ratio in a UD-arrayed platelet composite system.

system by shifting the dominant damage mode from platelet delami- wp = 4). First, the platelet thickness, t,, was kept constant at 0.150 mm
nation (pullout) to platelet longitudinal tensile fracture. with platelet length varying in range of L, = (6.35...76.2) mm. Next,

The effect of a platelet length and thickness was investigated in- the platelet length, L,, was kept constant at 12.7 mm with platelet
dependently first in a meso-structure with a given morphology (L,/ thickness varying in range of t, = (0.075...0.3) mm. Fig. 6(a) shows the
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topologies of the simulated macro-cracks corresponding to the dis-
tinctly different failure modes of the meso-structure by varying the
platelet aspect ratio. Fig. 6(b) summarizes the effective strength data
from the homogenized stress-strain curves for the array of platelets with
t, = var (L, = const) and L, = var (t, = const) shown in Fig. 6(c). The
parent material (UD CF tape) longitudinal strength normalizes the
meso-structure strength in Fig. 6(b). From data in Fig. 6(b), the arrays
with platelets of different length and thickness, but with the same L,/t,-
ratio exhibit the same effective strength. Thus, a platelet length-to-
thickness, L,/t,, aspect ratio is shown to be a governing factor. When a
platelet length is small and its thickness is large (the platelet length-to-
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thickness ratio is sufficiently small) the inefficient stress sharing be-
tween platelets depresses the composite effective strength since the
composite fracture occurs largely through platelet-to-platelet interface
which is typically weaker than the platelet itself. The delamination is
accompanied by transverse splits in platelets from stress concentrations
at the edges of neighboring platelets, as shown in Fig. 6(a) denoted
Failure Mode III. The increased platelet length-to-thickness ratio shifts
the damage distribution from the interface into the platelet itself. The
high aspect ratio platelets tend to fracture across the platelet and split
parallel to the fiber direction, where they are confined between the
matching junctions between the platelets above and below. By
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morphology; (b) tensile strength as a function of composite structure (morphology and platelet geometry).

maximizing platelet length-to-thickness aspect ratio, the dis-bonding
effects of platelets through the interface can be reduced, so that the
composite strength is increased, see Failure Modes I and II in Fig. 6(a)
and (b).

The results in Fig. 6(b) allow one to estimate the critical platelet
aspect ratio as 125 in tension and 75 in compression for a given meso-
structure. Platelet critical length-to-thickness aspect ratio is the ratio
below which the platelet does not experience complete tensile fracture
in the fiber direction.

3.4. Platelet length-to-thickness critical ratio as a function of meso-structure
morphology

The concept of critical platelet length-to-thickness ratio is further
complicated by the arrangement of overlaid platelets. The plateau-
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strength of a platelet-arrayed meso-structure is reached at the critical
(Lp/tp)-ratio of a platelet. However, different assumed morphologies
will have different apparent critical aspect ratios, (Ly/tp)cr, as shown in
Fig. 7. This can be explained by the influence of overlap length of ad-
jacent platelets on the effectiveness of stress sharing within the meso-
structure with a given morphology, suggesting that any array of pla-
telets is a structural system in its own right. In other words, if there is a
lot of overlap length, then there is no need for as much L,/t,-ratio to
maximize the composite strength; inversely, a greater L,/t,-ratio will be
required to compensate smaller overlap areas and suppress delamina-
tions.

Generally, in solid mechanics, a critical parameter characterizes the
bifurcation point between the distinct behavioral patterns of a system.
The critical parameter always depends on the architecture of a struc-
tural system. Thus, the effective response of a meso-structure emerges
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Fig. 11. (a) Failure modes in a composite array of three cascading platelets; (b) Effective response of a composite array with three cascading platelets as a function of platelet thickness.

from both the platelet characteristics and the platelet arrangement. The
critical overlap length between platelets exists for the fixed platelet
dimensions, but then, for a considered arrangement of platelets, there
exists a critical geometrical configuration of an individual platelet. This
reflects the dualism and inter-play between the platelet (“element”) and
the meso-structure (“system”) that control the composite performance.

3.5. Mitigation of composite strength variability from morphology by
increased platelet length-to-thickness ratio

When a platelet-arrayed meso-structure failure is dominated
through the platelet-to-platelet interface such as for platelets of low L,/
ty-ratio, the meso-structure morphology controls effective strength.
Thus, variability in meso-structure is translated to variability in
strength. As the dominant damage is moved into platelet tensile failure
with (Lp/t,) = (Lp/ty)er, the meso-structure arrangement becomes less
important and the meso-structure strength becomes more morphology
independent. That is, variability in meso-structure arrangement is not
translated directly to its strength variability.
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Thus, the mitigation of morphology-dependence of meso-structure
strength can be achieved with increased platelet length-to-thickness
ratio. This is illustrated by the data in Fig. 8(a) and (b), where the same
morphologies used in Section 3.2 were investigated for their strength
sensitivity to the platelet length-to-thickness ratio (Ly/tp). It can be seen
that the macro responses of the six meso-structures are very different
from one another at L,/t, = 42, but as the platelet aspect ratio is in-
creased to Ly/t, = 127, the responses of meso-structures 1 and 2 be-
come very close, while the macro stress-strain curves of meso-structures
## 3, 4, 5, 6 are essentially indistinguishable in graphics scale. A no-
ticeable reduction of coefficient of variance (cov) and increased average
(avg) strength result from the increased (L,/t,)-ratio, as it can be seen in
Fig. 8(b).

3.6. Effect of platelet volume fraction on composite tensile strength

Platelet volume fraction, V;, in an RVE is defined by the relationship
given in Eq. (12):
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Platelet volume fraction is modified by varying the in-plane spacing
between platelets (5, = &,), see Fig. 9(a). The stress-strain curves for
UD-arrayed platelet systems with different platelet volume fractions are
shown in Fig. 9(b). It can be seen that the stress-strain curves are linear
in the initial stage of axial tension for all platelet volume fractions. The
curves slope increases with increasing platelet volume content,
meaning the composite system effective stiffness (tensile modulus) in-
creases with increased platelet volume fraction. The curves slope begins
to decrease when damage progresses through the system. The ultimate
strength of the composite increases with increasing platelet volume
fraction, as well as the ultimate (failure) strain. For a particular RVE
meso-structure (#4), the variation of platelet volume fraction from
87.98% to 96.39% (increase by 10%) leads to the improvement of
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ultimate tensile stress from 690 MPa to 927 MPa (increase by 34%). The
reported data corresponds to the platelet size of L, =12.7 mm,
t, = 0.15mm, L,/w, = 4.

3.7. Effect of added redundancy on uniaxial tensile strength in array of
cascading and uniformly overlapping platelets

Consider a periodic composite array of N platelets uniformly over-
lapping with one another in a cascading manner and aligned with the
loading x;-direction. The RVE of a composite has length in the x;-di-
rection (L,) equal to the sum of platelet length and the gap between
platelets, while the RVE height (L,) is N(t, + t,n), as shown in
Fig. 10(a) for several arrays having different number of cascading
platelets. In such composite system, (N — 1) platelets are sandwiched
between the matching junctions of neighboring platelets in the
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composite through-thickness direction. This composite system has a
more complex morphology as compared to the previously considered
systems, with added redundancy from a greater number of platelets
included into it. Structural redundancy plays many parts, for example in
the behavior of the overall structure following some form of damage.
Having more elements in the system, both platelets and interfaces,
provides more paths for energy dissipation during the damage growth
through the composite system. On the other hand, more platelets added
to the system reduces the platelet-to-platelet overlap, therefore in-
creasing the interfacial stresses. Besides, the platelet geometry is as
before responsible to control the stress transfer within the system.
Added redundancy from an increased number of platelets in a
system of cascading platelets can enhance the composite effective
strength by redistributing the load-transfer between more elements. At

Disbonding of platelets
(low L/t, ratios)
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some point though, a further increase in platelet count produces greater
chances to have a morphology with a “week spot”, meaning short and
over-stressed platelet-to-platelet overlaps, such that effective composite
strength would be suppressed. It is shown in Fig. 10(b) for several
platelet thickness magnitudes. Both platelets fracture and platelets
disbonding are possible, as shown in Fig. 11 for the case of a periodic
system with three uniformly overlapping platelets. When the platelet-
to-platelet interfacial damage is minimized, the composite effective
strength is maximized. Contrary, when composite overall failure is
through the disbonding between the platelets, the composite effective
strength is retarded.

4. Experimental evidence of the platelet aspect ratio significance

Experimental work has been performed to study the effect of a
platelet length-to-thickness ratio on the macro-response of a platelet
meso-structure in terms of its effective strength and failure mode.
Experimental results show the similar trends to the computational work
of Section 3.3 and therefore support its conclusions.

Tensile coupons representing the arrays of aligned platelets (Fig. 12)
were manufactured from the AS4/PEKK UD CF tape (Cytec/Solvay).
Precursor UD prepreg was cut into the strips perpendicular to the fiber
direction with the intervals of desired platelet length (L,). The strips were
2in. (50.8mm), 1lin. (25.4mm), 0.5in. (12.7mm), and 0.25in.
(6.35 mm). Then, the strips were stacked together to fabricate a staggered
system of platelets, resulting in a flat plate/panel. The strips were slightly
soldered together to maintain proper positioning during layup. The layers
of release agent were applied to the mold surface. The platelet ensemble (a
plate) was placed inside the mold cavity. The mold was closed and heated
up in the oven, with a thermocouple probe inserted into it for temperature
control. After reaching the melt temperature, the composite panel was
molded in a press at about 200 psi (1.38 MPa). The material was held
under pressure while cooling down in air at room temperature. The plate
was next equipped with end tabs and cut to the specimen dimensions on
the surface grinder. The tensile coupons were 10 in. (254 mm)-long (with
about 6in. (152 mm)-gage length) and 0.5in. (12.7 mm)-wide. An MTS

Fracture of platelets across the fibers (high L/z, ratios)

Fig. 15. Experimentally observed change of the failure type in platelet-arrayed tensile coupons: from dis-bonding dominated failure for the low platelet aspect ratios to the platelet fiber
fracture dominated failure for the high aspect ratios. (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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machine with hydraulic grips and 22kip (97.86 kN) load cell was used.
The specimens were tested in tension with loading axis, x;, parallel to the
fiber direction of platelets. The displacement control with loading rate of
2 mm/min was used.

For the specimen geometry shown in Fig. 12, each coupon was pro-
duced with a single platelet across the width and six layers of platelets
through the thickness. Platelet thickness, t,, was varied for some coupons.
To control thickness of platelets, various numbers of AS4/PEKK plies (1-4)
were assembled together to represent a single platelet. A platelet uniform
overlap length through the thickness of the coupon was equal to the one-
half of a platelet length, L, = 0.5L,. The molding temperature/pressure
conditions were as recommended by the manufacturer.

Effective (macroscopic) stress-strain curves for several tensile cou-
pons are shown in Fig. 13. The experimental strength of the tensile
coupons is shown in Fig. 14, where each point corresponds to a single
coupon. In Fig. 14, platelet length-to-thickness aspect ratio was de-
termined by dividing the nominal platelet length by the processed
platelet thickness, which was obtained by dividing the measured
average coupon thickness by the number of platelets in the coupon
through thickness direction. The failure stress was calculated by di-
viding the load (N) at failure by the coupon cross-sectional area (spe-
cimen width multiplied by thickness). The strength enhancement with
increased length-to-thickness ratio of a platelet can be seen in Fig. 14,
where all the results (shown in solid black diamonds) were normalized
with respect to the tensile strength of the AS4/PEKK UD CF tape. For
large length-to-thickness platelet aspect ratio, the specimens failed by
uniaxial tensile failure of the platelet, Fig. 15. For a smaller length-to-
thickness platelet aspect ratio, the specimen tensile failure was caused
by platelet delamination thereby leaving the platelets undamaged.
Fig. 14 also reports the data points (open circles) for the tensile bars
made of T800S/3900-2B carbon/epoxy staggered platelets, obtained
from Taketa et al. [56] and the behavioral trends matches quite well
with the data from the present work.

5. Conclusions
The stress-strain response of a meso-structure consisting of

Appendix A
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staggered and aligned platelets, parallel to each other and the loading
axis, was studied. A three-dimensional, periodic RVE-based model was
developed for the analysis of meso-structure deformation and pro-
gressive damage. The analysis accounted for the explicit interaction
between the platelets with varying overlap geometries by modeling
both platelets and platelet-platelet interfaces. Meso-structure geome-
tries were identified that isolated platelet fracture and platelet-to-pla-
telet delamination although both mechanisms were allowed to occur
simultaneously. A continuum damage mechanics model was success-
fully utilized for modeling the initiation and evolution of damage in the
meso-structure. Delamination of the interface was captured by em-
ploying a cohesive zone model.

The critical length-to-thickness ratio of the platelet is shown to be a
manifestation of efficient platelet-to-platelet load transfer. The max-
imum strength of a given meso-structure is achieved at the critical
length-to-thickness ratio, which produces platelet rupture as the pri-
mary failure mechanism, thereby extracting the greatest contribution
from the platelet to meso-structure strength. Additional increase of
platelet length-to-thickness ratio beyond the critical value is not ac-
companied by further increase in meso-structure strength. Below the
critical length-to-thickness ratio, interfacial damage and platelet dela-
mination limit the meso-structure strength.

The critical length-to-thickness ratio of a platelet was shown to be
determined by the morphology of the meso-structure (i.e. the ar-
rangement of overlap lengths). This revealed that the scatter of tensile
strength of a platelet-arrayed meso-structure is related to its mor-
phology variability and this variability can be mitigated by increasing
the apparent length-to-thickness ratio of the platelet.
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Fig. Al and Table A1l summarize the geometrical parameters of considered meso-structure samples (RVEs).
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Fig. Al. Parametrized geometry of an RVE layer. (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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Table Al
Geometrical parameters of meso-structure samples (RVEs).
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Meso-structure ID

Top/bottom layers

Middle layer

xf® Ky 1/ K x5 ™
#1 0.75 0.2 0.4 0.4 0.6 0.1
#2 0.25 0.3 0.3 0.4 0.55 0.9
#3 0.2 0.1 0.85 0.75 0.35 0.45
#4 0.75 0.2 0.4 0.4 0.6 0.1
#5 0.2 0.55 0.25 0.75 0.35 0.45
#6 0.25 0.3 0.3 0.5 0.55 0.9
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