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Abstract

This paper discusses the implementation of a model for the high-cycle fatigue-driven
delamination of a carbon/epoxy composite into the finite element software ABAQUS. The
model was first tested using a non-FE technique which enabled an extensive investigation of
its sensitivity and accuracy to be rapidly performed. It was then implemented as a user-
defined element in the ABAQUS and will be used to predict the fatigue delamination of
structural details for aerospace applications such as stiffener runouts.

1 Introduction

Delamination - the separation of two adjacent layers in a laminate - is an important failure
mode to consider when designing components made from laminated carbon fibre reinforced
polymer composites as it can reduce the structural stiffness and strength critically.
Delaminations in a structure are caused by high interlaminar stresses which occur for example
at free edges, ply drops and corners. These interlaminar stresses can be caused by static
loading and impact but also, as is the case of interest here, by low amplitude cyclic loading,
where the number of load cycles may be in excess of one million.

There are two factors which make it very desirable to be able to model fatigue-driven
delamination. Firstly, delamination often develops without any visible external sign and its
detection requires using non-destructive testing methods such as ultrasound-based techniques
to establish the magnitude of damage. A reliable fatigue model would increase the interval
between inspections. Secondly, computer simulations with many loading cycles are cheaper
and take significantly less time than an experimental fatigue test where the whole lifetime of
the structural component is simulated. It is therefore of considerable interest to be able to
model delamination numerically so as to understand how delamination might develop in a
particular structural design and how the design could be improved to be less susceptible to
delamination.

A common modeling strategy in finite element (FE) models is to insert cohesive elements [1]
where delaminations are thought likely to occur. Cohesive elements have been employed
extensively for delamination growth under quasi-static loading and more recently have been
adapted to also model fatigue-driven delamination.

In this paper a damage model that has been evaluated previously has been implemented into a
cohesive user element (UEL) in ABAQUS which is then to be used to simulate stiffener
runouts.



ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, ltaly, 24-28 June 2012

2 Damage models

2.1 Paris law

The model is validated against a modification of the Paris law [2], a widely used curve fitting
model, where the modification consists of using the strain energy release rate range AG
rather than the stress intensity factor range AK . Fatigue crack growth is characterized by
three zones as shown in Figure 1. The model has been used to simulate crack growth in the
middle zone (zone 2), where the Paris power law applies

da m
N:C(AG) : (2.1)

In this equation a is the crack length, N the number of cycles, and C and m are material
properties which have to be determined experimentally for a given material.
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Figure 1. log-log plot of fatigue crack growth rate vs. strain energy release rate

2.2 Cohesive zone model

The cohesive element is a zero-thickness finite element with initially coinciding top and the
bottom surfaces representing the crack faces. It is based on the cohesive zone model
introduced by Dugdale and Barenblatt [3,4], which assumes that there is a softened zone at the
tip of a crack where stresses are not yet zero and are dependent on the relative displacement
between the two crack faces. This section deals with this stress-displacement relationship also
called the constitutive law, which in the case of fatigue-driven delamination is made
dependent on the number of cycles.

Since it would be too computationally expensive to model individual cycles when dealing
with high-cycle fatigue, the fatigue model outlined below is a cycle-jump model, where a
certain number of cycles are simulated blockwise each step. This means also that numerically
applied loads and numerically computed displacements are envelopes of the cyclic curves (see
figure 1).
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Figure 2. Cycle Jump strategy (left), load and displacement envelopes (centre and right)

2.3 Fatigue degradation strategy
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The fatigue degradation strategy that is used in this paper has been originally developed by
Robinson et.al. [5]. It is explained here for mode I. The static constitutive relationship used is
the bilinear law shown in figure 3 for mode | and mode I1.
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Figure 3. Bilinear constitutive law in (a) mode | and (b) mode Il
The traction with respect to the damage is expressed as follows
o =(@0-D)KSs, (2.2)

where the damage is divided into a static and a fatigue part, Ds and Ds respectively for which
D=Ds+Dy. The static damage can be written in terms of the displacement as

5. 6-0
D.(5)=—" & for §, <5 <4,, (2.3)
58, -5,

with Ds=0 when ¢'is below & and Ds=1 otherwise. The change in static damage between N
cycles and N+4N can then be computed from the respective displacements and equation (2.3)
as

5,0, (1 1 )

AP :§C—§OL5(N)_5(N+AN)J.

S

(2.4)

The fatigue damage is introduced in the following way, which was first proposed by Peerlings
[6] following a modified version by Paas [7]

D,=——=A
ot \S5. ) &

ﬂ .
oD
f elD (i\ 5(t) (2.5)

C

where S, A, and A are parameters which have to be determined so that the resulting crack
growth is in agreement with the experimentally determined Paris law and /6. is a normalized
displacement. Using this damage rate, fatigue damage can occur when the initial damage is
zero and thus a crack can grow even in an initially undamaged interface. The derivation of the
damage growth rate per cycle given below is explained in detail in [5].

The fatigue damage after a number of cycles AN has elapsed can be found by integrating the
fatigue damage rate over the respective number of cycles. This integration is performed
numerically. A constant ¢ with 0<u<I is found, so that
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N +AN 1+p
oD . (D ,o
AD, = I LBAD(N)(w} dN = AN M, (26)
L1+ B A AN
D, =(@-u)D(N)+uD(N +AN) @7
5 =@Q-u)S(N)+ u5(N +AN). '

U

In this paper a value for x of 0.7 was used. Combining equations (2.4) and (2.6), the damage
evolution with respect to a cycle jJump AN can thus be expressed as

D(N +AN)=D(N)+AD_ +AD, (2.8)
This implicit formulation for o (N + an) is approximated using a Newton-Raphson algorithm.

2.4 Evaluation with simple cylinder model

2.4.1 Cylinder model

For the investigation of fatigue damage laws in mode I, a mathematical non-FE model was
used [8]. This allows for a very fast assessment of potential fatigue degradation strategies
compared to a full finite element analysis. The model, referred to as the cylinder model,
which is shown in figure 4, consists of two zero-thickness layers of a fixed width W. The
bottom layer is attached to the ground and the top one to a cylinder of sufficiently large radius
R, to which an external moment M, is applied.

Figure 4. Cylinder model showing extended springs, element spacing 4/ and contact point xc

The interface is simulated by initially unstressed equidistant springs, which fulfill the same
role as a cohesive element in finite element modeling (FEM). The springs are associated with
a constitutive law and a degradation strategy, which determine the stress in terms of the
number of cycles passed and the displacement. These individual spring stresses are then used
to determine a resisting moment contribution about the contact point ¢ (see figure), which is
found by multiplying the cohesive stress with the interface area represented by the spring and
the distance from the contact point. The total resisting moment is then determined by
summing up the moment contributions of all the individual springs. An equilibrium angle 6
can then be found at which the external moment is equal in magnitude to the resisting
moment.

With a relatively simple energy balance the applied energy release rate G, can be calculated
from the external moment, which is required as an input for the Paris law. The work done by
the external moment as the cylinder rotates by A6, causing the contact point ¢ to move by a
distance of 4x has to be equal to the energy consumed in the interface separation

M_AO =AXG W . (2.9)
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The change in angle 46 can be related to the arc-length 4x through simple trigonometry and
therefore

A
Ma—X:AxGaW = M_ =G WR (2.10)
R

2.4.2 Results

The fatigue degradation strategy stated above and a second one introduced by Turon et. al [9]
were examined and compared with each other previously using the cylinder model [10].

For this comparison sensitivity studies were undertaken for both strategies in order to
determine the relative errors in growth rates with respect to two important parameters. One of
them is the element size Al. The strategies are more accurate for small element sizes, but
having very small elements increases the simulation runtime drastically and it is therefore
desirable to have a model that is tolerant to an increase in element size.

The other parameter tested was the number of cycles per step AN. This also has a very great
influence on the runtime of the model since for every fatigue step of the finite element model,
a new equilibrium has to be found. The Peerling fatigue strategy produced smaller errors for
larger element sizes and cycle jumps and was therefore chosen to be implemented into the
cohesive element.

3 Implementation in ABAQUS

The three-dimensional, eight-noded cohesive element is shown in figure 5 in its initial
unstressed configuration, where top and bottom surface coincide. The displacement field is
interpolated with linear shape functions. A detailed derivation can be found in [11] and [12].
Following the advice of Schellekens and de Borst [13] who found that Gauss integration can
cause oscillations in the calculated traction due to the high initial stiffness of the constitutive
law, which magnifies initial oscillations in the displacement, a Newton-Cotes integration
scheme was applied at first. However this caused spurious uneven growth along the crack
front, an effect which has been described by Davila et.al [14]. In order to be able to analyse
single-element-wide FE models of a mode | double cantilever beam (DCB), a Gaussian
integration scheme has therefore been used and the initial stiffness has been reduced from 10°
N/mm? to 10° N/mm?®.

The cohesive element is implemented in Fortran 90 as a user subroutine (UEL) into ABAQUS
6.10. The user subroutine is called once per increment for every user element and passes the
stiffness matrix and force vector contribution back to the finite element software.
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Figure 5. Initial configuration of cohesive element
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The fatigue damage accumulation is incorporated by using a predefined field, which tracks
the number of cycles. This information is passed to the user subroutine which then computes
the accumulated damage accordingly. The constitutive response for static and fatigue
delamination is currently implemented for mode I.

4 Initial Results

The cohesive element was first tested using a double cantilever beam (DCB) model with a
pre-crack and fixed at the end as shown in figure 6. The beam was modeled with an
orthotropic material.

L=15mm
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Figure 6. DCB model
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The material properties and interface properties [5] as well as the Peerling degradation
parameters used are shown in table 1.

Material properties Interface properties Peerling parameters
Ei; =120 GPa oo= 30 MPa $=2.0
E,, = E33=10.5 GPa G=0.268 N/mm 2=0.5
Gy, =G13=5.25 GPa K= 10° N/mm? A=7.5e-04
Gy =3.48 GPa
Vi2 = Vi3 = 0.3
Vo3 = 0.51

Table 1. Material properties, interface properties and Peerling parameters

A layer of cohesive element was placed between the arms to simulate the gradual
delamination. In order to keep the energy release rate at the crack tip constant, a constant
bending moment was applied to both arms. The energy release rate can then be computed as
follows [15]

G, = (2.11)

In a first step, the moment was ramped up to a fixed value. In the second step, a predefined
field was applied to simulate the passing of cycles, while the moment was kept constant at the
same value as in the first step. The crack growth rate was then recorded with respect to the
number of cycles. This growth rate is subsequently compared to experimental data taken from
[16]. The results, which are shown in figure 7 demonstrate good agreement with the
experiment.
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Figure 7. Mode I Paris law. o experimental ® numerical.

5 Further Work

In order to predict the delamination of stiffener runouts such as the one shown in figure 8 [17]
which fail in pure mode Il the model above has to be adapted.

The cylinder model described above allows for the examination of fatigue degradation
strategies in mode | only. However, it is possible to use analogous fatigue degradation
strategies for shear using the mode Il constitutive law shown in figure 3. Since the numerical
algorithm is essentially the same, the sensitivity studies undertaken with the cylinder model
are transferable to the mode Il case.

The mode | cohesive user element will be adapted to allow for pure mode I and mode Il
delamination. The next step is then to extend this to mixed-mode delamination.

Figure 8. Finite element model of stiffener runout [17]

6 Conclusions

A cohesive user element for the simulation of fatigue-driven delamination growth was
presented. A previously examined fatigue degradation strategy was incorporated into a user
subroutine UEL in ABAQUS. The implementation was realised in Fortran 90. The cohesive
user element was successfully tested for static delamination and mode | high-cycle-fatigue
delamination. It will now be adapted to be able to model mode Il delamination.
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