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Abstract

This paper presents a micromechanical finite element model to study interlaminar damage propaga-

tion and relocation, known as delamination migration, between angled plies, consisting of a double-ply

θ/0◦ Unit Cell (UC) in-between homogenised unidirectional 0◦ plies. Random fibre distributions and

appropriate constitutive models are used to model the different dissipative phenomena that occur at

crack onset and propagation. Varying the upper ply fibres orientation, θ, and ply thickness, it is

possible to assess their influence on the damage migration mechanism. Different features associated

with delamination migration are analysed, such as the distribution of interlaminar shear stresses at

the crack tip and the kink angles. When comparing the results of the micromechanical model with

previously conducted experimental observations, similar trends are obtained. It is concluded that

the computational framework is able to simulate mode I interlaminar damage propagation and de-

lamination migration in multidirectional laminates, providing a sound tool to better understand the

conditions behind interlaminar crack migration.

Keywords: Delamination migration, Polymer-matrix composites (PMCs), Matrix cracking,

Computational mechanics

1. Introduction

Delamination may result from manufacturing defects (such as voids, pores, or inclusions between

layers), from impact or from geometric discontinuities, which can induce early laminate failure and

cause a significant reduction in the load carrying capacity of a structure [1]. In particular, the resis-

tance to delamination in multidirectional laminates needs to be well understood, since interlaminar5

damage usually occurs along the interface of laminae with different fibre orientations [2]. Under cer-

tain conditions, delamination migration may also occur leading to its relocation from an interlaminar

region to another through an intralaminar matrix crack. This mainly depends upon the direction of
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the interlaminar shear stresses and orientation of the fibrous reinforcements [3]. Figure 1 shows a

schematic illustration of the delamination migration mechanism.10

[Figure 1 about here.]

The tendency of an interlaminar crack to kink out of the current interface may be evaluated with

energy-based criteria [4], stress-based criteria [5] or a combination of both [6]. In a pure mode I

interlaminar fracture toughness test, such as the Double Cantilever Beam (DCB), the arms may lose

their symmetry inducing a mode II component that drives the delamination to migrate. The presence15

of defects in the adjacent layers may also induce the crack to migrate. If the migration is towards a

ply in which the fibres are aligned with the normal to the delamination front, the crack remains at

the current interlaminar region, however, if the fibres have a dissimilar orientation, the crack tends to

migrate as an intralaminar matrix crack towards the next ply interface [3]. Migration may also occur

if the mode I intralaminar fracture toughness is lower than the mode I interlaminar critical energy20

release rate [7].

Numerous experimental studies have been performed in order to evaluate delamination migra-

tion [2, 3, 8, 9, 10, 11, 12, 13, 14]. One of the first experimental evidences of this damage mechanism

was reported by Nicholls and Gallagher [2]. They found for mode I DCB testing of angle ply com-

posite laminates four different crack morphologies, each associated with different mode I interlaminar25

fracture toughness. One of the morphologies was characterized by the crack growing from one ply to

another. Greenhalgh et al. [3] described fractographic observations from the examination of delami-

nation fracture surfaces that migrated through the lamina at multidirectional ply interfaces. Sebaey

et al. [8] conducted different delamination tests in mode I type fracture using DCB multidirectional

specimens. They evaluated six different stacking sequences of composite laminates, and two exhibited30

crack migration. Canturri et al. [9] investigated the influence of ply interface on the delamination

propagation process, concluding that delaminations propagate preferentially in the direction of one

ply at the delaminating interface. They further proposed a methodology for modelling delamination

directionality. Ratcliffe et al. [10, 11] investigated and explained in detail the mechanism by which

interlaminar damage kinks out of an interface into an intralaminar region, and migrates to the next35

neighbouring interface for a 0◦/90◦ laminate. In their experiments, using Single Cantilever Beam

(SCB) specimens, the delamination propagated along the lower 0◦/90◦ interface until a single matrix

crack migrated to the next 90◦ interface. The authors studied also the effect of the load offset with

respect to the crack tip, and have observed that this influences the initial interlaminar shear stress

sign at the crack tip, and forces the eventual location of migration. Later, Pernice et al. [12] conducted40

an experimental study on delamination migration in angle-ply laminates, namely for specimens with

θ = 60◦ and 75◦. The experimental setup used was the same proposed by Ratcliffe et al. [10, 11]. For
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the case of angle-ply laminates, it was found that the delamination migration process can be more

complex, where many kinking events (corresponding to the relocation of the delamination into the θ

ply) were observed before the crack completely migrated into the neighbouring ply. They confirmed45

that the migration process is inherent to delamination between plies of different orientations and it

may thus be necessary to account for it in the development of mesomechanical intralaminar damage

models. Gong et al. [13] investigated the delamination migration process under mode I quasi-static

and fatigue loadings for specimens with a +θ/− θ centreline interface, with θ = 60◦ and θ = 75◦. All

the specimens for both quasi-static and fatigue loading exhibited an alike sequence of damage mech-50

anisms, ultimately leading to delamination migration. More recently, Gong et al. [14] performed an

experimental study on delamination migration in multidirectional laminates under mode II static and

fatigue loading using End Loaded Split (ELS) specimens, and compared with mode I testing, showing

that the migration process on the DCB specimens was more stable than in the ELS specimens.

From a predictive point of view, several techniques have been developed to model delamination55

migration in angle-ply laminates, using the Finite Element Method (FEM) [15], the XFEM-CE method

(a method combining the extended finite element method (XFEM) with cohesive elements [16]), the

Floating Node Method (FNM) combined with the Virtual Crack Closure Technique (VCCT) [17, 18],

and the Extended Cohesive Damage Model (ECDM) [19]. In particular, Chen et al. [20], by making

use of the FNM, were able to capture the numerous kinking attempts and the multiple locations of60

migration across the width of the laminate, as observed in the literature [12], as well as the effect of

load offset on the locations where migration occurs.

Despite the previously enumerated experimental and numerical studies, the mechanisms that lead

to interlaminar crack migration have not been fully comprehended. In the present work, computa-

tional micromechanics is used to investigate the effect of ply orientation on the delamination migration65

phenomena. Computational micromechanics has emerged as a powerful tool to study the mechanical

response of laminated composites [21, 22, 23, 24, 25, 26, 27], and it allows a more flexible and in-depth

assessment of several factors, such as the stacking sequence, the damage mechanisms associated with

interlaminar crack propagation (branching, bridging, and migration), and the imposed stress states,

and their effect on the fracture properties [25]. In the present paper, using appropriate constitu-70

tive models for the composite constituents and the fibre-matrix interface, combined with an efficient

modelling strategy, interlaminar damage relocation in angle-ply sublaminates is investigated in detail,

including the effect of the stacking sequence and micromechanical damage mechanisms involved.

To the authors’ knowledge, this is the first time computational micromechanics is applied in a

systematic way to understand interlaminar crack propagation and relocation in multidirectional com-75

posite laminates. Previous attempts to model delamination migration in multidirectional laminates

were restricted to mesoscale models, using homogenised composite plies [15, 16, 17, 18, 19, 20], and
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thus did not provide enough detail to capture microscale features such as the full migration history,

including inititation and intralaminar propagation, the role of the different constituents (particularly

the role of fibre-matrix interface), or the effect of ply thickness and orientation. Other studies have80

addressed interlaminar damage evolution of multidirectional reinforcements using mesoscale modelling

approaches, but have not specifically addressed the delamination relocation issue [28, 29].

The structure of the paper is organised as follows. The constitutive models for each part of the

computational framework are described in Section 2, followed by the micromechanical FE modelling

strategy in Section 3. The numerical results are presented in Section 4 and, finally, the conclusions are85

drawn in Section 5.

2. Constitutive modelling

The FE model consists of a micromechanical Unit Cell (UC) that is composed of two plies with

a θ/0◦ orientation, adjacent homogenised unidirectional 0◦ layers and their interfaces (see Figure 2).

In order to guarantee that the model is sufficiently large to accurately model the kinematics of a90

delamination test, homogenised plies were also attached to the UC through Tie Constraints. Figure 3

shows two different schematic views of the FE models.

[Figure 2 about here.]

The reinforcing fibres are disposed randomly in both 0◦ and θ plies, by making use of the algorithm

proposed in [25]. The fibres are embedded in an epoxy matrix, with interfaces between them. The95

homogenised laminae are used to simulate the mesoscale elastic behaviour of the composite represented

by the micromechanical UC, to constrain the micromechanical discretisation, and to ensure that the

model is sufficiently long to accurately model delamination migration (see Figure 3b). The constitutive

models for each of the materials are described in the coming sub-sections.

[Figure 3 about here.]100

2.1. Fibrous reinforcements

Since it is assumed that damage will develop only in the matrix and at the fibre-matrix interface, a

linear-elastic, transversely isotropic constitutive model is used to model the fibres. The geometry and

material properties of the IM7 carbon fibres are reported in Table 1.

[Table 1 about here.]105
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2.2. Epoxy matrix

The isotropic damage model for the matrix proposed by Melro et al. [30] is used here, and the

reader is referred to [21, 30]. For the sake of completeness the most fundamental details are reported

below.

Following Melro et al. [30] the stress tensor, σ, reads:110

σ = De : εe (1)

where εe is the elastic strain tensor, and De is the elasticity fourth-order tensor. Rearranging Eq. (1)

the hydrostatic pressure, p, can be expressed as a function of the elastic volumetric strain, εe
v, and the

matrix bulk modulus, Km :

p = Kmε
e
v (2)

while the deviatoric stress tensor, s, reads:

s = 2Gmε
e
d (3)

where Gm is the matrix shear modulus, and εe
d the deviatoric strain tensor. Following [31] the115

paraboloidal yield criterion is defined as:

f(σ, σYc , σYt) = 6J2 + 2(σYc − σYt)I1 − 2σYcσYt (4)

where σYt
and σYc

are the absolute values of the tensile and compressive yield strengths, I1 = tr(σ)

is the first invariant of the stress tensor and J2 = 1
2s : s is the second deviatoric stress tensor (s)

invariant.

To correctly define the volumetric deformation of the matrix, when a hydrostatic pressure is applied,120

a non-associative flow rule [30] was employed. The plastic potential reads:

g = σ2
vm + αp2 (5)

where σvm =
√

3J2 is the Von Mises stress and α is a material parameter defined as [30]:

α =
9
2

1− 2νp

1 + νp
(6)

with νp being the plastic Poisson’s ratio.

Using the plastic potential of Eq. (5) the increment of plastic deformation reads:

∆εp = ∆λ
∂g
∂σ

(7)
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where ∆λ is the plastic multiplier.125

The yield surface (Eq. (4)) depends only on the tensile and compressive yield strengths that are

both affected by hardening. This is considered depending on the equivalent plastic strain:

σYc
= σYc

(εp
e), σYt

= σYt
(εp

e) (8)

Figure 4 shows the hardening curves used in the plasticity model in tension and in compression,

respectively.

[Figure 4 about here.]130

The equivalent plastic strain εp
e is defined as:

εp
e =

√
1

1 + 2ν2
p

εp : εp (9)

Following [30], the complementary free energy density is defined as:

Gm =
σ2

11 + σ2
22 + σ2

33

2Em(1− dm)
− νm

Em
(σ11σ22 + σ22σ33 + σ33σ11)+

+
1 + νm

Em(1− dm)
(σ2

12 + σ2
13 + σ2

23) + G p
m

(10)

where, Em, νm and dm are the Young’s modulus, the Poisson’s ratio and the damage variable for the

matrix, respectively.

G p
m represents the contribution of plastic flow to the stored energy. The irreversibility of the damage135

process is ensured if:

˙Gm − σ̇ : ε > 0 (11)

A positive dissipation of mechanical energy is ensured if the strain tensor equals the derivative of

the complementary free energy density with respect to the stress tensor:

ε =
∂Gm

∂σ
=

σ

2Gm(1− dm)
− νmdm

Em(1− dm)
I · I : σ − νm

Em
I1I (12)

Finally, the damage onset is defined as:

F d
m = φd

m − rm (13)

where rm is an internal variable related with dm, and φd
m represents the loading function:140

φd
m =

3J̃2

Xc
mX

t
m

+
Ĩ1(Xc

m −Xt
m)

Xc
mX

t
m

(14)
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where Xc
m and Xt

m represent the compressive and tensile strengths of the material, while invariants

J̃2 and Ĩ1 are determined using the effective stress tensor.

Bažant and Oh’s crack band model [32] is used together with an appropriate damage evolution law,

in order to eliminate mesh size dependency. The dissipated energy reads:

Ψm =
∫ ∞

0

Ymḋm dt =
∫ ∞

1

∂Gm

∂dm

∂dm

∂rm
drm =

Gm
Ic

le
(15)

where Ψm is the energy dissipated per unit volume, Gm
Ic is the mode I fracture toughness of the matrix145

and le is the characteristic length of the element.

The damage variable, dm, is defined as:

dm = 1− eAm(3−
√

7+2r2
m)√

7 + 2r2m − 2
(16)

where Am is a parameter that needs to be computed solving Eq. (15) as a function of the characteristic

element length. The material properties of the epoxy matrix are reported in Table 2.

[Table 2 about here.]150

2.3. Fibre-matrix interface

The fibre-matrix interface is modelled using the cohesive surfaces of the FE commercial software

Abaqus R© [33]. Before damage initiation, a linear traction separation behaviour is assumed. Damage

initiation is predicted using a stress-based quadratic failure criterion [34]. Damage evolution is based

on the energy dissipated as a result of the damage process, adopting an exponential softening response155

under mode I, mode II or mixed-mode, according to the Benzeggagh-Kenane (BK) law [35]. The

material properties for the interface are presented in Table 3. Acknowledging the challenge in deter-

mining interfacial strength and toughness, the parameters used in this work are based on available

experimental data [36, 37, 38] and on previous micromechanical simulations [21, 24, 39, 40].

[Table 3 about here.]160

2.4. Homogenised plies

The homogenised plies are modelled assuming a linear-elastic transversely isotropic material be-

haviour. Since they are introduced in the micromechanical model to reduce computational cost, no

nonlinear or fracture behaviour is considered. The elastic properties of the plies can be determined

with micromechanical analyses using the concept of Representative Volume Element (RVE) and Peri-165

odic Boundary Conditions (PBCs), making use of the procedure outlined by Catalanotti [41] for the
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generation of a random distribution of fibres, combined with the already reported mechanical prop-

erties of the constituents. A value of a fibre volume fraction of ωply
f = 60% is used throughout the

simulations.

Figure 5, shows one of the generated RVEs used for the determination of the elastic properties of170

the outer laminae, outlining its geometrical periodicity.

[Figure 5 about here.]

Assuming a transverse isotropic material, the six independent elastic properties of the homogenised

plies can be determined using the following equations:

E11 = C1111 −
2C2

1122

C2222 + C2233
(17a)

E22 = (C2222 − C2233)
C1111(C2222 + C2233)− 2C2

1122

C1111C2222 − C2
1122

(17b)

ν12 =
C1122

C2222 + C2233
(17c)

ν23 =
C1111C2233 − C2

1122

C1111C2222 − C2
1122

(17d)

G12 = C4444 (17e)

G23 = C6666 =
1
2

(C2222 − C2233) (17f)

where Cijkl are the components of the stiffness tensor in Voigt notation.175

The volume average of the strain in the RVE equals the applied far-field strain, ε0ij :

ε̄ij =
1
V

∫
V

εij dV = ε0ij (18)

In order to obtain the stiffness matrix, and determine the six independent elastic properties of

the material using Eqs. (17a)-(17f), the RVEs are submitted to six independent unit load cases (three

normal and three shear loads). The applied strain is a unit value for one of the far-field strain

components and zero for the remaining strain components. This way, each component of the stiffness180

tensor will be equal to the volume average of the stress field:

Cijkl = σ̄ij =
1
V

∫
V

σij dV , with ε0kl = 1 (19)

According to Melro et al. [42], the RVE transverse and longitudinal dimensions influence the predic-

tions of the elastic response. In order to accurately capture the ply level elastic mechanical properties,

square RVEs with in-plane dimensions of 30r and with a longitudinal dimension of 4r are used. Fibres

and matrix are modelled using C3D8, three-dimensional, fully integrated linear hexahedral elements,185
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with an average size of 0.7 µm, with the corresponding material properties previously reported in

sections 2.1 and 2.2. Table 4 summarises the results of the mean, minimum and maximum values of

ten different generated RVEs with the same fibre volume fraction (ωply
f = 60%), same size, but with

different fibre distributions. The value of the homogenised density was obtained following Chamis’

rule of mixtures.190

[Table 4 about here.]

2.5. Ply interfaces

The interfaces between the UC and the unidirectional 0◦ homogenised outer layers are modelled

using cohesive surfaces in Abaqus R© [33]. The formulation is the same used for the fibre-matrix interface

described in sub-section 2.3. The relevant material properties are given in Table 5. Because they are195

well documented, the interlaminar properties of the IM7/8552 carbon-epoxy composite laminate [43]

are used.

[Table 5 about here.]

3. Finite element modelling

3.1. Finite element discretisation200

Ratcliffe et al. [10, 11] developed an experimental setup to evaluate delamination migration. Fig-

ure 6 shows a schematic representation of the test.

[Figure 6 about here.]

According to experimental studies using SCB specimens [11, 12], delamination growth takes place

prior to migration for cases where the load offset with respect to the crack tip location is higher than205

0.5, (i.e. S/a0 > 0.5) with a distance varying from 13 mm to 16 mm. Cases where S/a0 6 0.5 exhibited

delamination migration immediately from the Polytetrafluoroethylene (PTFE) film insert, since the

shear stresses acting in the vicinity of the insert front tend to favour kinking of the delamination

into the upper θ ply [10]. Due to the computational cost of the proposed micromechanical models, a

comparison study of the load offset is not performed. Instead, it is chosen to study only interlaminar210

crack propagation between angled plies in mode I tests. The application of the displacement is in

a place that promotes delamination kinking and subsequent migration without delamination growth

prior to migration. Hence S = 0 is assumed throughout the paper, corresponding to the conventional

DCB specimen used to evaluate mode I interlaminar fracture toughness, but with a micro-discretisation

of a UC long enough to fully capture the migration to the next interface.215
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Figure 3a shows a schematic view of the double-ply θ/0◦ UC with the top homogenised outer plies,

where t is the thickness of each individual outer lamina, equal to the thickness of a single ply of the

UC (h), LUC is the total length of the UC, which is kept constant and equal to 0.7 mm throughout

the analyses, and H is the width of the UC. This width was chosen to be constant and equal to 0.105

mm for all the UCs investigated. It is understood that the ratio H/h has to be long enough in order to220

ensure that the numerical predictions are not influenced by this parameter. This can be easily done for

very thin UCs. However, for the thicker UCs, this would result in a prohibitive computational effort.

Therefore, the value chosen for H yields a good compromise between the computational cost and the

ability of the model to capture all features associated with delamination propagation and migration.

A resin rich area was created by positioning the plies at a distance w = 4 µm in order to appropriately225

evaluate the damage process. The total thickness of the UC is then W = 2h+w. Since the objective is

not the evaluation of the mode I interlaminar fracture toughness, involving the complete development

of the Fracture Process Zone (FPZ), the effect of the length of the UC is not studied. However, in order

to guarantee that the model is able to represent the mode I experimental test setup, the total length

of the model, Ltot = LUC +Lhom +a0 is set to 22.99 mm, where Lhom = 13.65 mm and a0 = 8.64 mm.230

The aforementioned dimensions were chosen since the same (a0 + aUC
0 )/Ltot ratio is used in the DCB

test standard [44]. Figure 3b shows a schematic view of the entire model. A geometric pre-crack was

inserted in the UC by removing elements along the centreline of the interlaminar resin-rich area (see

Figure 8) to force delamination growth from that location, with a length aUC
0 = 0.2 mm. This pre-crack

length was chosen to ensure that damage onset and propagation is not influenced by other features of235

the model, such as the Tie Constraints between the UC and the homogenised plies, and that damage

will occur within the UC and its propagation will not depend on the boundary conditions.

To represent the microscale geometry, C3D4, three-dimensional tetrahedral continuum solid ele-

ments, with an average size of 1.5 µm are used to discretise the fibres and matrix. The homogenised

outer unidirectional 0◦ plies are modelled by means of C3D8R, three-dimensional, reduced integration240

hexahedral elements, also with an average size of 1.5 µm. The homogenised plies that are attached

to the UC are modelled in the same manner (type of elements and average seed size) as the other

homogenised plies, but with a biased local seed size along their length from 0.25 mm to 2 mm. Thus,

the smaller (h = 35 µm) and the larger models (h = 125 µm) have approximately 3.5 and 11.5 million

elements, respectively.245

3.2. Loading and boundary conditions

For mode I interlaminar crack propagation evaluation, a vertical (z-direction) tensile velocity is

applied to the upper left edge of the unidirectional 0◦ homogenised part, corresponding at the end

of the step to a displacement with a magnitude of approximately the total UC thickness. The axial

10



  

longitudinal (x-direction) displacements are also blocked in this edge. The bottom left edge of the250

unidirectional 0◦ homogenised part is fixed in the longitudinal and out-of-plane directions, and finally

one of the side faces of the model has the transverse (y-direction) displacements blocked. Figure 3b

shows the boundary conditions applied to the model.

4. Numerical predictions

The numerical simulations were conducted using the FE solver Abaqus R©/Explicit [33]. The purpose255

of these simulations is to study the delamination migration phenomena, involving the fracture of the

epoxy matrix and fibre-matrix debonding. In order to avoid numerical errors due to excessive element

distortion, damaged elements (dm > 0.99) have been removed throughout the simulations. The FE

models run in one node (20 CPUs of Intel R© Hashwell R©) with 512GB of RAM. The smaller (h = 35 µm)

and the larger models (h = 125 µm) take, respectively, approximately five and twenty days to run in260

such conditions.

4.1. Effect of ply thickness

Preliminary studies were conducted to assess the effect of ply thickness on delamination migration.

Figure 7 shows the contour plots of the matrix damage variable for four different 75◦/0◦ UCs with

ply thicknesses h = 35 µm, h = 65 µm, h = 95 µm and h = 125 µm (the outer homogenised plies265

thickness, t, increases proportionally) at maximum applied displacement.

[Figure 7 about here.]

It can be seen that independently of the thickness of the UCs, the crack that developed at the

pre-crack tip migrated as an intralaminar through-thickness matrix crack until it reached the next

interlaminar region. An interesting remark is the fact that for some ply thicknesses (Figures 7b270

and 7c), damage is not initially developed at the pre-crack tip due to the proximity of the fibres to the

initial crack, promoting matrix damage growth towards the closest (weak) fibre-matrix interface.

[Figure 8 about here.]

The kink angle (or migration angle), Ωo, is defined as the angle between the horizontal line (x-

direction) in the current defect plane and the commencing linear section of the migrated crack (see275

Figure 1) [13, 14]. The kink angles decrease with increasing ply thickness. The values reported

in the literature obtained for the migration angles, taken from the front sides of the specimens via

microscopic observations [14] ranged from Ω0 ∈ [35◦, 60◦]. The numerical predictions of the kink angles

presented in the previous figure are approximately Ω0 ≈ 62◦, Ω0 ≈ 57◦, Ω0 ≈ 35◦ and Ω0 ≈ 30◦, with

increasing ply thickness. It is postulated that migration angles are governed by the magnitude of the280
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interlaminar shear stress. With these micromechanical models it is simple to obtain the distribution of

the interlaminar shear stresses across the width of the UCs. Figure 9 shows the numerical predictions

of the magnitude of the interlaminar shear stress distributions for the four 75◦/0◦ UCs at onset of crack

propagation, corresponding to the moment when the damage variable of the elements surrounding the

crack tip is higher than zero, (i.e. when the failure criterion has been satisfied and softening begins).285

[Figure 9 about here.]

As expected, all UCs present a positive interlaminar shear stress distribution causing the crack

to migrate. It can also be seen that the magnitude of the shear stress decreases with increasing ply

thickness, reason why the thicker laminates present smaller migration angles. This observation is

supported by the direction of the maximum principal stress, which becomes more vertical as the shear290

stress magnitude drops (see Figure 10).

[Figure 10 about here.]

Another simulation was conducted to further assess the effect of the magnitude of the interlaminar

shear stresses on the kink angles, by increasing the homogenised outer plies thickness, t, to 125 µm,

with h = 35 µm. Figure 11 shows the contour plots of the matrix damage variable (Figure 11a) and295

a quantitative comparison between the interlaminar shear stress distributions along the width of the

UCs at the pre-crack tip at onset of crack propagation (Figure 11b) for UCs with h = 35 µm and

t = 35 µm and t = 125 µm, respectively.

[Figure 11 about here.]

It can be seen that for the case of h = 35 µm and t = 125 µm, the kink angle decreased (Ω0 ≈ 40◦),300

caused by a decrease of the magnitude of the distribution of the interlaminar shear stresses.

Based on these results, and due to the high computational cost of these finite element models, in

the following numerical analyses, a constant thickness equal to h = 35 µm was selected for each ply of

the UCs.

4.2. Effect of off-axis angle305

Here, a more detailed evaluation of the delamination migration mechanism is given through the

analysis of seven different stacking sequences that are generated for increments of 15◦ of the upper

ply reinforcement orientation in the range 0◦ ≤ θ ≤ 90◦, for a constant ply thickness. Figure 12

shows the contour plots of the matrix damage variable at the maximum applied displacement on the

0◦/0◦, 45◦/0◦ and 90◦/0◦ UCs. As expected, in the 0◦/0◦ UC (Figure 12a), a crack develops at the310

crack tip and propagates stably in the interlaminar region. However, in both 45◦/0◦ and 90◦/0◦ UCs
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(Figures 12b - 12c), damage does not propagate along the interlaminar region. Instead, the crack

tends to grow towards the upper homogenised ply, directly from the location of the initial crack tip,

as reported in [13], through an intralaminar matrix crack.

[Figure 12 about here.]315

For the sake of brevity, only the contour plots of the matrix damage variable at the maximum

applied displacement of the remaining upper ply fibre orientations are shown (Figure 13). It can be

seen that migration occurred for all the stacking sequences except for the cases of the 0◦/0◦ and 15◦/0◦

UCs. Part of the crack developed in the 30◦/0◦ UC propagated to a fibre-matrix interface in the 0◦

ply, however, the main crack managed to propagate all the way through the 30◦ ply, reaching the320

next interlaminar region. It is also noted that some smeared damage can be observed in the matrix

of the 0◦ plies (e.g. Figure (7c and 13b)), attributed to the weak fibre-matrix interface and random

fibre/matrix discretisation of the UCs, with a negligible effect on the results though.

[Figure 13 about here.]

From Figures 12 and 13, it can be seen that, in some cases, crack branching occurs, as reported325

experimentally in [7]. At the macroscale, delamination migration is characterised by an interlaminar

crack that relocates to another interface through the formation of a through-thickness intralaminar

crack. However, at the microscale, delamination migration becomes a more complex mechanism that

involves different dissipative phenomena, including local plastic deformation of the matrix, fibre-matrix

debonding and matrix cracking and branching. At the laminate level, most of these mechanisms330

cannot be visually distinguished and therefore their interaction is neglected. Numerical predictions

are presented in Figure 14, where the normalised load-displacement curves are reported, with Fz as the

reaction force in the z-direction, and F c
0◦/0◦ as the maximum value of the reaction force of the 0◦/0◦

UC. It is observed that the 0◦/0◦ and 15◦/0◦ UCs exhibit a clear peak load. The crack did not migrate,

and instead propagated along the interlaminar region, leading to a stable post-peak response. However,335

all the remaining stacking sequences presented an unstable post-peak response, involving several load

oscilations, which may be attributed to damage being propagated through fibre-matrix interfaces. The

90◦/0◦ UC mechanical response is rather poor, due to the lower resistance to intralaminar fracture of

the 90◦ off-axis ply.

[Figure 14 about here.]340

As expected, after delamination kinks from the original defect plane, it migrates as an intralaminar

matrix crack in a surface that is parallel to the fibres. The proposed micromechanical framework is

able to predict this behaviour, as shown in Figure 15, where the fracture surfaces originated from the
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60◦/0◦ (Figure 15a) and 75◦/0◦ (Figure 15b) UCs are displayed in different views. Varying the upper

ply fibres orientation, θ, the fracture surface remains parallel to the fibres. The same was reported345

experimentally by Gong et al [13, 14], where the migrated crack had the same orientation of the cracked

ply, as it can be seen from Figures 16a-16b.

[Figure 15 about here.]

Figure 16, shows the contour plots of the matrix damage variable at the 0◦/60◦ (Figure 16a) and

0◦/75◦ (Figure 16b) interfaces, and comparison with the corresponding Computed Tomography (CT)350

scans captured by Gong et al. [13] of the centre delaminations. It can be seen that, as it was observed

by Gong et al. [13], a triangular-shaped crack was formed in the 0◦/θ interface. This triangular shapes

vary with respect to the value of the fibres orientation, θ, and it becomes larger as the angle increases.

[Figure 16 about here.]

4.3. Shear stress sign and kink angles355

Delamination migration tests conducted on specimens containing a θ/0◦ interface, namely for θ =

60◦, θ = 75◦ and θ = 90◦ demonstrated that migration is governed by the sign of the component

of interlaminar shear stress perpendicular to the θ fibre direction [10, 12] (see Figure 8). For pure

mode I, there is not a natural tendency for the delamination to propagate outside the defect plane.

However, due to the non-symmetric stacking orientation, a shear mode component is induced at the360

crack tip [13], revealed by the occurrence of a nonzero interlaminar shear stress.

As shown earlier, correlation between the numerical and experimental results performed by Pernice

et al. [12] showed that a negative sign of shear stress promotes delamination growth at the current in-

terface, preventing delamination migration, while a positive sign promotes kinking of the delamination

into the upper θ ply. Figure 17 shows the numerical predictions of the normalised polynomial fitting365

curves of the interlaminar shear stress distributions perpendicular to the upper fibres orientation, where

τ32 represents the effective interlaminar shear stress, and |τ0
32c| represents the normalisation data point,

which is the absolute value of the interlaminar shear stress at the crack tip, in the middle of each of the

θ/0◦ UCs, at onset of crack propagation. The asymmetry of the distribution is due to the randomness

of the fibrous reinforcements. All the interlaminar shear stress distributions obtained by Pernice et370

al. [12] after delamination migration are positive along the width of the specimen, and negative before

migration. In the simulations presented here (Figure 17), only the 0◦/0◦ and the 15◦/0◦ UCs did

not present a positive shear stress distribution. The 0◦/0◦ UC presents a more uniform and close to

zero shear stress distribution, due to symmetry considerations, where the minor fluctuations around

this value are due to the nature of the randomness of the reinforcements. The 15◦/0◦ UC presents375

a negative stress distribution, causing the crack not to kink and remain at the current interface. All
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the other multidirectional UCs present a positive interlaminar shear stress along their width, which

represents the appearance of a shear component at the crack tip causing the crack to migrate as an

intralaminar matrix crack towards the next ply interface.

[Figure 17 about here.]380

The numerical predictions of the kink angles ranged approximately from 22◦ to 62◦, increasing as the

orientation of the upper ply, θ, increases. The values obtained from experiments [13, 14] are reported

for a delamination occurring at a 60◦ and 75◦ interface. The migration angles obtained numerically

for the 60◦/0◦ and 75◦/0◦ UCs are comparable to experiments, since the values are approximately

Ω0 ≈ 50◦ (Figure 18a) and Ω0 ≈ 62◦ (Figure 18b), respectively.385

[Figure 18 about here.]

4.4. 90◦/90◦ UC

The interlaminar crack propagation at a 90◦/90◦ UC is simulated here to evaluate the mechanisms

behind the delamination migration phenomena at the microscale of a laminate with a symmetric

stacking sequence of off-axis plies.390

Figure 19 shows the contour plots of the matrix damage variable on the 90◦/90◦ micromechanical

UC. Since this is a symmetric stacking sequence, a pure mode I load is applied at the crack tip, and

the interlaminar crack extends along the interface between the 90◦ plies (Figure 19a). However, during

propagation, due to the proximity of the transversely-oriented fibres on both plies of the UC, through-

thickness matrix damage growth through the fibre-matrix interface is promoted, leading to a kink angle395

Ωo ≈ 60◦ (Figure 19b). Finally, damage propagates towards the adjacent interfaces (Figure 19c).

[Figure 19 about here.]

Numerical predictions of the interlaminar shear stresses at the crack tip (region 1) and at the point

where the crack migrates (region 2) are shown and compared in Figure 20, where the normalisation

data point is the same as the one mentioned above, which is at the middle of the width of the UC at400

the pre-crack tip.

[Figure 20 about here.]

Since this analysis simulates a laminate with a symmetric stacking sequence, due to the heteroge-

neous nature of the composite, the interlaminar shear stresses oscillate around zero, even for region 2,

and migration occurs due to the proximity of the fibre-matrix interface, leading to the formation of an405

intralaminar matrix crack.
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5. Concluding remarks

In this work, a detailed representation of interlaminar crack propagation and migration between

angled plies has been studied using a three-dimensional finite element computational micromechanics

framework, composed by a micromechanical UC and homogenised outer plies. Appropriate constitutive410

models were used to model the different dissipative phenomena that occur at crack propagation. The

properties of the homogenised plies have been obtained from different periodic RVEs with random

fibre distributions and subjected to PBCs. UCs with different fibre orientations and ply thicknesses

were generated to simulate interlaminar damage propagation and relocation. In the present work:

• The influence of ply thickness on the interlaminar damage relocation was analysed, where 75◦/0◦415

UCs were generated with different ply thicknesses. As expected, the crack migrated to the next

ply interface through an intralaminar matrix crack. The numerical predictions of the interlaminar

shear stress along the width of the UCs were positive, independently of the thickness of the UCs.

With increasing ply thickness, the magnitude of the shear stresses decreases, which is apparently

the cause of why the values of the kink angles decrease.420

• In multidirectional laminates with θ/0◦ interfaces, delamination migration occurred for fibre

orientations equal to or above θ = 30◦. Since the computational model simulates mode I

interlaminar fracture testing, the crack migrated directly from the film insert, as reported in [13],

and the intralaminar matrix crack migrated in a surface that is parallel to the ply orientation, as

reported in [13, 14]. Through comparison with CT scans captured by Gong et al [13], the models425

are able to capture the triangular-shaped crack that is formed in the next ply interface where

the crack migrates to. It was concluded, as well, that these shapes vary with the reinforcement

orientation, θ.

• The occurrence of migration is directly dependent on the sign of the component of the inter-

laminar shear stress perpendicular to the θ fibre direction [10, 12], which leads to a shear mode430

fracture component at the crack tip [13]. Numerical predictions of the interlaminar shear stress

distributions along the width of the UC were obtained and qualitatively compared with experi-

mental results obained by Pernice et al. [12]. It was concluded that the crack migrates only for

the cases where the shear stress distribution is positive, as reported by Pernice et al. [12]. Kink

angles, Ω0, ranging from 22◦ to 62◦, were predicted, increasing with increasing orientation of the435

upper ply, θ, comparable with previously conducted experimental observations [13, 14].

• A micromechanical simulation of interlaminar damage propagation in a 90◦/90◦ interface showed

that the crack initially propagates in the interlaminar region before migrating through the thick-

ness (with Ω0 ≈ 60◦). Analysing the interlaminar shear stress distributions, it can be concluded
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that, for a delamination propagating between symmetric sub-laminates, migration may still oc-440

cur through the weak fibre-matrix interfaces due to the proximity of the randomly distributed

fibres.

This study shows that computational micromechanics can be regarded as a reliable tool to analyse

different types of phenomena whose contribution is usually neglected in laminate-level analyses. The

potential of computational micromechanics can therefore be extended to the analysis and understand-445

ing of other loading scenarios, including migration under mode II loading [14] and the effect of stress

triaxiality [25], and the search for solutions to prevent this type of phenomena (e.g. optimisation of ply

mismatch orientation, application of thin plies, inclusion of additional constituents such as reinforcing

particles and nano-reinforcements, etc.).
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Figure 1: Delamination migration.

Figure 2: Double-ply θ/0◦ oriented UC of a laminate, and homogenised outer plies.

575

580

585

590

(a) Double-ply UC, with the top homogenised outer plies.

(b) Entire model (dimensions are not to scale).

Figure 3: Model schematic views.
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(a) Tensile hardening curve.

(b) Compression hardening curve.

Figure 4: Hardening curves used in the plasticity model of the epoxy matrix [23, 24].

Figure 5: Example of generated RVE using [41].

Figure 6: Schematic representation of the setup of the delamination migration experiments by Ratcliffe et al [10, 11].

(a) h = 35 µm.

(b) h = 65 µm.

(c) h = 95 µm.

(d) h = 125 µm.

Figure 7: Contour plots of the matrix damage variable for the 75◦/0◦ UCs at maximum applied displacement (only part
of the micromechanical UC is shown).

Figure 8: a) UC front view; b) fibres top view highlighting the principal shear stress at the crack tip.

Figure 9: Numerical predictions of the interlaminar shear stress distributions along the width for all the 75◦/0◦ UCs at
onset of crack propagation.

(a) h = 35 µm.

(b) h = 125 µm.

Figure 10: Directions of the maximum principal stress of the elements at the crack tip. (For interpretation of the
references to colours in this figure, the reader is referred to the web version of this article.)

(a) Contour plots of the matrix damage variable (only part of the micromechanical UC is shown).

(b) Quantitative comparison of the magnitude of interlaminar shear stresses.

Figure 11: Numerical predictions of the UC with h = 35 µm and different homogenised ply thicknesses: t = 35 µm and
t = 125 µm.

(a) 0◦/0◦ UC.

(b) 45◦/0◦ UC.

(c) 90◦/0◦ UC.

Figure 12: Contour plots of the matrix damage variable at the maximum applied displacement (only part of the mi-
cromechanical UC is shown).
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(a) 15◦/0◦ UC.

(b) 30◦/0◦ UC.

(c) 60◦/0◦ UC.

(d) 75◦/0◦ UC.

Figure 13: Contour plots of the matrix damage variable at the maximum applied displacement for multidirectional UCs
with different off-axis plies (only part of the micromechanical UC is shown).

Figure 14: Numerical predictions of the normalised force vs. normalised displacement curves obtained for different fibre
orientations, θ.

(a) 60◦/0◦ UC.

(b) 75◦/0◦ UC.

Figure 15: Fracture surfaces displayed in a front view (left) and in an isometric view (right) at maximum applied
displacement. (For interpretation of the references to colours in this figure, the reader is referred to the web version of
this article.)

(a) 60◦/0◦ UC.

(b) 75◦/0◦ UC.

Figure 16: 1) Contour plots of the matrix damage variable at the 0◦/θ interface. 2) and 3) CT scans of a lower −θ/+ θ
delamination of a quasi-static test obtained by Gong et al. [13] (with permission). (For interpretation of the references
to colours in this figure, the reader is referred to the web version of this article.)

Figure 17: Numerical predictions of the interlaminar shear stress perpendicular to the fibre orientation of the upper ply
(see Figure 8) along the width of the UC for different fibre orientations, θ.

(a) 60◦/0◦ UC.

(b) 75◦/0◦ UC.

Figure 18: Numerical predictions of the kink angle, Ω0 (only part of the micromechanical UC is shown).

(a) Interlaminar damage propagation.

(b) Fibre-matrix interface damage.

(c) Plies interface damage.

Figure 19: Contour plots of the matrix damage variable for the 90◦/90◦ UC (only part of the micromechanical UC is
shown).

Figure 20: Numerical predictions of the interlaminar shear stresses at the crack tip and at the point where the crack
migrates to the next interlaminar regions.
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Table 1: Fibre material properties

Material property Value

Fibre diameter
2r [mm] 0.007

Young’s moduli
E11 [MPa]
E22 [MPa]

276000
15000

Poisson’s ratio
ν12 0.2

Shear moduli
G12 [MPa]
G23 [MPa]

15000
7000

Density
ρ [tonne/mm3] 1.78× 10−9

595

Table 2: Matrix material properties [23, 24].

Material property Value

Young’s modulus
Em [MPa] 3760

Poisson’s ratio
νm 0.39

Plastic Poisson’s ratio
νp 0.3

Tensile strength
Xt

m [MPa] 93

Compressive strength
Xc

m [MPa] 350

Mode I fracture toughness
Gm

Ic [N/mm] 0.277

Density
ρ [tonne/mm3] 1.3× 10−9
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Table 3: Fibre-matrix interface properties [21, 23, 24].

Material property Value

Interface stiffness
K [N/mm3] 108

Interface maximum strengths
τ0
1 [MPa]
τ0
2 [MPa]
τ0
3 [MPa]

75
75
50

Interface critical energy release rates
GIc [N/mm]
GIIc [N/mm]
GIIIc [N/mm]

0.002
0.006
0.006

Mixed-mode interaction parameter (BK law [35])
η 1.45

Table 4: Homogenised plies properties.

Material property Mean Minimum Maximum

Young’s moduli
E11 [MPa] 168000 167762 168251
E22 [MPa] 9300 9212 9311

Poisson’s ratio
ν12 0.262 0.257 0.268

Shear moduli
G12 [MPa] 5300 5185 5403
G23 [MPa] 3500 3441 3662

Density
ρ [tonne/mm3] 1.58× 10−9 - - - - - - - -
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Table 5: Interlaminar properties of the carbon-epoxy composite laminate [43].

Material property Value

Interface stiffness
K [N/mm3] 108

Interface maximum strengths
τ0
1 [MPa]
τ0
2 [MPa]
τ0
3 [MPa]

93
93
71

Interface critical energy release rates
GIc [N/mm]
GIIc [N/mm]
GIIIc [N/mm]

0.277
0.788
0.788

Mixed-mode interaction parameter (BK law [35])
η 1.634
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