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Abstract

Hybrid laminates made of polymer matrix composite plies with a metal sheet are called fiber metal laminates
(FMLs). This study presents a new numerical approach for examining the fatigue damage progress in FMLs.
A layer-wise finite element along with a cohesive element are used to predict the fatigue damage progress
for splitting, transverse cracking and delamination. Four-node cohesive elements are introduced to express
0° ply splitting and transverse cracking. Eight-node cohesive elements are inserted into the ply interfaces to
represent delamination. The most important character of this model is that the proposed simulation intro-
duces a damage-mechanics concept into the degradation process in cohesive elements in order to express the
damage progress due to cyclic loading. This enables us to address the complicated fatigue damage process
observed in a FML. We applied this model to titanium/glass fiber-reinforced plastic (Ti/GFRP) laminates
and compared the simulated results with the experiment data reported in the references. We confirmed that
this model can reproduce the fatigue damage process in a FML. The effect of the parameters of the cohesive
element on Ti crack growth and the delamination profile were also investigated. The Ti crack-growth rate
was found to be strongly associated with the delamination profile near the crack tip.

© Koninklijke Brill NV, Leiden, 2010

Keywords
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1. Introduction

Fiber metal laminate (FML), made of polymer matrix composite plies with a metal
sheet, is widely used as a fuselage skin material for aircraft. FML is a hybrid
material with high fatigue tolerance, specific strength and stiffness, and resis-
tance to impact and lightning strikes [1, 2]. First, aramid fiber/epoxy laminate
and aluminum-alloy (ARRAL) was developed. Second, glass fiber-reinforced alu-
minum laminate (GLARE) was developed and used on the Airbus A380 as a skin
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material for the upper fuselage and the leading edges of the vertical and horizon-
tal tail planes. Third, FML, with a titanium alloy sheet (TiGr) that can endure
high temperatures at supersonic operating speeds, was recently developed [3-5].
A detailed understanding of the damage process under an applied load, especially
a cyclic load, is needed in order to use FML extensively in engineering applica-
tions. However, there is little research that completely explains the fatigue damage
progress.

Some researchers have proposed models for the face-sheet crack-growth behav-
ior of FML. Burianek and Spearing [6] predicted the crack-growth rate by using
a finite-element method that included delamination at the interface. However, this
model could not reproduce the real damage progress seen in experiment results be-
cause it incorporated an assumption concerning delamination shape and ignored any
damage occurring in the internal FRP layer. Although the face-sheet crack-growth
rate provides a guide to the remaining life of the FML, there is no prediction model
that considers the delamination profile growth, which closely correlates with the
face-sheet crack-growth rate.

This paper proposes a new numerical approach to the fatigue damage progress
in a FML that considers multiple damage modes, including face-sheet cracking,
delamination, and damage in the internal FRP layer. The structure of this paper is
as follows. We first present a formulation of the numerical model, especially as it
applies to cohesive elements, and a residual-strength degradation law for cohesive
elements that expresses the effects of cyclic loading. We then demonstrate the va-
lidity of the simulation by comparing the simulation results with the experiment
results recorded by Nakatani et al. [8]. Finally, we discuss the effect of the parame-
ters of cohesive elements that express the strength of the bonding ply or interlayer
damage on the face-sheet crack-growth rate.

2. Model

The following model was used to simulate the damage progress in open-hole
Ti/GFRP cross-ply laminates under cyclic loading. The lay-up of the laminate is
[Ti/04/903]s, the same as in the experiment conducted by Nakatani et al. [8].

The model is separated into individual layers representing the titanium layer, 0°
layer, and 90° layer as seen in Fig. 1. The titanium layer is assumed to be isotropic
and each ply of the GFRP laminates is assumed to be an orthotropic homogeneous
body. The model consists of linear-elastic, four-node Mindlin plate elements that
permit consideration of out-of-plane deformation.

In this modeling, we consider the following damage modes:

e Titanium cracking.
e Splitting (in 0° layer).

e Transverse cracking (in 90° layer).
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Finite-element model for Ti/GFRP laminate. (a) Schematic of Ti/GFRP laminate. (b) Finite

element mesh.

.

Cohesive elements are used to express these damage modes, except for titanium
cracking. To introduce the effect of cyclic loading, Kachanov’s damage progress

e Delamination at the Ti/GFRP interface.

Cohesive elements for transverse crack
e Delamination at the 0°/90° interface.

Figure 1
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law [9] was modified to apply to the residual strength of cohesive elements. Gener-

ally, Paris’ law is used to represent the crack growth rates of metals. Therefore, the

virtual crack closure technique (VCCT) plus Paris’ law were used to predict crack

growth in the titanium layer.

2.1. Finite-Element Analysis using Cohesive Elements

A cohesive element utilizes the relation between traction and relative displacement
of the crack surface, as illustrated in Fig. 2. The relation between the traction T and
the relative displacement A is defined using the residual-strength parameter for the



Downloaded by [Siauliu University Library] at 06:51 17 February 2013

110 T. Yamaguchi et al. / Advanced Composite Materials 19 (2010) 107-122

Traction

Double node

Double node (]

(d)

Figure 2. Cohesive zone model. (a) 4-Node cohesive element for split and transverse crack. (b) 8-Node
cohesive element for delamination.

elements, s, proposed by Geubelle and Baylor [10]:

Ty
Ty,

S Thmax 0 0
1—5 Apc A
N T n —
— 0 Lmax 0 A b =DeonA. (1)
1—s AtC A
$  Tbmax b
0 0
1—5 Apc

Subscripts n, t and b indicate the cracking modes of normal tensile deformation,
in-plane shear, and out-of-plane shear. 7; max and A;c (i =n,t, b) are the strength
and the critical relative displacement in each cracking mode. The term ‘strength’
represents a criterion for starting the damage process in cohesive elements. The
critical relative displacement is the relative displacement with no traction in the
cohesive element. At the critical energy release rate, G;. (i = I, II, III), equal to the



Downloaded by [Siauliu University Library] at 06:51 17 February 2013

T. Yamaguchi et al. / Advanced Composite Materials 19 (2010) 107-122 111

1y

A

Tnmax Sini

G

c

Anc(l — Sini) Anc An

Figure 3. Schematic illustration of the traction-separation laws used in this paper.

area of the shaded region in Fig. 3, the critical relative displacement is defined as
follows:

2Gc 2G1re 2Gie
AI'lC:—’ tC:—a AbC:—
Tn maxSini Tt maxSini Tb maxSini
Here, sip; is the initial value of parameter s (sjn; = 0.999 in this study). Parameter s
is calculated as a function of the relative displacements:

§ = min[smin, max[0, 1 — |A[]], 3)

2)

A = {An/Anc, At/AtCa Ab/Abc}T-
The cohesive elements defined above act as follows ((a)—(c)):

(a) A cohesive element acts as a penalty element, maintaining the continuity of
displacement at the element interface while s = sjp;.

(b) The residual-strength parameter and the traction become small according to the
relative displacement once the cohesive element is stressed beyond its strength
(0 < s < Sini)-

(c) Cohesive elements generate a crack surface completely when they absorb en-
ergy equal to the critical energy release rate (s = 0).

Next, we present the formulation for a finite-element analysis with cohesive el-
ements. The virtual work for the analytical region V including the cohesive zone
Scon 1s as follows:

/a:éEdV—i—/ T-SAdS:/f-(SudS. 4)
\%4 Scoh Sl

Here, o is the stress tensor, E is the strain tensor, u is the displacement vector,
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f is the external force vector on the prescribed boundary S;, and § is the virtual
component. The following relationship is obtained for the relative displacement A:

0 0 -1 0 0001 0 0
A1'1 t] tu A
_ — — u
A:[At]: 10 0 0100 2 0 {ﬁl}
Ap | ta u
0o -1 0 0 20100 =
2 2

W
Az

i={(a o 0 6 6,)".

Here, 1 and 1, are the thicknesses of the lower and upper layer of delamination. The
displacement vector of element {@; 1y }T is calculated from shape functions N’
and nodal displacement vector U,:

{ﬁl}_[Nl N> N°N 0 0 0 0

lAlu 0 0 0 0 N1 N2 N3 N4j| I,\Je = Ncohﬁe, (6)

N = NiI5, Is5 : unit matrix (5 x 5),
U.=(0 0?2 0 0 0 02 0 04

With the above details, the matrix form of virtual work principal can be represented
by

SUTKU =50t (7)
K = Ky + Keon, ®)
Ky = / By DvBMdV, )
W
Keon = /S N L DeonLNeop dS. (10)
coh

where U is the nodal displacement vector; f is the external force vector; and K, B
and D are the stiffness matrix, strain—displacement matrix and constitutive coef-
ficients. Suffixes M and coh denote the Mindlin plate elements and the cohesive
element.

Equation (7) is nonlinear since the stiffness matrix of cohesive elements K¢qp
varies with the relative displacement. We used a direct-iteration method [11] to
solve the nonlinear equation.
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2.2. Fatigue Law in Cohesive Elements

In this study, the concept of damage mechanics proposed by Kachanov is introduced
to express the effect of cyclic loading. The following equation is applied for the
residual strength parameter s of cohesive elements in the damage process zone:

ds FP
W:_a_)” (11)
N

2 2 2
T T T
Tnmax Ttmax Thmax
Here, a dimensional parameter F is introduced to express the stress state at the

crack tip. N denotes the number of cycles.

2.3. Calculation of Titanium Crack Growth Rate Using VCCT

Cracking in the titanium layer was assumed to occur from the hole and propagate
perpendicular to the loading direction as in Fig. 1. An initial crack (0.2 mm) was
introduced at the hole edge. The energy release rate G in the titanium layer is cal-
culated using the VCCT with:

G = JxDo ’
tAag
where f, is the nodal force at the crack tip, ¢ is the thickness of the titanium layer,
Ay is the crack opening displacement one node behind the crack tip, and Aag is the
element size ahead of the crack tip. The stress intensity factor K is related to the
energy release rate and the titanium modulus E in the plane stress condition using

K =+EG. (13)

The crack growth rate in the titanium layer is expressed using Paris’ law:

9@ _ cagym (14)
dN '

(12)

3. Application to Experiments
3.1. Overview of Experiments

This section introduces the fatigue experiments for open-hole Ti/GFRP cross-ply
laminates conducted by one of the authors [8]. Ti/GFRP laminates consist of a
140 um thickness titanium-alloy sheet bonded together with autoclaved GFRP
cross-ply laminates [04/903]s, and CW-tape (GE380G135SBEMQWS, Mitsubishi
Rayon Co. Ltd.). Epoxide-based adhesive (DP-460, Sumitomo 3M Co. Ltd.) was
used to bond the titanium layer and GFRP. The test specimens were 200 x 40 mm
rectangular coupons and about 3.10 mm thick. A circular hole with a diameter of
6 mm was drilled in the center of the specimens. Constant-amplitude fatigue test-
ing was conducted using a servo-hydraulic testing machine, an Instron 8801, with
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a frequency of 5 Hz and a stress ratio of R = 0.1. The maximum applied stress was
71.4 MPa, which is 30% of the tensile strength of the Ti/GFRP laminates.

Scanned images of the specimen after 10 000, 30 000 and 400 000 cycles of su-
personic scanning may be seen in Fig. 4(a—c). At 10000 cycles, a transverse crack

4——— Loaddirection —— p

Transverse crack: ‘ Delaminations

s a1

30,000 cycles  (c) 400,000 cycles

(a) 10,000 cycles (b)

Interlaminar delamination

in GFRP layer =, Ll
Delamination

of Ti layer

Splitting in 0° layer

Transverse cracks
near the open hole

(d) Detailed damage observation

Figure 4. (a)—(c): Images of Ti/GFRP specimens captured by an ultrasonic flaw detector. (d): Damage
observation of GFRP layers in Ti/GFRP after fatigue loading (Ti layer was removed).
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Table 1.
Profile and maximum size for each damage mode

Damage Profile =~ Edge Size
modes (mm)
Ti/GFRP ellipse a (=crack length) 17
Delamination b 6
0°/90° triangle  d; 8
Delamination d 4

in 90° plies had propagated completely across the ligaments but delamination at
the Ti/GFRP interface was not yet visible (Fig. 4(a)). At 30 000 cycles, the titanium
cracks and titanium/GFRP delamination are visible only near the hole (Fig. 4(b)).
After the titanium crack penetrated the ligaments at about 200 000 cycles, Ti/GFRP
delamination was widely propagated after 400 000 cycles.

Although the outline of fatigue-damage behavior is demonstrated by supersonic
scanning, the detailed size and profile of the delamination and matrix cracking are
not visible. Therefore the interlayer damage of the Ti/GFRP laminates was observed
by peeling the titanium layer away (Fig. 4(d)). As seen in Fig. 4, delamination at the
Ti/GFRP interface was in an elliptical shape, with the major axis being the titanium
crack length and the minor axis the split length. Transverse cracks appeared in the
region near the hole, and triangular delamination appeared in the region near the
hole between the 0° and the 90° plies. The average damage sizes when the titanium
crack penetrated the specimen are listed in Table 1.

Fatigue-damage behavior in open-hole Ti/GFRP laminates may be summarized
as follows: First, transverse cracks appear from the region near the hole in GFRP
early in the fatigue life. A crack in the titanium layer then propagates from the hole
edge. Following that, cracking in the titanium layer and elliptical delamination at
the Ti/GFRP interfaces propagate as the number of cycles increases. 0° ply splitting
and triangular delamination at the 0°/90° ply interfaces also progress with increas-
ing numbers of cycles.

3.2. Simulation Result

Fatigue crack-growth simulation for open-hole monolithic titanium specimens was
carried out to estimate the Paris’ law parameter (equation (14), C and m) by com-
paring the crack growth with results of experiments conducted by Oki [12]. The
test specimens were 200 x 40 mm rectangular coupons with a circular hole in the
center with a radius of 3 mm. The stress ratio was R = 0.1 and the maximum stress
level was 270.6 MPa, which corresponds to the maximum stress levels in the tita-
nium layer in the fatigue simulation for Ti/GFRP laminates. The simulation result,
with Paris’ law parameters C =2.1 x 10~/ and m = 2.6, fitted well with the exper-
imental result (Fig. 6).
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Table 2.
Material properties of titanium alloy and GFRP

(a) Titanium alloy

Young’s modulus (GPa) 85.9
Poisson’s ratio 0.38
(b) GFRP

Longitudinal Young’s modulus (GPa)  36.9
Transverse Young’s modulus (GPa) 10
In-plane shear modulus (GPa) 3.3
Out-of-plane shear modulus (GPa) 3.6
In-plane Poisson’s ratio 0.32
Out-of-plane Poisson’s ratio 0.49

Table 3.
Properties of the cohesive elements

Tnmax Ttmax> Tbmax  Olc Giie, Grie  Fatigue parameter

MP. MP: 2 2

(MPa)  (MPa) J/m=)  (J/m*) A P y
Split 40 65 250 720 2x1075 15 15
0°/90° delamination 40 65 250 720 Ix1075 15 15
Ti/GFRP delamination 40 60 210 450 Ix107% 15 15

Fatigue simulations were then conducted for open-hole Ti/GFRP laminates using
the same specimen as used in the experiment introduced in Section 3.1. The mate-
rial properties used in the simulation are summarized in Table 2. The parameters
for cohesive elements are listed in Table 3. The finite-element model used in the
analysis is depicted in Fig. 1. The respective thicknesses of the 0° ply and 90° ply
were 0.444 mm and 0.888 mm. In this study, cohesive elements were introduced
to represent the occurrence and extension of delamination and 0° ply splits. Splits
are expressed by cohesive elements located in the 0° ply from the hole toward the
load direction. Cohesive elements were also inserted into all ply interfaces to rep-
resent delamination. It was confirmed that transverse cracks propagated across the
specimen before cracks appeared in the titanium layer. A transverse crack is pre-
liminarily set up by eliminating the symmetric boundary condition at the edge of
the 90° layer. Thermal residual stresses for the temperature change (AT = —93 K)
were also considered.

Figure 5 illustrates the change in delamination area with respect to the ratio of the
number of cycles to the failure life. Here, we defined failure as the penetration of the
titanium crack. The delamination shape at the Ti/GFRP interface is elliptical, such
that the major axis is the titanium crack length and the minor axis is the split length.
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0 01 02 03 04 05 06 07 08 09 0999

- Load direction ——————

N/N; =055  N/N;=10

Ti crack

0°ply
fl splitting

Transverse crack

1 mm

Figure 5. Predicted fatigue-damage progress in Ti/GFRP laminates. (a) Ti/GFRP interface.
(b) 0°/90°ply interface.

Meanwhile, delamination at the 0°/90° interface propagates with a triangular shape.
These results agree well with the experiment.

The predicted and experiment fatigue-crack growth in the titanium layer and in
monolithic titanium are plotted in Fig. 6. The crack growth rate in monolithic tita-
nium increases exponentially, while that in the titanium layer of Ti/GFRP laminates
gradually slows down during the initial stage and becomes constant in the middle
of the fatigue simulation. It is worthy of special mention that we used the same
parameter value in Paris’ law for both monolithic titanium and the titanium layer of
the Ti/GFRP laminates.

We were able to confirm that the crack growth rate of the titanium layer and the
delamination shape at the interface of the Ti/GFRP and 0°/90° layers agreed with
the experiment results as described above.
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Figure 6. Comparison between crack-growth curves for monolithic titanium and Ti/GFRP.

Complementary analysis was performed without considering the residual stresses
(AT = 0K). In this case, the delamination at the 0°/90° interface is smaller than the
result with the residual stress. The crack growth rate was approximately 33 percent
lower than the result with the residual stresses. In contrast, the delamination at the
Ti/GFRP interface was almost the same as the result with the residual stresses.

3.3. Effect of Changing the Parameters of Cohesive Elements on Fatigue Damage
Progress

In this section, we discuss the effects of changing the parameters of cohesive el-
ements, which express the delamination at Ti/GFRP interfaces or the splitting in
GFRP, on the delamination shape and the crack-growth rate of the titanium layer.
Here, we assume the value of the strength parameter that was used in Section 3.2,
i.e., Timax0, and let it range from 0.5 times to 1.5 times 7; maxo as a parameter. We
omit the effect of the critical energy release rate G;. because it does not significantly
affect the delamination profile or the crack-growth rate.

The effect of varying the strength of the Ti/GFRP interface on delamination
shape is illustrated in Fig. 7. A decrease in strength t; nax spreads the delaminated
region near the titanium layer crack tip. The effect of varying the strength of the
Ti/GFRP interface on crack growth in the titanium layer is seen in Fig. 8. The
strength T;max Of the interface affects the crack growth in the titanium layer. An
increase in strength decreases the rate of crack growth.

Meanwhile, delamination shapes are presented in Fig. 9 with a variety of
strengths for the cohesive elements at the 0° ply splits. The strength of the Ti/GFRP
interface did not change then. A decrease in strength 7;max increases the split-
ting growth, which leads to an increase in the delaminated area along the splitting.
Therefore, the overall shape of the delaminated region appears to be triangular (a)
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(d) Delamination profile at Ti crack tip

Figure 7. Effect of changing the parameters of cohesive elements for Ti/GFRP interface on delamina-
tion profile.

or elliptical (c). However, little effect in the delamination shape is observed at the
region near the titanium crack tip (Fig. 9(d)). This leads to a smaller effect on the
crack-growth rate in the titanium layer (Fig. 10).

The results given in this section clarify that the strength at the Ti/GFRP inter-
face determines the delamination shape and becomes a factor governing the crack
growth rate when the applied stress amplitude is constant. Burianek et al. [5] have
modeled delamination as being triangular or elliptical. However, the overall shape
of the delamination is not an important factor in predicting the crack growth rate,
though it is suggested by our simulation that the crack growth rate is correlated with
the delamination shape near the crack tip.

4. Conclusions

A new numerical approach for predicting fatigue damage progress in FML
(Ti/GFRP cross-ply laminates) using a finite-element method was proposed. This
model expresses the damage in FML (0° ply splits and delamination at Ti/GFRP
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Figure 8. Effect of changing the parameters of cohesive elements for Ti/GFRP interface on Ti crack
growth.
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Figure 9. Effect of changing the parameters of cohesive elements for split on delamination profile.
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Figure 10. Effect of changing the parameters of cohesive elements for split on Ti crack growth.

interfaces and 0°/90° ply interfaces) with cohesive elements. A fatigue law was
introduced into the cohesive elements to represent the effects of cyclic loading.
The simulation results (fatigue crack growth rate in the titanium layer, delamina-
tion shape, and size at the Ti/GFRP and 0°/90° interfaces) agreed well with the
experimental results obtained by one of the authors.

Additional study was conducted on the effects of changing the parameters of
the cohesive elements on the delamination shape and the crack growth rate of the
titanium layer. The results indicated that the strength at the Ti/GFRP interface de-
termines the delamination shape, and that strength is a major factor in the crack
growth rate in the titanium layer.
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