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1. Introduction

In aircraft industry, thermoplastic composites like
the AS4 carbon fiber reinforced poly-ether-ether-ketone
(AS4/PEEK) are used in structural applications: leading
edges, clips and brackets, and stiffened thermoplastic panels
[1, 2]. Recently, AS4/PEEK composites became very attrac-
tive for orthopedic implants, due to biocompatibility, simi-
lar modulus to bone and ability to withstand prolonged fa-
tigue strain [3, 4].

Under static and fatigue loadings, composite lami-
nates suffer delamination failure [5, 6], due to an adjacent
layer’s separation in laminates composites. This phenome-
non can cause a severe degradation of the load-bearing char-
acteristics for composite laminate. Low energy impact dam-
age is one of the most important events responsible for in-
ternal degradation of composite laminates, due to a complex
mixture of delamination, matrix cracking and fiber failure.
Transverse ply cracks may develop owing to residual
stresses or machining damage during manufacture, or under
service loads, producing high localized stresses where they
meet plies of different orientations, which may cause delam-
ination at the ply interfaces [7].

The double cantilever beam test (DCB) represent
one of the main methods used for the study of interlaminar
fracture behavior, with evaluation of critical strain energy
release rate Ge in laminar composites having initial pre-
cracks [8]. Usually, delamination initiates and propagates
due to combined effect of normal and shear stresses and
from this reason failure testing must include a combined ten-
sile normal stress (mode 1) and sliding shear stress (mode
I1). Mixed-mode bending (MMB) test was developed in or-
der to combine DCB mode | loading and end-notch fixture
(ENF) mode Il loading by evaluating total strain energy rate
Gt with its mode | (G,) and mode 11 (Gyi) [9]. A wide range
of Gi/Gr ratios can be produced by modifying the load po-
sition on the lever inside the testing system, starting from
Gu/Gt = 0% (DCB) till G\/Gt = 100% (ENF).

In order to simulate the fracture initiation and prop-
agation in composite laminates, several specialized numeri-
cal schemes under the frame work of Finite Element Method
(FEM) have been developed. The virtual crack closure tech-
nique (VCCT) was used for the study of the pre-crack length
effect on the mode I critical energy release rate Gic in woven
GFRP (Glass Fiber Reinforced Polymer) composites under
DCB test using a FEM based software, Ansys 15, along with
experimental investigations and it was demonstrated that
pre-cracks with length higher than 57 mm had no influence
on Gc value at room temperature [10]. The Cohesive Zone
(CZM) model offer a good prediction ability of interfacial
delamination, of matrix crack and even fiber break under

static loads [11, 12]. CZM is based on the concept of
bounded stress within an extended crack tip, or cohesive
zone were delamination is developed [13]. Camanho et al.
[14] implemented a CZM based method for simulating pro-
gressive delamination on single-mode and mixed-mode de-
lamination test specimens with pre-existing cracks, and this
approach was also considered in the present study, devel-
oped using Comsol Multiphysics software.

Comsol Multiphysics represents sometimes a bet-
ter choice than ANSYS software for numerical studies in
materials engineering, due to its multiphysics analysis capa-
bilities, by modeling and simulating the interplay between
the structural and thermal problem for any type of material.
For example, Comsol present a superior description of hy-
per-elastic materials by providing directly the validated con-
stitutive equations. Comsol has also the ability to develop
your own physics in the form of partial differential equa-
tions (PDE) for any physical problem.

Ultrasonic wave phenomena constitute the leading
physical mechanism for nondestructive evaluation (NDE)
and structural health monitoring (SHM) of solid composite
materials such as carbon-fiber-reinforced polymer (CFRP)
laminates, and guided-wave simulations for CFRP compo-
sites implemented with Comsol and ANSY'S codes offered
an experimental accuracy of 10.8% and 8.5%, respectively,
for the group velocity values along to 0° fiber orientation
inside the out-of-plane velocity wavefield on the composite
surface[15].

2. Model formulation

The criteria used in this study in order to predict
delamination propagation in laminate composites was the
mixed-mode criterion proposed by Benzeggagh and Kenane
[16], critical energy release rate Gc being expressed as a
function of the Mode | and Mode 11 fracture toughness and
considering an exponent » obtained from MMB tests, defin-
ing the failure locus under mixed mode loading:
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where: G, =G, +G,, .

When the energy release rates G, and G, became
equal with the corresponding fracture toughness of the ma-
terial (Gic, Giic) we can predict the delamination propaga-
tion.

The beam-theory analysis conducted to the follow-
ing expressions for G, and Gy under the MMB specimen
loading test [9]:
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where: E1 is the lamina longitudinal modulus, GPa; a is the
delamination length, mm; P is the applied load, N; b is the
specimen width, mm; h is half-thickness of the specimen,
mm; | is the specimen half span, mm; c is the position of the
applied load on the lever, mm, established through expres-
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The mode mixing ratio k from relation (4) is ex-
pressed as a function of the energy release rates as [14]:
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Neglecting the weight of the lever, the middle and
end loads, Pm and Pe, are obtained as a function of the total
load P as [14]:

g
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Numerically calculated pure mode displacement
components, u; and uy, offer the possibility of evaluating the
load-point displacement u.p with the following expression

[14]:
w5

with mode Il displacement component uy, calculated as a
function of the displacement at the middle of the MMB test
specimen uy for a <1 [14]:
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A detailed description of the numerical model for-
mulation which combines the CZM approach with the Arbi-
trary Lagrangian - Eulerian (ALE) methodology in the
framework of Comsol Multiphysics software is presented
elsewhere [17].

All the equations governing Solid Mechanics inter-
face from Comsol Multipysics software are presented in de-
tail in a previous study [18].
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The isotropic damage model used in this paper in
order to study the damage propagation in composite struc-
tures, as an extension to the build-in functionality of Comsol
Multiphysics, is described in details elsewhere [19, 20]. A
damage evolution function w(a), which determines the
shape of stress-strain relationship, is expressed as a function
of an internal variable o that keeps track of the current dam-

ifa<g,

age threshold [20]:
{ J ifa>eg '

where: gy = 0.016 is the unidirectional AS4/PEEK compo-
site strain at maximum tensile strength [21] and & is a mate-
rial parameter that controls the initial slope of the softening
curve (decaying rate of the material strength), defined by re-
lation [19, 20]:
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with Ieh as the local finite element size.

A preliminary grid sensitivity test was performed
in order to establish an optimal dimension for mesh ele-
ments that would yield sufficiently accurate results. For this
purpose, the stored energy density (MJ/m3) was computed
for a ratio G;//Gt = 50% along the delamination interface at
a maximum load point displacement of 5 mm for the beam
upper ply, for finite elements of constant length and differ-
ent widths “d”: 1.5, 1.75, 2, 2.25 and 2.5 mm (Fig. 1). The
laminate material properties and geometric dimensions of
the beam under simulation were considered from an experi-
mental study [22]. Some details regarding the mesh network
elements inside the beam model (with different element
sizes) are presented in Table 1.
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Fig. 1 Grid sensitivity test results in terms of stored energy
density variation along the delamination interface
length for different FE widths

The mesh network for the model discretization was
based on a surface map with four rows quad finite elements
(of width d) along the beam length (x direction). In the left
part of the map (from the beam center till the crack right



boundary) was considered another area of quad elements
having a width of d/2 (Fig. 2). Two solid elements were used
constantly through the thickness of each of the two layers
forming the beam [23]. It was applied here a symmetry
boundary condition by modeling only half of the beam.

Table 1
Mesh statistics for the model after grid sensitivity test
FE width, 15 1.75 2 2.25 2.5
mm
Number of
hexahedron | 1280 1120 976 880 784
elements
Number of
quad 1984 1744 1528 1384 1240
elements
Element vol-
ume ratio 0.4899 | 0.4957 | 0.5068 | 0.4764 | 0.4955

After grid resolution test presented in Fig. 1, in or-
der to save computing time and memory, it was decided that
the present numerical models to be meshed with maximum
element sizes of 2 mm, as we could see in Fig. 2, with finite
element discretization statistics included in the inset of this
figure.

A2 m

Fig. 2 Discretization network image with different mesh el-
ements for the beam numerical model, presenting
also the specimen geometrical characteristics and dif-
ferent model boundaries: 1 — middle edge, Il — contact
pair interface, 111 — cracked edge, IV — roller edge, V
— delamination interface, VI — damage interface

3. Results and discussions

The experimental MMB tests for a 24-ply unidirec-
tional AS4/PEEK composite samples with the fiber volume
content of 60 % have been performed by A. Turon et al.
[22]. The specimens contained a Kapton film delamination
starter at one end of the structure, with a thickness of 13 pum,
located at the specimen mid-plane. It was established the in-
itial delamination length of the specimens ao at values of
33.7mm, 34.1 mm and 31.4 mm using G/Gr ratios of 20 %,
50 % and 80 % respectively, with a penalty stiffness K, =
106 N/mm? and exponent of Benzeggagh - Kenane criterion
n = 2.28. The specimen had a length 21 of 102 mm, width b
of 25.4 mm and a thickness 2h of 3.12 mm, values consid-
ered also for the present simulations (Fig. 1). The density of
unidirectional AS4/PEEK composite was considered as
1.48 glcm?® [24].

In Table 2 are presented all the mechanical and in-
terfacial properties for the laminate composite considered
for model validation. Here, parameter Ei; represent the
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Young modulus along fibers (x direction), E2; = Ess is the
Young modulus across fibers (y and z directions, respec-
tively), Giz2, G13 and G are the shear modulus along xy, xz
and yz planes, respectively, viz, vi3 and v23 are the Poisson
ratios, N is the normal tensile strength and S represent shear
strength of the material.

Table 2

AS4/PEEK material properties considered for crack
propagation modeling [22]

Eus, E2o=Ez3, | Gi2= Gag3, G2z, V12 = V13 V23
GPa GPa GPa GPa
122.7 10.1 5.5 3.7 0.25 0.45
Gic, Gie, N, S,
kJ/m?2 kJ/m? MPa MPa
0.969 1.719 80 100

In Fig. 3a was presented the load-displacement
curve predicted by the present numerical model and the ex-
perimental data [22]. A good correlation between the nu-
merically predicted and experimentally measured maximum
loads was observed here, with an error (%) of -2.2, - 4 and
-2.6, when G/Gr was 20, 50 and 80%, respectively.
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Fig. 3a) Predicted and experimental load-displacement
curves. b) von Mises stress evolution in the points C,
C, and C3 for AS4/PEEK specimen at various Gi/Gr
ratios



From the total strain energy stored in the composite
specimen as a consequence of a prescribed load - point dis-
placement u.p, a part goes into changing the volume of ma-
terial (volumetric strain) and the other part is used to distort
the shape of the material (deviatoric energy). The von Mises
theory of yielding hypothesizes that material yielding will
occur for a general 3D state of stress when the combination
of stresses reaches the maximum distortional strain energy
density [25].

Von Mises stress (related to the deviatoric energy)
was evaluated along the interfaces Il and V in Fig. 3, b for
the identification of maximum delamination length of the
specimens (equivalent to ultimate displacement): a;, a2 and
as in the catastrophic failure points C;, C; and Cs established
on the load-displacement curve in Fig. 3, a.

The maximum values of stress in C points: 778,
912.6 and 982 MPa were identified at a; =36.9 mm, a, =
=46.2 mm and az = 49 mm for Gy/Gr = 20%, Gu/Gt = 50%
and Gu/Gr = 80%, respectively.

Von Mises stress distributions at the points Ay, B,
and C; labelled on the load—displacement curve is shown in
Fig. 4 in order to illustrate the initiation and damage propa-
gation (cracking) in the failure region.

Fig. 4 Von Mises contour plots in points A, B, and C; on
load - displacement curve for the AS4/PEEK compo-
site model simulated at G,/Gr = 50%

We could see in Fig. 4, a stress intensification at
the surface of the upper ply, with maximum stress distribu-
tion located along ao limit (B, image) and a propagation of
initial crack along the interface with an area extension of
delamination region (C image).

In Fig. 5 are presented the variation of damage evo-
lution function w(a) along the damage interface VI (Fig. 1)
for the composite model at the three different points A, B,
and C on the load displacement curves registered at different
Gu/Gr ratios.

During the early stages of the loading at Gi/Gr =
=20% and Gu/Gt = 50% (A; and A, points), a maximum
damage of 0.95 was detected near the initial crack edges ao
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of the specimen (Fig. 5, a and b). As the specimen is pro-
gressively stressed, the maximum damage area associated
with w(a) = 1 moves gradually towards the specimen half-
length 1. We could see in Fig. 5, ¢ that at the final testing
stage with a displacement u.p = 6.11 mm (Cs point) it was
registered an extension of maximum damage area over en-
tire region between ag limit and specimen half-length.
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Fig. 5 Behavior of the damage evolution function along the
damage interface of AS4/PEEK composite model un-
der MMB test simulated at different G;/Gr ratios



4, Conclusions

After numerical analysis of the load-displacement
curves registered at different stages of MMB test it was
showed that delamination failure caused by either fiber
breakage or matrix cracking in the AS4/PEEK composite
FEM model occurred across the laminate where the weakest
sections of these layers are located, at the interface between
the two plies.

The maximum crack lengths: a; = 36.9 mm, a; =
=46.2 mm and az = 49 mm have been identified at von Mises
stress values of 778 MPa, 912.6 MPa and 982 MPa during
MMB simulation test Gy/Gr = 20%, Gu/Gr = 50% and
Gin/Gr = 80%, respectively.

At the final stage of the MMB test simulated at
Gu/Gt = 80% for a load point displacement u.p = 6.11 mm,
a damage evolution function w(«) = 1 was registered along
the entire section between ao limit and specimen half-width
(50 mm), at the interface between the two plies of the struc-
ture, and a complete delamination should occur in this re-
gion.
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FEM MODELING OF DELAMINATION IN AS4/PEEK
THERMOPLASTIC COMPOSITES UNDER MIXED —
MODE BENDING TEST

Summary

Interfacial failure by delamination in the unidirec-
tional AS4/PEEK laminated composite was simulated
through this paper with a finite element method (FEM)
based model developed with Comsol Multiphysics soft-
ware. The mixed — mode bending (MMB) test was investi-
gated numerically here after a successful validation of the
model by comparing with experimental measurements of
the load —displacement curve provided in the literature. The
maximum delamination length of the specimens modeled,
the corresponding von Mises stress distributions and the
damage evolution function have been evaluated for different
ratios between mode Il strain energy rate and total strain en-
ergy rate G;/Gr = 20, 50 and 80%.

Keywords: upper ply, fracture toughness, delamination
length, stress.
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