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EXECUTIVE SUMMARY

Fiber-metal laminates (FML) are a family of hybrid metal and composite laminates for aircraft
structural applications. Commonly, FMLs, such as aramid-reinforced aluminum laminates and
S2-glass fiber-reinforced aluminum laminates (trade name GLARE), are composed of alternating
layers of unidirectional or bidirectional fiber-reinforced prepregs with aluminum alloy sheets.
These hybrid laminates have the advantage of metal and fiber-reinforced composites, providing
superior mechanical properties compared to the conventional lamina, which merely consists of
fiber-reinforced lamina or monolithic aluminum alloys. As a replacement of high-strength
aluminum alloys, GLARE laminates have been applied to aircraft structures, such as the Airbus
A-380, including fuselage and leading edges, for weight reduction and improved fatigue
resistance. This report summarizes a comprehensive study on the damage tolerance and
durability of GLARE subjected to impact and dynamic fatigue loading. Specifically, this study
focused on investigating the multiple impacts and multiple-site fatigue damage of GLARE
laminates.

For multiple-impact behavior, two different levels of impact energy were used to inflict barely
visible impact damage and clearly visible impact damage on the laminates. The experiment and
finite element (FE) simulation for low-velocity multiple impacts was performed on GLARE
laminate. Drop-weight impact was applied twice at a variety of energy levels to cause multiple-
impact damages for aluminum 2024-T3 and GLARE 5-2/1. The numerical model, using the FE
method, was developed by using the commercial FE code ABAQUS and verified by comparing
to the experimental data. The two-dimensional and three-dimensional (3D) failure criteria of the
composite layers were used for predicting all dynamic responses, including load-time history,
maximum deflection-time history, and damage progression. The 3D progressive failure model
was incorporated into the user-defined material subroutine (VUMAT) in the ABAQUS software
package. The FE simulation shows good agreement with experimental data for stress analysis
under multiple-impact loads.

The multiple-site fatigue damage behaviors of FMLs were investigated experimentally and
analytically under tension-tension, constant-amplitude fatigue loading. It was found that the
presence of multiple-site fatigue cracks would accelerate the crack growth rates in the metal
layers of FMLs as two propagating cracks approached each other. An analytical methodology
was proposed to calculate the fiber-bridging stress based on the concept of crack-opening
relations. The multiple-site crack growth rates were predicted by an empirical Paris-type fatigue
law in which the effective stress-intensity factor (SIF) was formulated as a function of applied
SIFs, crack-opening SIFs, and nondimensional SIFs. The predicted crack growth was validated
by constant-amplitude fatigue tests at various stress levels on multiple-site damage specimens.

xiii/xiv



1. INTRODUCTION.

Fiber-metal laminates (FML) are a family of hybrid metal and composite laminates for aircraft
structural applications. Commonly, FMLs, such as aramid-reinforced aluminum laminates and
S2-glass fiber-reinforced aluminum laminates (trade name GLARE), are composed of alternating
layers of unidirectional or bidirectional fiber-reinforced prepregs with aluminum alloy sheets.
GLARE was invented by the Delft University in the Netherlands [1 and 2]. These hybrid
laminates have the advantage of metal and fiber-reinforced composites, providing superior
mechanical properties compared to the conventional lamina, which merely consist of fiber-
reinforced lamina or monolithic aluminum alloys. As a replacement of high-strength aluminum
alloys, GLARE laminates have been applied to aircraft structures, such as the Airbus A380,
including fuselage, leading edges, etc., for weight reduction and improved fatigue resistance [3].
There are different grades of GLARE laminates, as shown in table 1. Because of different lay-up
sequence and fiber orientation, different grades of GLARE laminates have different mechanical
properties. A typical GLARE 3-3/2 laminate is shown in figure 1.

Table 1. Grades of GLARE Laminates

GLARE Metal Sheet Thickness | Prepreg Orientation Main Beneficial
Grade Subgrades (mm) and Alloy in Each Fiber Layer Characteristics
1 (0.3-0.4) 7475-T761 0°/0° Fatigue, strength
yield stress
2 GLARE 2A | (0.2-0.5) 2024-T3 0°/0° Fatigue, strength
GLARE 2B | (0.2-0.5) 2024-T3 90°/90° Fatigue, strength
3 (0.2-0.5) 2024-T3 0°/90° Fatigue, impact
4 GLARE 4A | (0.2-0.5) 2024-T3 0°/90°/0° Fatigue, strength in
0° direction
GLARE 4B | (0.2-0.5) 2024-T3 90°/0°/90° Fatigue, strength in
90° direction
5 (0.2-0.5) 2024-T3 0°/90°/90°/0° Impact
6 GLARE 6A | (0.2-0.5) 2024-T3 (+)45°/(-)45° Shear, off-axis
properties
GLARE 6B | (0.2-0.5) 2024-T3 (-)45°/(+)45° Shear, off-axis
properties




Aluminium
Prepreg

Figure 1. A Cross-Ply GLARE 3-3/2 Laminate

It is well known that FMLs exhibit excellent fatigue crack growth resistance due to the fiber-
bridging mechanism, as shown in figure 2. As the crack propagates, the crack opening is
restrained by the intact fibers in the wake of the fatigue crack. This results in a reduction of
stress-intensity factor (SIF) at the crack tip and a far lower fatigue crack growth rate compared to
the monolithic aluminum alloy.

Applied stress

Bridging stress

Delamination area — :
Crack opening

® \M Fiber layer

Figure 2. Bridging Mechanism in FMLs With Cracked Metals and Delamination

Metal layer —

For aircraft composite structures, the most significant safety issues are impact resistance, damage
durability, and tolerance after single or multiple impacts. Impact damage of aircraft structures
can occur by a collision between cargo vehicles, dropped tools during maintenance, hail, bird
strikes, and lightning strikes [4]. Damage caused by impact degrades laminate stiffness and
strength, which is the load-bearing ability of the structure [5 and 6]. In general, if the impact
energy is low, only barely visible impact damage (BVID) will occur. However, if the impact is
repeated, even if it is at the level of low-impact energy, the small dent damage may accumulate.
Thus, it would lead to strength reduction in FMLs, as observed in references 7-11. However, the
information for FMLs subjected to multiple-impact loads is limited in the literature. More
studies are needed to investigate the multiple-impact scenarios in FMLs.



In 1988, Aloha Airline Flight 243 suffered explosive decompression when part of the fuselage
ruptured during flight due to metal fatigue and failed epoxy bonding. The multiple-site fatigue
damage in metallic airframe has received considerable attention. Since that accident, much
research has been conducted to study the multiple-site damage (MSD) problems in aircraft
structures to avoid catastrophic failure in flight [12-18]. When monolithic aluminum alloys are
subjected to cyclic fatigue load, cracks emanate around the fastener holes and propagate. A
number of neighboring cracks might coalesce to form a single dominant crack. As these fatigue
cracks are present in the fuselage of an aging aircraft, significant load redistribution will occur,
especially ahead of the dominant cracks. The interaction of fatigue cracks will increase the SIF
and enhance the crack growth rate in metallic alloys. Subsequently, the residual strength is
reduced and the integrity of structural components is affected.

In FMLs, the crack propagation and fracture characteristics are essentially different from those
of metallic alloys. When FMLs are subjected to fatigue loading, cracks initiate and progress in
the metal layer. The crack opening in the metal layers is restrained by the intact fibers in the
wake of the fatigue crack. The crack growth in the metal layer is impeded by the fiber-bridging
mechanism, resulting in a much lower crack growth rate compared to monolithic aluminum
alloy. As a result, it is anticipated that the influence of multiple-site damage in FMLs will differ
from that of a metallic structure. Also, MSD fatigue may occur only in the surface metal layers,
i.e., a crack through the thickness direction of a single aluminum surface layer. These surface
cracks may initiate from a scratch, a notch, or an impact damage site. In the FML surface crack
configuration, the fiber-bridging effect can be treated as a crack opening bridged by the intact
laminate [19]. Away from the surface metal layer and fiber/prepreg with delamination, the
remaining intact laminate is able to support the outer surface metal layer, leading to significant
reduction of stress level in the cracked metal layer. Also, though FMLs are designed
symmetrically in lay-up sequence, the presence of the surface cracks would make the laminates
unsymmetrical. Besides the fiber-bridging effect in crack growth, there is neutral line
shift/deflection from secondary bending because of unsymmetrical internal stresses in laminates
[20]. The secondary bending effect increases stresses in the layers, depending on the laminate
thickness and the crack length. If the thickness of the FMLs is large compared to crack length,
the shift of the neutral axis of a laminate induced by the cracked outer metal layer would be
small, and the corresponding secondary bending can be neglected. Concerning multiple-site
surface crack growth, there is very few data available in current literature [19-21] that studies
crack propagation, crack linkup phenomena in cracked surface metal layers of FMLs under
cyclic load. The fatigue behavior of FMLs with the presence of MSD has not been well
documented. A better understanding of the multiple-site fatigue damage behaviors in FMLs,
such as crack growth interaction, crack linkup, and delamination linkup, are structural integrity
concerns.

In this study, experiments and finite element (FE) simulations were conducted to study the
multiple-impact behavior of GLARE laminates. The commercial FE software package
ABAQUS was used with VUMAT (explicit user-defined material subroutine) to simulate the
damage progression in composite layers of GLARE laminates. The simulation results were
validated with experiments. The multiple-site fatigue damage in GLARE laminates was then
experimentally investigated under different applied loads with detailed damage characterization.
Both through-thickness and partial-thickness MSD fatigue scenarios were studied to understand



crack and delamination interactions. An analytical prediction model of crack growth was
developed and experimentally validated.

2. TEST PROGRAM AND TEST MATRIX.

2.1 MULTIPLE-IMPACT LOAD TEST.

2.1.1 Materials.

Aluminum (Al) 2024-T3 and GLARE 5-2/1 were used for multiple-impact experiments. Figure
3 shows the configuration of GLARE 5-2/1 laminates used in the present experimental
investigation. Figure 3(a) shows that GLARE 5-2/1 laminate consists of two layers of
Al 2024-T3 and one layer of [0°/90°/90°/0°] glass/epoxy composite, and figure 3(b) shows a
cross-sectional view of GLARE 5-2/1 in detail. The materials properties of GLARE constituents
are shown in table 2.

Aluminum
2024-T3

0 fiber/epoxy

90 fiber/epoxy

90 fiber/epoxy

[0/ 90/90/0]
S-GIEp i

0 fiber/cpoxy

<GLARE 5-2/1> <Cross-sectional view of GLARE 5-2/1>

(a) (b)
Figure 3. (a) Schematic and (b) Cross-Sectional Views of GLARE 5-2/1

Table 2. Materials Properties of GLARE Laminates

A12024-T3 | S2-Glass
Fiber/Epoxy
E, (GPa) |72.4 55.5
E, (GPa) 9.5
Gy (GPa) | 2706 5.55
Gys (MPa) | 369
Vay 0.33 0.3
Vo 0.33 0.0575
a[1/°C] | 22x10° 6.1x10°
t (mm) 0.3~0.4 0.133




2.1.2 Specimen Geometry, Coordinates, and Impact Energy.

The average thickness of different layers was measured using optical micrographs. For GLARE
5-2/1, the average thickness of the Al layer was 0.489 mm, and the average thickness of the
composites was 0.584 mm. The total laminate thicknesses were 1.562 mm for GLARE 5-2/1.
The average thickness of the Al 2024-T3 sheet was 1.60 mm. For multiple-impact load tests, all
specimens were cut by a water jet to a size of 76.2 x 76.2 mm. The GLARE 5-2/1 was examined
carefully for any damage caused by cutting. Diverse impact energies like 8 J (2x4J), 16 J (2x8
J), and 26 J (2x13 J) were applied by adjusting the dropping height in low-velocity, multiple-
impact tests. Two scenarios were studied for the multiple-site impact damage, as shown in
figure 4.

t Fatigue loading t

| —0O
00 QO+« MSID=/— >0
—3

<Case 1: Parallel <Case 2: Vertical >

o u

Figure 4. Multiple-Site Impact Damage Specimens

2.1.3 Impact and Postimpact Test Article Instrumentation and Procedure.

As shown in figure 5, low-velocity impact tests were conducted on a Dynatup” Model 8250 drop
weight impact tower at impact velocities below 5 m/s. Al 2024-T3 was used as a baseline for
comparison with GLARE laminates. The data during impact testing were collected by a PC-
based data acquisition system: GRC 930-I Dynatup with a photodiode velocity detector. After
just applying impact, the pneumatic rebound breaks are activated to push up and hold the
impactor assembly in place so that the specimen is not subjected to multiple impacts. To achieve
multiple-impact damages, the impactor was dropped twice on the same locations of Al 2024-T3
and GLARE 5-2/1. The specimens were clamped between two 114.3- by 114.3-mm-square steel
plates. The steel plates had a 31.7-mm-diameter circular opening at the center. A 12.7-mm-
diameter steel rod with a semi-spherical end, and a mass of 5.6 kg, was used as an impactor.



Figure 5. Dynatup Model 8250 Instrumented Drop Weight Impact Tower

As shown in figure 6, after the impact test, postfatigue tests were conducted and the crack length
was measured on each crack site. After the impact or postimpact fatigue test, characterization
was performed to investigate the state of damage. The outer Al layers of the GLARE laminate
were removed chemically, using sodium hydroxide solution, to observe the damage
characteristics in the S2-glass fiber/epoxy layer after any two cracks linked or cracks reached the
edge of the specimens.

Figure 6. Multiple-Site Impact Damage Fatigue Test



2.2 MULTIPLE-SITE DAMAGE FATIGUE TEST.

2.2.1 Materials.

The materials used in this study were GLARE 3-3/2 that consisted of three thin layers of
A12024-T3, bonded together with two thin S2-glass fiber layers in an FM®94 adhesive system.
These materials were manufactured and provided by Airbus, Germany. They were cured in an
autoclave cycle with a maximum pressure of 6 bar at a curing temperature of 120°C. The lay-up
for this grade of GLARE laminate is defined as [2024-T3/0° glass fiber/90° glass fiber/2024-
T3/90° glass fiber/0° glass fiber/2024-T3].

To avoid secondary bending effects due to unsymmetrical internal stresses present in the FMLs,
these GLARE laminates have a symmetrical lay-up. The materials properties of the constituents
of GLARE laminates are listed in table 2.

2.2.2 Specimen Geometry, Coordinates, and Loads.

The specimen dimensions were 300 mm in length and 75 mm in width. Two types of MSD were
introduced: through-thickness open holes and surface slits. The spacing in between two
neighboring open holes/slits was 30 mm, and the distance in between the top and bottom rows of
circular holes/surface slits was 100 mm. For through-thickness specimens, two rows of open
holes were carefully prepared with radii of 2.5 mm (length of 4 mm), and the starter notch was 1
mm in length. For partial-thickness specimens, two rows of surface slits were carefully prepared
with a length of 4 mm. The width of the slit was 1 mm. The configuration is shown in figure 7
for both through-thickness specimens and partial-thickness specimens. No delamination
occurred during machining, as shown in figure 8.
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Figure 7. Configuration of GLARE 3-3/2 Laminate Specimens (a) Through-Thickness MSD and
(b) Partial-Thickness MSD



Figure 8. Cross-Sectional View of GLARE 3-3/2

2.2.3 Fatigue Test Article Instrumentation and Procedure.

The constant-amplitude fatigue tests were conducted using a servohydraulic testing machine,
INSTRON™-8350. The fatigue test was done according to ASTM D 3479 [22]. All constant-
amplitude fatigue tests were conducted in tension-tension loading at a frequency of 10 Hz and a
stress ratio of R = 0.05. Tests were conducted in a sinusoidal cyclic waveform under load
control. The maximum applied stress levels were 120 MPa and 100 MPa, respectively. The
crack lengths as a function of fatigue cycles for GLARE 3-3/2 specimens were recorded through
continuous monitoring during the fatigue tests. After the fatigue tests, the chemical-mechanical
removal method was used to detect the delamination in the interface of metal/prepreg in GLARE
laminates. To investigate the fatigue cracking in the inner Al layers of GLARE 3-3/2, the
surface aluminum sheets were etched away by chemical solutions, and the composites layers
were removed mechanically.

3. ABAQUS FE SIMULATION FOR FMLs UNDER MULTIPLE-IMPACT LOADS.

The ABAQUS FE simulation work was performed to represent and predict the response
to multiple-impact behavior in GLARE laminates. The response was then compared to
Al 2024-T3.



3.1 GENERAL DEVELOPMENT OF FE MODELING.

The multiple impact was simulated under a diverse multiple-impact energy level using the
commercial FE code ABAQUS [23]. The applied impact energy levels in the FE model were
identical to what was used in the experiments. The FE model was simulated for BVID with § J
(2x4 J) and 16 J (2x8 J)) and clearly visible impact damage (CVID) with 26 J (2x13 J)). In the
FE simulation of GLARE 5-2/1, the same geometry of the specimens used in the experiments
was taken. For predicting damage caused by impact, the ABAQUS/Explicit solver was used for
GLARE laminates. The element types used in the simulation work were hexahedral solid
element (C3D8R) for the aluminum layer and hexahedral solid element (C3D8R) and hexahedral
shell continuum element (SC8R) for the composite layer with different fiber orientation.
Damage in GLARE laminate can be distinguished between damage in aluminum and in
S2-glass/epoxy layers. The aluminum layers were assumed to have elastic-plastic deformation in
compression and crack damage in tension. For damage in the fiber/prepreg, both the damage in
the epoxy matrix and in the fiber layers was considered. The first damage was caused by
cracking under tension, and the second damage was caused by fiber and matrix failure under
tensile loading [24]. The damage that occurred in the S2-glass/epoxy layer was implemented in
ABAQUS using VUMAT. The S-2 glass fiber-reinforced composite layers were modeled with
VUMAT, which was developed based on Hashin three-dimensional (3D) failure criteria [25], to
degrade the stiffness. When each node was integrated in the composite layer during multiple
impacts, VUMAT was used to calculate the stiffness matrix.

In modeling dynamic impact behavior, because of the excessive distortion that some FEs may
experience, this nonlinearity of constitutive behavior would lead to complicity in convergence or
divergence. The issue of numerical convergence needs to be addressed properly to prevent the
occurrence of divergence of numerical solution. In ABAQUS, the parameters’ “hour glassing”
are used to hasten the convergence of numerically nonlinear modeling for the reduced
integration elements, such as C3D8R and SC8R, in stress/displacement analyses [23]. To
eliminate the singularity upon the integration point, hourglass control is critical in the nonlinear
impact simulation. If the returned stress/strain value from the integration point is zero, the
degree of distorted meshes will not be able to be controlled. Numerically, the FE model will go
divergent.

Figure 9 shows the experimental setup compared to the FE mesh. Since the impact load was
only on the near-field meshed grids, the far-field meshed grids were not considered, as shown in
figure 9(a). The GLARE laminate mesh was modeled based on the real size of the impact fixture
hole. The cross and front views of the FE model are shown in figure 9(b) and (c), respectively.
As shown in the cross and front views of the multiple-impact loads, two impact loads were
applied at a different time interval. There were no interactions between these two impactors
simulated as rigid bodies in FE modeling, although they did have contact. The boundary
conditions in figure 9(d) correspond to the experimental setup. Because of the symmetry of
GLARE 5-2/1 laminates, only half the laminates were modeled with symmetrical boundary
conditions applied. All edge elements were fixed in the x, y, and z directions with zero
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displacement. The rigid body simulated as an impactor was allowed to move only along the
z direction with zero rotation. The materials properties and damage failure criteria [24, 26, and
27] of GLARE 5-2/1 laminates used in this model are summarized in tables 3 and 4,

respectively.

GLARE laminate |mpact damage by steel impactor

Fixture for impact test

(a) Experimental Setup and FE Mesh

(b) Cross View of Multiple Impacts

Figure 9. Finite Element Model Geometry and Boundary Conditions (a) Experimental and
Mesh Setup, (b) Cross View of Multiple Impacts, (c) Meshed Model of GLARE 5-2/1, and
(d) Boundary Condition
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Steel impactor: R3D3

Composite layer with
[0°/90°/90°/0°]: C3D3BR

or SC8R Aluminum layer: C3D8R

[/

(¢) Front View of Meshed FE Model

Fix displacement and rotation of 1,
2 and 3 directions

Symmetry boundary
condition

Two reference points with impactor weight: Applied
velocity to the thickness direction

(d) Boundary Condition
Figure 9. Finite Element Model Geometry and Boundary Conditions (a) Experimental and

Mesh Setup, (b) Cross View of Multiple Impacts, (c) Meshed Model of GLARE 5-2/1, and
(d) Boundary Condition (Continued)
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Table 3. Materials Properties Used in the FE Model [5 and 6]

Parameter Values, GPa
Ei Ex | G | Gz | vi2 V23
Al2024-T3 722 | 722 - - 0.33 | 0.33
S2-Glass fiber 55 9.5 5.5 3 0.33 | 0.33

Material

Table 4. Damage and Failure Properties Used in the FE Model [5 and 6]

Parameter Values, MPa
Material Oys X, X, Y, Y. Sit
Al 2024-T3 320 - - - - -
S2-Glass fiber - 2500 | 2000 | 50 | 150 | 75

3.2 NUMERICAL METHOD FOR GLARE IMPACT.

3.2.1 Three-Dimensional Modeling Rationale.

In typical FE analyses of composite structures, continuum shell elements are used to model the
composite laminate. Continuum shells combine the planar nature of traditional shells with the
3D geometry of solid elements. As such, they offer a computationally efficient method for
simulating systems that are globally 3D, but locally planar [28]. A multilayered, laminated
composite structure is a good example of such a system. Because the mechanical properties of
the composite laminate will, in general, vary between subsequent layers, the structure cannot be
modeled with a single set of 3D solid elements; each layer must be represented by a unique
element set. One layer of a unidirectional tape-based (i.e., not woven) composite typically has a
thickness on the order of hundreds of microns, whereas the structure into which it is incorporated
has geometry on the order of meters. Because of this large aspect ratio with respect to the
laminate thickness, each layer can be assumed to be in a state of plane stress, with all through-
thickness normal and shear components of the stress tensor (613, 623, 033) assumed negligible in
comparison to their in-plane counterparts (611, 622, 612). Therefore, such a system is technically
3D, but approximately planar, and can be modeled with continuum shell elements.

This planar assumption is valid for most composite structures, but breaks down in several
specific instances. The most obvious breakdown scenario is for a thick composite, in the
limiting case for which the aspect ratio of the laminate width and/or length with respect to the
thickness approaches unity. For this system, the laminate thickness is no longer negligible in
comparison to the other dimensions, and interlaminar through-thickness stress tensor
components must be considered. A second, and perhaps less obvious, scenario that prevents the
use of continuum shell elements involves the nature of the boundary conditions present in the FE
model. If the boundary conditions are applied such that nontrivial out-of-plane stresses arise in
response to their application, then the system is no longer planar and continuum shells should not
be used. Such is the case for the FE model under consideration in the present study, a rigid
impactor incident upon the laminate in a direction aligned with the plane of material isotropy. In
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this configuration, the direction of impact is parallel to the shell element normal vector, as shown
in figure 10, and therefore will produce nontrivial through-thickness stresses. The plane stress
assumption associated with continuum shell elements is inappropriate in this instance since it is
in direct contradiction with the applied boundary conditions. Another important factor that
precludes the usage of continuum shells in an impact simulation is the formation and propagation
of delamination zones between the composite laminate. Since delamination is governed by the
out-of-plane stress states in consecutive layers, incorporation of all stress tensor components is
essential for accurate representation of postimpact delamination.

Rigid Impactor

Direction of Impact

Shell Element Normal Vector

Global Coordinate
System

Continuum Shell Element

Figure 10. Continuum Shell Element Normal Vector Relation to Direction of Impact

3.2.2 Three-Dimensional Progressive Damage Model for Composite Materials.

Since shell elements are not appropriate for the impact simulation under consideration in the
present study, a vectorized VUMAT was developed to simulate progressive damage and failure
of composite materials with 3D solid elements. The methodology described herein applies to the
ABAQUS/Explicit processor, but can be adapted to any displacement-based FE code. For each
integration point in the model, the initiation of composite damage is defined using the well-
known Hashin failure criteria, expressed in terms of the strain tensor (&) and experimentally

measured strain at failure (sj}“’) in equations 1-4 [25]. These failure strain values can be
obtained from the more widely used failure stress measurements by taking the inner product with
respect to the corresponding components of the material compliance tensor. The Hashin criteria

allows for four modes of composite damage, illustrated in figure 11, with each mode represented
by its own normalized failure variable (f").
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Figure 11. Hashin Composite Failure Modes (a) Fiber Tension, (b) Fiber Compression,
(c) Matrix Tension/Shear, and (d) Matrix Compression
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When any of the above failure variables exceed unity, damage is defined to have occurred in the
composite in that specific mode. It is important to note that this failure criterion includes all
components of the strain tensor. The two-dimensional (2D) failure methodology employed by
ABAQUS can be obtained from equations 1-4 by assuming a state of plane stress, which
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eliminates the out-of-plane shear strains (g;3 and &»3) and yields an explicit form for the out-of-
plane normal strain (&33).

Ezz 11 (5)

In equation 5, the composite is assumed to be transversely isotropic, with the plane formed by
the 2-3 axes representing the plane of isotropy. Because of the anisotropic nature of the material,
all calculations performed by VUMAT are with respect to the local coordinate system. This
provides a consistent general framework for any off-axis laminate whose local principal material
directions are not aligned with those of the global system. Once failure has occurred in any
given mode, the material response is evaluated using the damage mechanics approach proposed
by Matzenmiller, et al. [29]. It is assumed that damage to the laminate in any of the four failure
modes reduces the effective load bearing area of the composite. Since a physical reduction of
area is not practical in an FE simulation, the damage mechanics area reduction is accomplished
via modification of the material’s elastic constants using an internal damage state variable (w').
As a consequence, damage in the material at a given point reduces the tensorial stress
components, typical of a strain-softening constitutive model. Once any Hashin failure variable,
equations 1-4, exceeds a value of one, the internal damage state of the material follows a rate-
based progression model, similar to that proposed by lannucci, et al. [30]. The rate of
propagation of damage in the material in all four modes at the current time step (W' (¢ + Ar))
depends on the damage state variable at the previous time step (w'(¢)) and the current strain state
(e(t + At)), as well as constant damage rate terms due to crack nucleation and growth (Q and Q;,
respectively). The explicit form for the damage propagation rate is provided in equation 6,
where the superscript (i) corresponds to each unique Hashin failure mode in equations 1-4.

g, (t+At)e, (t+At) 1
init _init ; 2
enel (1-w (1)) 6)

W (t+ A1) =Q,+Qw (1)

In equation 6, it is important to note that the strain state at failure (s;’.’” ) is modified by the

previous damage state (w'(f)). This ensures that the “threshold” strain value required for
composite damage decreases with increasing damage density. In other words, following the
initial onset of damage, the energy required for crack formation is inversely proportional to the
number of cracks in the material at a given time. Since the time step between successive
increments is very small (on the order of picoseconds for an impact duration of 10 milliseconds),
the degradation rate of equation 6 is assumed to have a linear form. Thus, the damage state
variable at the current time step (w'(¢+Af)) can be obtained from the previous damage state and
the damage growth rate.

w (4 A1) =W () + W (t+ A1) At

w e [0,1) (7)
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In this case, the damage state variables must be bounded by an upper limit less than one to
prevent computational issues arising during inversion when they are used to degrade the
composite elastic constants. Damage in a fiber-related mode (17, /7) results in a decrease in the
modulus in the local fiber direction (£),) along with in-plane shear modulus and Poisson’s ratio
(G12 and vy, respectively). Conversely, damage in a matrix-specific mode (", /™) produces
degradation of all elastic constants except for the modulus in the local fiber direction. Switching
from a tensorial representation to a reduced index matrix form, the composite material
compliance (S(¢)) at any time step can be found from equations 8 and 9, where the linear elastic
material response for undamaged laminate is obtained by setting all damage state variables to
Zero.

Jor,  Yale) Fal'vs) 0 0 0
Yal) dw Kl o ° " e
%s (v%nj _l/dz (V%zz) %ZZE22 0 0 0

0

0 0

S@t) =

0 0 0 0 %1 G 0

0 0 0 0 0 2(1+d2V2%E
d=1-w)1-w,)
d,=1-w,)1-w, ) 9)

d;=(1- Wy A-w,)1d-w,.)

Note that in the above constitutive model, the transversely isotropic nature of the material is
retained following the onset of damage. Once the material compliance is established at the
current time step, the current stress state in reduced index form can be determined from
equations 6-9 through inversion. For non-zero damage state variables, it is evident that the
stresses carried by a damaged element will be smaller than those of the corresponding
undamaged element, as required by the damage mechanics assumption.

G(t+At)=C(t+At)e(t+Ar)

. (10)
Ct+At)=8 (t+Ar)

Specific implementation of the damage mechanics procedure provided in equations 1-10 in the
ABAQUS/Explicit processor is outlined via flowchart in figure 12. In this model, the
compliance of FMLs was calculated first and then converted to stiffness under undamaged

17



scenarios. The strain-based failure criteria were determined and checked at each step of
integration by updating strain and stress states. The starting point of laminates failure was
obtained through Hashin failure variables. If an element met the failure criteria, it would be
removed from the mesh.

Calculate undamaged compliance (SU,D)
and invert for undamaged stiffness (C'")

T
init

Determine failure strain values (£™)

!

Update strain state [e(t+At)]

;

Calculate Hashin failure variables_ (.
Determine the starting of failure (f > 1)

v

Calculate damaged compliance matrix

¢ (8") and invert to get stiffness (C")
Pass back zero stress/strain state for fully ] L
degraded element [c={0}, e={0}]
i Update stress state [o(t+AD=C:g(t+At)]
Delete element from the mesh
(Dflag=0ON) ¥

Increase time step

Figure 12. Composite Progressive Damage VUMAT Flowchart for the
ABAQUS/Explicit Processor

3.2.3 Energy Dissipation Due to Damage.

As a consequence of the progressive failure methodology covered in the previous section, once
the constitutive matrices are degraded, the material cannot revert to the undamaged state. Thus,
energy is dissipated by the material due to damage formation and growth. The amount of this
dissipated energy is an important quantity in impact simulations, since it represents the ability of
the material to absorb the kinetic energy of the theoretically rigid impactor. If thermal effects on
the material are neglected, the global balance of energy for the continuum body schematically
illustrated in figure 13 can be established from the specified body forces, tractions, and the
changes in kinetic and internal energy.

'[vl.TidSJrlviE.dV = %t[l(% pvY +pU)dV}

or

(11)
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Figure 13. General Schematic for Energy Dissipation of a Continuum Body

Applying the divergence theorem to the surface integral in the above equation and assuming that
the continuum body in figure 13 is at an equilibrium state, the time-integrated internal energy
(W) can be expressed as

W = [pUdy = j-jcljé[jdV
r or (12)

The energy dissipated by the continuum body due to damage formation can be determined from
equation 12 by examining the response of the continuum body to a constant strain field ().
Considering two material states, one damaged and the other undamaged (denoted by “D” and
“UD,” respectively), it is evident that the stress required to deform the material by ¢ will not be
the same in both cases due to the strain-softening nature of the constitutive model. The energy
dissipated by the continuum body is equal to the difference in internal energy between the two
states

AW =Wy, —W, = “cfj%;dl/ —j [ope,ar
or or (13)

Since the strain is required to be identical in both cases, an expression linking the damaged and
undamaged stress states can be determined from the constitutive relations

* oD __D _ QUD _UD
g, = Sijlekl = Sijkl Gy

. UD _ ~UDGD __D
SOy = C{fkl SijmnGmn (14)
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Inserting the above expression into the internal energy integral equation produces the following
result for the dissipated energy, where (/i) represents the fourth-order identity tensor

ijmn

AW:j [({Co S = L f o )£V (15)
0

r

In the practical implementation of the progressive damage procedure into the FE model, this
integral is evaluated in a piecewise fashion due to the extremely small time interval between
successive steps. The degradation scheme of the composite’s progressive damage is shown in
table 5, and the cracking energy of GLARE laminates is shown in table 6.

Table 5. Degradation Scheme for Composite Progressive Damage

Degraded Elastic Material Properties
Failure Mode Ey Es Vio Va3 G
Fiber tension X X X
Fiber compression X X X
Matrix tension/shear X X
Matrix compression X X

Table 6. Minimum Cracking Energy and Perforation Energy for GLARE Laminates [7]

Thinness | Areal Density | Minimum Cracking | Perforation Energy
Materials (mm) (kg/mz) Energy (J) )
Al12024-T3 1.6 4.45 18.1 33.4
GLARE 5-2/1 1.562 3.74 16.3 34.5

4. ANALYTICAL PREDICTION MODEL OF MSD FATIGUE CRACK GROWTH IN
FIBER-METAL LAMINATES.

To investigate the crack growth behavior of GLARE laminates with MSD, an analytical crack
growth model was proposed to calculate the crack growth rates. A flowchart is used to describe
this prediction approach, as shown in figure 14.
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Figure 14. Flowchart of Crack Growth Prediction Approach for GLARE Laminates
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4.1 CLASSIC LAMINATION THEORY.

The stress levels in each layer of FMLs are calculated through the 2D class lamination theory in
x-y coordinates, which is written as [31]

Gx U‘x U‘x
-1
G(I),l = Gy = Q¢,l Qlamclam + AT (X‘y - (X‘y (16)
T'W ¢,/ 0 lam 0

where the stiffness matrix is expressed as

E VXJ’E} 0
l-v v, l-v v,
E
0= 0 (17)
l-v v,
sym G,

The coordinates x and y are parallel and perpendicular to the loading direction, respectively.
When the stiffness matrix is under off-axis angle ¢

0, = PO’ (18)

where @ is the off-axis matrix and is expressed as

cos’(¢) sin’ () 2 cos(¢)sin(d)
D= sin’ (¢) cos’(¢) —2cos(d)sin() (19)
—cos()sin(¢) cos(¢)sin(p) cos’(¢)—sin’ ()

Using the lamination theory above, the actual stress levels in the Al and fiber layers were
obtained and plotted as a function of cycle time and are shown in figure 15. Clearly, the stress
level in the Al layer is higher than the applied stress due to the difference in the stiffness of the
S2-glass/prepreg and metal layers. Due to the mismatch of thermal expansion coefficients in
different constituents, the curing stress would also raise the stress level in the Al layer.
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Figure 15. Typical Stress Distribution in Al Layer and Curing Stress in Each Layer of GLARE
Laminate Under Cyclic Loading at Room Temperature With a Frequency of 10 Hz (The
maximum applied stress was 160 MPa with a stress ratio of 0.1 [32].)

4.2 SECONDARY BENDING EFFECT.

A secondary bending will occur in a laminate if the configuration is unsymmetrical, which
results in a shift of the neutral line. The thickness of a GLARE 3-3/2 laminate is thin, and this
allows a beam theory to be used to analyze the stress variation in a laminate caused by the
secondary bending. If the secondary bending is absent, the neutral axis will not be displaced and
no additional stress will be incurred. In the presence of the eccentricity of neutral lines, as
shown in figure 16, the neutral axis shifts and results in the introduction of bending stress. To
calculate the magnitude of bending stress, the displacement of the neutral line needs to be
obtained first for further consideration of stress level variation in a laminate. Using the neutral
line model [33], the bending moment, M,, is expressed as

M,.= Pz (20)

where P is the applied force in Newtons, and wis the displacement in unit of mm. The symbol z
denotes the thickness of a laminate. By using the beam theory for a thin laminate, the bending
moment can be written as

x d*w
M =E Idxz (21)
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For plane bending, E* = E/(1-v*). A laminate is divided into surface metal cracked (L., i = 1)
and uncracked (L,,, i = 2) parts, respectively. Then, equating equations 5 and 6, the differential
equation yields

(d 2wl~/dx,-2)—(P/E*I)i Wi = O, = 1,2 (22)

where E is the stiffness, and / is the moment inertia of a laminate. The general solution for the
displacement of the neutral line is expressed as

w; = Sinh(ﬂix,’) + COSh(n,’x,’) (23)

and

n, =P[E*D), (24)
For surface-cracked GLARE 3-3/2 laminates, the boundary conditions are defined as
x1=0,w; =0 (25)
wilxi =L1)=wy(x;=0)t+e,e=0.51y (26)
(e = eccentricity of the neutral line in cracked and uncracked parts)
dwi(x1 = L1)/d x1= d wy(x, = 0)/dx; (27)
X2= Ly, d wa(xy=Ly)/ dx;=0 (28)
Hence, the bending stress in the thickness direction of a laminate can be obtained with
op = (Mw/l)z = (d *w/ dx*)E*z (29)

Using equations 8 through 21, the actual stress level in layer / of a laminate is able to be obtained
as a combination of applied stress and bending stress. That is

Op = Oliam T+ G},(x) (30)
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Figure 16. A Surface-Cracked FML Subjected to Tensile Load (a) Neutral Line Shift due to
Unsymmetrical Configuration and (b) Eccentricity in Neutral Lines for FMLs

The deflection along the loading direction for a different lay-up sequence of GLARE 3 laminates
is shown in figure 17. As the thickness of laminates increases, the magnitude of deflection
decreases significantly. Clearly, the secondary bending would slightly change the neutral line
position in GLARE 3-3/2 (Al/0/90/A1/0/90/Al) laminates because of the neutral line’s
eccentricity. As the crack advances, the deflection of the neutral line would gradually increase.
The calculated bending stresses for GLARE 3-3/2, GLARE 3-4/3, and GLARE 3-5/4 were
plotted as a function of crack length and are shown in figure 18. The maximum bending stress is
around 15 MPa, 4 MPa, and 2 MPa for GLARE 3-3/2, 4/3, and 5/4, respectively. Hence, the
secondary bending effect is not very significant to affect the stress level in the surface-cracked
metal layer of GLARE 3-4/3 laminates and up.
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Figure 17. Deflection of the Neutral Line in GLARE Laminates Along Loading Direction
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Figure 18. Bending Stress Distribution in Metal Layer of GLARE Laminates Along
Loading Direction

The maximum bending stress occurs at the surface metal layer at the delamination tip along the

loading direction. The averaged bending stress through-the-thickness direction is used in certain
layers.
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4.3 BRIDGING STRESS DISTRIBUTION.

In a GLARE laminate with MSD, the crack growth is impeded by the fiber-bridging mechanism
so that the crack opening in the metal layers is restrained by the fiber-bridging stress. Guo and
Wu established a theoretical prediction model for crack growth for center-cracked FMLs [34 and
35]. The configuration of the bridging stresses along the crack length for a center-cracked
geometry in FMLs is shown in figure 19(a), which includes the crack opening contour under the
maximum applied load with the corresponding closing bridging stress acting on the delamination
boundary. Based on the crack displacement relation, Guo and Wu [34 and 35] incorporated the
bridging traction into a theoretical prediction model for crack growth in GLARE laminates. This
relation had been adopted by other authors in crack growth modeling of GLARE and
boron/glass/Al FMLs [36-38]. With the presence of secondary bending, the bending moment
needs to be considered as shown in figure 19(b) for bridging stress calculation.

Y G, (x,)

A

b(x)y ——— —

(a)

P: applied load

P
" M : secondary bending
Y M

%»M

(b)

Figure 19. Bridging Stress in FMLs (a) Combination of Applied Load and Secondary Bending
Moment and (b) Crack Opening and Closing Profiles
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The crack opening in the Al layers of FMLs can be written as the crack opening due to remote
applied stresses in the Al layers and the crack closing bridging stresses as result of the intact
fiber layers [35]. That is

Ui a1 = Uy (x) —u,,(x) (31)

The effects of crack opening and closing bridging stress balance the deformation of fibers and
adhesives. In other words, the crack opening in the Al layers is identical to the elongation and
deformation of the fiber/prepreg layers in the crack opening area [35]. That is

Uppy 1 =0, (X)+3,,(x)+3, (32)

where &y and J,, denote the deformation in the fiber and adhesive layers, respectively, and u., and
up- denote the crack-opening displacement due to the remote applied stress and fiber-bridging
stress, respectively. o, is the metal deformation, which is not considered owing to its negligible

value. The subscripts f and A/ represent the fiber and Al layers, respectively.

In a specimen containing multiple center cracks, the crack-opening displacement in the metal
layer caused by uniform applied stress and secondary bending under plane stress condition is
expressed in reference 39 as

uw(a,x):2%\/az—x2 (33)

Al
where x is the distance from the crack center, and £ is the elastic modulus of the Al layer. The
stress level in the Al layer is determined by the applied stress and secondary bending. If the
secondary bending effect is considered, the bending stress should be superimposed.
The crack-opening displacement, u;,, caused by the fiber-bridging stresses can be calculated

through a series of crack-opening displacements induced by the point loads acting on position x;
of the crack flanks, as shown in figure 19(b), that is

u, = IO u(x,x,;)dx; for 0<x<a (34)

The crack-opening displacement u(x,x;) caused by a point load acting on arbitrary positions is
expressed as [39 and 40], if x <x;

1 2
(x,x;) Tl t hﬂ/ “-x + 2(1+V)b N @, (x;)d (35)
u(x,x;)= an : - o, (x,)dx,
9 ) a’—x*+b’ xf—x2+b2 a—xP+pr |
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If x > x;, then replace x = x and x; = x in equation 35, where E is the elastic modulus, v is the
Poisson ratio of laminate, and s is the spacing between two open holes.

Concerning the fiber/layer deformation, it should be noted that a superposition is used for
deformation induced by the stresses in the fibers and by the bridging stresses. In the presence of
delamination, the elongation of the fiber layer over the crack opening area is expressed as

G, +0,,
6, (x) =&, (x)b(x) = ———b(x) (36)
E,
where g and Ey are the strain and elastic modulus of the fiber layers, and orand o, are the stress

level and bridging stress in the fiber layers, respectively. b(x) is an arbitrary shape function for
delamination. The parabolic and triangular shape functions are expressed as

b(x)=h, (a-x)

(@=r) (37)
and
b(x)=p, =Y (38)
(@—r)

where b is the initial delaminating length at the notch root.

The shear deformation as a function of the shear stress at the Al/prepreg interface is expressed as
Ty
S

Based on this expression and with linear shear deformation analysis, the prepreg shear
deformation in FMLs with cross-ply prepreg layers is derived and expressed as [41]

1 1
5, =C,.0t ( —) ( + ) (40)
w Al \/ 2 t, " 2nyt E, Y.ntE,

where the subscripts 4/ and f denote aluminum and fiber layer, respectively. The symbol ¢
represents the thickness of each layer. If the small delamination length is considered, a
correction factor, C,,,, needs to be used, as presented in reference 40.
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Similar to a governing equation in reference 34, the fiber-bridging stress oy, is derived as

-1
o, =M, N @1
where
Ss
N :uw(x)—Spp(x)—E—'b(x)
and
X )Ax; _
M, =3 B ORGP s
0, (x;) E, “3)
o Lifi#j
0(i, j) =1 . ~ Kronector factor (44)
0,ifi=j

This governing equation can be solved using any programming tool. The bridging traction acts
on the surface of the metal layer to impede the crack growth, and the bridging stress at the crack
surface of the Al layer, 65,4, 1s obtained using the relationship of force balance in the FMLs.
Thus, the bridging stress at the crack face of the metal layers in a cross-ply FML is expressed as

A 1
Oy =(—— M ;"N (45)
nyty

In the application of weight function for the SIF calculation, the stress distribution on the crack
face can be known by using the same governing equation. The metal-bridging stress at the crack
surface under the unit applied load in the laminate as a function of crack length was plotted and
is shown in figure 20. Observably, the bridging stress is close to uniform along the crack length,
and the highest value is at the crack tips.
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Figure 20. Bridging Stress Distribution at the Crack Face in GLARE 3-3/2 Specimens Under
Unit Applied Load in FMLs With an Applied Stress Ratio of 0.05

4.4 WEIGHT FUNCTION FOR SIF CALCULATION.

In the presence of multiple-site fatigue damage, the geometry and configuration need to be taken
into account while calculating the far-field SIF in the metal layer of GLARE laminates. Using
the weight function approach, the effects of geometry and configuration of the test specimens
can be properly incorporated. The direction of crack propagation is perpendicular to the loading
direction, therefore, only mode I SIF needs to be considered.

For one-dimensional, through-thickness crack propagation, the SIFs associated with symmetric
mode I loading can be calculated by applying the concept of weight function. That is [42]

K= Ioa o(x)m(a,x)dx (46)

where o(x) is the stress distribution on the crack face, and m(a,x) is the weight function. In
equation 21, the SIF can be expressed as [42]

K = fona (47)
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where f'is the nondimensional SIF, and a is the crack length starting from an open hole. The
weight function for a one-dimensional crack can be expressed as [42]

E'  du/(a,x)

f.oNrma da

m(a,x) = (48)

where E' is the elastic modulus, u, (5,;) is the displacement of the crack face relative to the

plane of symmetry, and f. is the reference SIF. To apply this relation, the distributions of the
applied load have to be calculated from the relation between the load and the crack-opening
displacement. For convenience of calculation, normalization is applied to crack length a,
coordinates x, and crack-opening displacement u with respect to s. That is

_ a _ X
a=—and x =—
s s

4.5 FORMATION OF EFFECTIVE SIF.

As FMLs are subjected to cyclic load, crack propagation is driven by the far-field applied load
and retarded by the bridging stress on the delamination boundary. For a crack to continue to
propagate, the driving force needs to overcome residual strength-induced crack closure while the
crack growth is bridged by the bridging mechanism. The effective SIFs of FMLs at the crack
tips need to incorporate the effects from applied load, crack closure, and bridging stresses. Also,
the presence of residual stress in FMLs needs to be taken into account in fatigue crack growth in
terms of the crack opening stress.

Following the definition of effective SIF used for FMLs in reference 34, the effective SIF of an
FML can be expressed as

Ktip = (KI,AI - KUp,Al )fcff (49)

where K 4 is the mode I SIF in the Al layer, K, 4 1s the crack opening SIF in the Al layer, and
ferr 1s the effective nondimensional SIF. The effective nondimensional SIF is defined as

Jer =/, _fbr):fo(l_ﬁf) (50)
and
/.
=2 51
B, 7 (51)
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where f, is attributed to the unit applied load, and f;, is attributed to the corresponding bridging
stress. The nondimensional B, is the fiber-bridging factor. Equating these equations, the
effective SIF at the crack tips can be rewritten as

Kt[p = (KI,AI _Kap,Al)(l_Bf)fo (52)

A nondimensional fiber-bridging factor, By of zero is the crack growth behavior for monolithic
Al alloy, and £, is a geometrical correction factor. As the bridging effect increases, as described
in Py, the effective SIF is modulated by the fiber-bridging factor. As a result, the crack growth
rate is reduced by the fiber-bridging mechanism in FMLs. If the nondimensional bridging factor,
Bs, 1s equal to one, then the crack growth in FMLs is fully bridged. Each item in the effective
SIF will be discussed in the following sections.

4.5.1 Far-Field SIF.

For specimens subjected to unidirectional fatigue load, the crack path in the metal layer is
perpendicular to the loading direction, only mode I SIF is considered. Taking into account the
effect of bending and applied stress in the metal layer, superposition is used to calculate the
actual stress level in the metal layer. Therefore, the model I SIF in the Al layer is expressed
as [39]

K, = (o,+ O-fu) vTa (53)

where o4 is the stress level in the Al layer, o, is the stress in the Al layer caused by secondary

bending effect, and a is the total crack length in FMLs. If there is no secondary bending, then
the bending stress is zero. Different scenarios of crack interaction due to the presence of MSD in
Al alloy can be found in reference 12.

4.5.2 Crack-Opening SIF.

The crack-opening SIF is expressed as [21]
Kup =0, VT (54)

where 64,0y 1s the crack-opening stress in the Al layer of FMLs. It should be noted that the
empirical crack-opening stress is a function of stress ratio. The stress ratio used to obtain the
crack-opening stress is the actual stress ratio in the metal layer of FMLs. In other words, the
actual stress ratio in the Al layer is applied to obtain the crack-opening stress in Al alloy.

The crack-opening stress for the Al alloy was plotted as a function of stress ratio and is shown in

figure 21 [43]. A plain stress condition (constraint factor ¢ = 1) is considered due to the thin
metal layer used in GLARE laminates.
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Figure 21. Crack-Opening Stress as a Function of Stress Ratio [43]

4.5.3 Nondimensional SIF.

Analytically, the nondimensional SIFs, f,, is expressed as [42]

m,(a,x)

fo=], o=

dx (55)

where 6,(x) is the stress on the crack face induced by the unit applied load and secondary
bending, and o is the scaling factor. The weight function is expressed as

a

m(a,x)=2 |———— 56
(@0 =2 (56)
and the stress on crack face is expressed as
c,(a,x)= O uX (57)

2 2
\X —a;
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The nondimensional SIF, f,, is expressed as [42]

m, (a, x)

.[ G, et (X)—F—— Jra

(58)

where 6,54 (X) is the bridging stress on the crack face of the metal layer in FMLs under a unit-
applied load. For a periodic array of collinear cracks in a sheet under applied load, the crack-
opening displacement leads to the following exact weight function [42]

m, (a,x) = cos(—) nd_ (59)
sin ( ) sin (—)

The dimensionless bridging SIF was plotted as a function of crack length and is shown in figure
22. Clearly, there is a transition in the dimensionless bridging factor. Physically, it indicates
that the influence of the fiber-bridging effect would lower the SIF, leading to an approximately
steady-state crack growth after a certain number of cycles. Compared to the far-field and
bridging SIFs, the effective SIF was plotted as a function of crack length and is shown in
figure 23.
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4.6 FATIGUE CRACK GROWTH PREDICTION.

In GLARE laminates, the constituent metal layer is Al 2024-T3, and it is assumed that the
fatigue law can be used for predicting crack growth rate (da). The empirical Paris-Walker
fatigue equation (mm/cycle) is expressed as [36]

< —c,[ak, ] (60)

The constituent metal of hybrid FMLs is Al 2024-T3, which corresponds to
C,=127x10" and n, =2.94. The effective SIF is in the unit of MPa~/mm .

4.7 FATIGUE DELAMINATION GROWTH PREDICTION.

For FMLs, the delamination growth (mm/cycle) (db) can be expressed as a function of the strain
energy release rate [44]. That is

- (A" = ) 2~ (61)

The GLARE empirical coefficients C, and n;, are 0.05 and 7.5, respectively [44], and the strain
energy release rate is expressed as [44 and 45]

o’ E E
g= St — [y’ (n,—1D- kznAltAl Ri— nf 0 fo('Y _K2)+
2nE, EAI EAI

gt =AM (62)

where n; 1s the number of interfaces, and

t

fml
= - . (63)
1,90
(m, =Dt +—= E nf ofro™t 00l 1 .90
Al Al
tfml
A= i T (64)
/50 /590
Nyly+t—— E Neolro™ N 9ol .90
Al Al

As observed in this study, there is a mixed-mode involvement of delamination growth near the
stage of delamination linkup. In this study, only mode II delamination growth was considered.
Also, it should be noted that the secondary bending is not considered in delamination growth.
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5. TEST RESULTS.

5.1 MULTIPLE-IMPACT BEHAVIOR OF GLARE 5-2/1 LAMINATES.

The multiple-impact loads were applied to GLARE 5-2/1 by the weight drop. The impact loads
were repeated twice to observe the accumulated damage in GLARE 5-2/1 laminates. Three
levels of impact energy were set in the experiment: 8 J, 16 J, and 26 J, respectively. If there was
immediate metal cracking after weight drop, the impact energy would not increase. The
maximum impact energy applied was 26 J, which would cause a permanent metal opening in the
GLARE 5-2/1 laminates.

Figure 24(a) and (b) show multiple-impact dent damage (which is BVID) in Al 2024-T3 and
GLARE 5-2/1 in the top and bottom figures, respectively. The crack multiple-impact damage
(which is CVID) in Al 2024-T3 and GLARE 5-2/1 is shown in figure 24(c). The CVID in
GLARE 5-2/1 occurred in the outer Al layer on the nonimpacted side along the 0° and 90° fiber
direction.

(@) (b) (c)

Figure 24. Multiple-Impact Damage of Al 2024-T3 (Top) and GLARE 5-2/1 (Bottom) at
(a) BVID (8 J (2x4 J)), (b) BVID (16 J (2x8 J)), and (c) CVID (26 J (2x13)))

Figure 25 shows experimental results for the load-time history of Al 2024-T3 and GLARE 5-2/1.
After the first impact of 8 J and 16 J, Al 2024-T3 and GLARE 5-2/1 experience the plastic
deformation. After the second impact for Al 2024-T3 and GLARE 5-2/1, 8 J shows the same
trend as the first impact. However, the 16-J] GLARE 5-2/1 shows a small, sharp load drop. This
discrete load drop is believed to indicate the delamination and failure of the composite layer [4].
At a multiple-impact energy of 26 J, after the second impact in Al 2024-T3 and GLARE 5-2/1,
the load was dramatically reduced, indicating the occurrence of CVID. The specific energy to
create a dent and crack damage in the outer Al layer for Al 2024-T3 is somewhat higher than
GLARE 5-2/1. It comes from the effects of thickness and minimum cracking energy. As shown
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in reference 4, the minimum cracking energy of Al 2024-T3 is somewhat higher than GLARE 5-
2/1. As the relationship of the area density and impact energy is considered, GLARE 5-2/1
shows a better impact performance than Al 2024-T3.

Multiple-Impact Energy: E=8J (2x4 J)
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Figure 25. Load-Time Histories of Al 2024-T3 and GLARE 5-2/1 Under Multiple Impact With
(a) Impact Energy = 8 J, (b) Impact Energy = 16 J, and (c) Impact Energy = 26 J
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Figure 26 shows the permanent central displacement of Al 2024-T3 and GLARE 5-2/1 as a
function of impact energy after low-velocity impact. After the first impact, GLARE 5-2/1 has
almost the same dent depth as Al 2024-T3. However, after the second impact, GLARE 5-2/1
shows a larger dent depth than Al 2024-T3. The total dent depth may be affected by the dent
depth after the second impact. Finally, the difference of total dent depth between GLARE 5-2/1
and Al 2024-T3 is 10%.
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Figure 26. The Permanent Central Deflection as a Function of Impact Energy

Figure 27 shows the multiple-site impact damage fatigue crack growth on a variety of GLARE
5-2/1 specimens at different fatigue cycles. Cracks may initiate from the edge or from the
damage area and travel along the crack path. Crack lengths were carefully measured at specific
fatigue cycles.

Figures 28-31 show the crack length as a function of cycles under different applied stresses. The
applied stresses corresponded to the postimpact tensile strength. In this experiment, the site
location is indicated by the number. The letters “R” and “L” indicates whether the fatigue crack
is on the right or left of the impact site. The letters “d” and “e” represent the damage area and
edge crack initiation sites, respectively. For example, “1Le” represents the fatigue crack that is
located on the left-hand side of impact 1, and this crack initiates from the edge of the sample.
Table 7 is a summary of the crack growth data.
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Cycle : 55202

Cycle : 60548

Figure 27. Multiple-Site Impact Damage Fatigue Crack Propagation
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Figure 28. Multiple-Site Impact Damage Fatigue Crack Growth (116.2 MPa)

42



N
(5]

— —m=—1Rd
S )
3 2Ld
s 15 ——2Rd
=
= —x—3Ld
210 —e—3Rd
B —+—4Ld
G 5 —=—4Rd
0
15000 20000 25000 30000 35000
Cycle
Figure 29. Multiple-Site Impact Damage Fatigue Crack Growth
30% of PITS-(1): 174.3 MPa
35
—o—1Le
30
—=— 1Rd
Q) 25 2Ld
£ —<«—2Re
< 20
< —x—3Le
o
£ 15 —e—3Ld
| —+—3Rd
X
§ 10 ——A4Ld
@) —=— 4Re
5
4Rd
0

15000 25000 35000 45000 55000 65000 75000
Cycle

Figure 30. Multiple-Site Impact Damage Fatigue Crack Growth (174.3 MPa)
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Figure 31. Multiple-Site Impact Damage Fatigue Crack Growth (174.3 MPa)
Table 7. Multiple-Site Impact Damage Fatigue Crack Growth Data
No./Cycle 1E 1L IR 2L 2R 2E 3E 3L 3R 4L 4R 4E
55202 14.34 0 6.93 0 0 7.09 13.67 | 4.27 3.49 3.49 11.04 | 12.02
60548 20.72 0 1693 | 5.11 0.75 11.64 17.03 | 7.79 13.68 13.27 11.88 12.72

Unit of measurement: mm

5.2 MULTIPLE-SITE DAMAGE FATIGUE BEHAVIOR OF GLARE 3-3/2 LAMINATES.

To study MSD fatigue crack growth behavior, two scenarios were considered in GLARE 3-3/2
laminates. (1) Through-thickness crack growth, which means that all cracks will initiate and
propagate in all the metal layers of FMLs. (2) The partial-thickness crack growth, which means
that cracks only initiate and propagate in the surface metal layer. For surface crack growth in
FMLs, due to the unsymmetry of crack growth, the secondary bending effect needs to be
addressed properly. All specimens were tested under tension-tension, constant-amplitude fatigue

loading.
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5.2.1 Through-Thickness Crack Growth.

In the presence of a through-thickness starter notch, the cracks initiated from the notch tip in the
direction perpendicular to the applied load in all cases, as shown in figure 32. Cracks initially
grew away in the stable growth phase from the open hole/start notch at zero angles and then
continued to grow without any change in crack trajectories, i.e., a mode I SIF-dominant crack
growth in the metal layer. As two cracks propagated toward each other and reached the region
of linkup, they bypassed each other, leading to a formation of an eye-shaped region, instead of
having a direct crack linkup (figure 32). At this juncture, the crack growth was unstable, and the
crack path angle changed toward the opposite crack trajectory. The crack path deviated and did
not remain 0°. This phenomenon is explained as two propagating cracks in the vicinity of a
crack linkup mutually influencing each other, and the crack trajectory is determined by a
function of mode I and mode II SIF.

Figure 32. On-Going MSD Fatigue Cracks in GLARE 3-3/2 (a) Crack Growth in the Surface
Metal Layer and (b) Crack Growth in the Inner Metal Layer (A close-up of the crack bypass
is shown on the right.)

Furthermore, it was observed that the crack length in the inner metal layer was almost identical
to the crack length in the outer metal layer, as shown in figure 32(b), after removing the surface
metal layers. Similarly, an eye-shaped region was observed in the inner Al layer of GLARE 3-
3/2 laminates. Compared to specimens with a single through-thickness notch, this observation
was different since the direction of the crack path remained the same as the cracks propagated
through the metal layers of the laminate.

Meanwhile, the delamination zones in the fiber/adhesive layer appeared to avoid linkup as
they grew toward each other, as shown in figure 33. The stable delamination growth is a
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mode [I-dominant fracture behavior; however, it became a mixed mode (mode I and mode II)
delamination behavior as two delaminations approached the region of linkup and deviated from
the original center line. In other words, the shear stress induced by cyclic fatigue loading did not
affect the direction of the mode II-dominant delamination growth until it fell into the eye-shaped
crack formation region. Ultimately, the two propagating delaminations emerged to be
approximately a rectangular shape. A brief summary of the experimental results are listed in
table 8.

Figure 33. The MSD Fatigue Delamination Pattern in the Fiber/Adhesive Layer at Cracks
1B and 2B for GLARE 3-3/2

The crack lengths as a function of fatigue cycles for GLARE 3-3/2 specimens under maximum
applied stresses of 120 and 100 MPa were recorded through continuous monitoring during the
fatigue tests. For the ease of investigation in MSD crack growth, all the cracks in the upper and
bottom rows in table 8 were categorized as lead cracks and nonlead cracks, and the total average
crack length was used as a base line.

The multiple-site crack propagations as a function of fatigue cycles under different applied
stresses are shown in figures 34 and 35, respectively. The lead and nonlead cracks do not have
the same crack length, which indicates that the cracks interacted with one another. The crack
growth rates as a function of crack length were plotted and are shown in figures 36 and 37 for
the applied stresses of 120 and 100 MPa, respectively. The initial fast crack growth phase was
one in which insufficient fiber bridging occurred to transfer enough load from the Al sheet to
reduce the effective SIF at the crack tip. Initially, the crack growth rate decreased, and then
grew progressively. Unlike a single-notched specimen, the crack growth rate was approximately
a constant due to the absence of crack interaction. This correspondence to the fiber-bridging
mechanism is dependent on the delamination profiles proposed by Guo and Wu [34 and 35] and
the damage-tolerant characteristics of fiber-metal laminates. As the bridging SIF becomes
predominant, the crack growth reaches a steady state.
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Table 8. Summary of Experimental Results for Through-Thickness GLARE 3-3/2 Laminates

Applied Stress Level = 120 MPa, Applied Stress Ratio = 0.05
Lead Crack
Starter | Total Crack Averaged Crack (linkup)/
Panel | Notch Length Final Cycles Growth Rates Nonlead

ID (mm) (mm) (N) (mm/cycle) Crack
T1 1 11.43 70,000 1.63E-04 Lead

T2 1 11.43 70,000 1.63E-04 Lead

T3 1 11.43 70,000 1.63E-04 Lead

T4 1 11.43 70,000 1.63E-04 Lead

B1 1 9.144 70,000 1.31E-04 Nonlead
B2 1 9.144 70,000 1.31E-04 Nonlead
B3 1 9.144 70,000 1.31E-04 Nonlead
B4 1 9.144 70,000 1.31E-04 Nonlead

Applied Stress Level = 100 MPa, Applied Stress Ratio = 0.05

T1 1 7.62 145,984 5.21975E-05 | Nonlead
T2 1 7.62 145,984 5.21975E-05 Nonlead
T3 1 11.43 145,984 7.82963E-05 Lead

T4 1 11.43 145,984 7.82963E-05 Lead

B1 1 11.43 145,984 7.82963E-05 Lead

B2 1 11.43 145,984 7.82963E-05 Lead

B3 1 8.89 145,984 6.08971E-05 Nonlead
B4 1 8.89 145,984 6.08971E-05 Nonlead
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Figure 34. Average Crack Length as a Function of Cycles for GLARE 3-3/2 Laminates at the
Applied Stress Level of 120 MPa
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Figure 35. Average Crack Length as a Function of Cycles for GLARE 3-3/2 Laminates at the
Applied Stress Level of 100 MPa
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Figure 36. Average Crack Growth Rate as a Function of Crack Length for GLARE 3-3/2
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Figure 37. Average Crack Growth Rate as a Function of Crack Length for GLARE 3-3/2

Laminates at the Applied Stress Level of 100 MPa

The presence of multiple-site fatigue cracks would accelerate the crack growth rates, as shown in
figures 36 and 37. Therefore, as two propagating cracks approached each other, the crack
growth rates increased gradually due to the effect of crack interaction. Ultimately, the crack
growth rates reached peak values when the cracks linked up near the eye-shaped region.
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In MSD crack growth, since the Al sheet had a higher modulus, it picked up more load than the
S2-glass/prepreg; this higher percentage of overall load translated to higher stress in the metal
layers to drive the cracks. Cracks began to propagate and then reached approximately constant.
Some cracks grew faster and some were relatively slower. Ultimately, the final leading crack
lengths were significantly greater than the average crack lengths.

5.2.2 Partial-Thickness Crack Growth.

To evaluate the fatigue behavior of multiple surface cracks, all cracks were divided into two
categories, leading cracks (lead crack) and nonleading (nonlead) cracks. Experimentally, it was
observed that with the presence of multiple surface slits under fatigue loading, cracks in all cases
initiated at locations on the edge of the surface slits and propagated approximately perpendicular
to the direction of the applied load. The cracks continued to grow away perpendicularly to the
loading direction. These cracks did not initiate at the same time nor did they propagate with the
same growth rates. Figure 38 shows the nonlead and lead cracks. As the propagating cracks
were approaching each other at the vicinity of the crack fronts, they had a direct crack linkup,
leading to a straight line formation instead of bypassing each other at the applied stress level of
120 MPa, as shown at the bottom of figure 38. In other words, mode I fracture behavior
dominates in surface crack growth as cracks linkup. Figure 39 shows the corresponding nonlead
delamination and lead delamination. Similarly, lead delaminations formed a direct linkup at the
vicinity of the crack tips at the applied stress of 120 MPa.

The surface crack lengths were measured during the fatigue loading. For the ease of comparing
the deviation of crack growth rates, the averaged lead crack and averaged nonlead crack growth
rates were used with the averaged total crack growth rate as a base line. A brief summary of the
experimental results are listed in table 9.

Figure 38. Crack Propagation in Surface-Cracked GLARE 3-3/2 at the Applied Stress Level of
120 MPa (Top: nonlead cracks and Bottom: lead cracks and crack linkups)
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Figure 39. Delamination Growth in Surface-Cracked GLARE 3-3/2 Specimens, Nonlead
Delamination (top) and Leading Delamination and Linkup (bottom)

Table 9. Summary of Experimental Results for GLARE 3-3/2 Surface (Partial-Thickness)

Crack Growth

Applied Stress Level = 120 MPa, Applied Stress Ratio = 0.05

Total Crack Averaged Crack Lead Crack
Panel | Half Slit Length Final Cycles Growth Rates (linkup)/Nonlead

ID (mm) (mm) (N) (mm/cycle) Crack
T1 2 13.335 570,000 2.33947E-05 Lead

T2 2 12.828 570,000 2.25053E-05 Lead

T3 2 11.303 570,000 1.98298E-05 | Nonlead

T4 2 10.922 570,000 1.91614E-05 | Nonlead

B1 2 12.7 570,000 2.22807E-05 | Nonlead

B2 2 10.922 570,000 1.91614E-05 | Nonlead

B3 2 10.795 570,000 1.89386E-05 | Nonlead

B4 2 9.652 570,000 1.69333E-05 | Nonlead
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Table 9. Summary of Experimental Results for GLARE 3-3/2 Surface (Partial-Thickness)
Crack Growth (Continued)

Applied Stress Level = 120 MPa, Applied Stress Ratio = 0.05
Total Crack Averaged Crack Lead Crack
Panel | Half Slit Length Final Cycles Growth Rates (linkup)/Nonlead
ID (mm) (mm) (N) (mm/cycle) Crack
Applied Stress Level = 100 MPa, Applied Stress Ratio = 0.05
T1 2 5.08 750,000 6.77333E-06 | Nonlead
T2 2 3.556 750,000 4.74133E-06 | Nonlead
T3 2 5.08 750,000 6.77333E-06 | Nonlead
T4 2 3.302 750,000 4.40267E-06 | Nonlead
B1 2 6.6096 750,000 8.8128E-06 Lead
B2 2 5.08 750,000 6.77333E-06 | Nonlead
B3 2 2.794 750,000 3.72533E-06 | Nonlead
B4 2 2.794 750,000 3.72533E-06 | Nonlead

The averaged crack lengths as a function of fatigue cycles under the maximum applied stress of
120 and 100 MPa were plotted and are shown in figures 40 and 41, respectively. Under the same
fatigue cycles, the lead and nonlead cracks did not reach the same length, and crack growth
deviation existed. Especially for cracks propagated at the applied stress of 100 MPa, the crack
length deviation was obvious. The averaged crack growth rates as a function of crack length are
shown in figures 42 and 43 for the corresponding applied stress levels. The crack growth
deviation between the lead and nonlead cracks is small at the applied stress of 120 MPa, and the
crack growth deviation is obvious at the applied stress of 100 MPa.

In FMLs, crack growth rate decelerated once the crack reached a certain length. When the
cracked metal layer becomes more compliant, it will carry less load locally, which is the source
of fatigue crack growth retardation. That is, there is load transfer to the fiber layers through the
crack flanks and at the crack tips. Since the aluminum sheet has a higher modulus, it picks up
more load than the S2-glass/prepreg. This higher percentage of overall load translates to higher
stress in the metal layers to drive the cracks. On the experimental observation, surface crack
growth was much slower compared to through-thickness crack growth. The further reduced
crack growth rates in the surface-cracked GLARE laminates were attributed to the extent of
greater bridging traction, provided by the intact laminates, and to the extent of higher residual
strength. These surface-cracked specimens are more damage-tolerant than through-thickness
GLARE laminates.
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Figure 40. The MSD Crack Length as a Function of Cycles for Surface-Cracked GLARE 3-3/2
at the Applied Stress of 120 MPa
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Figure 41. The MSD Crack Length as a Function of Cycles for Surface-Cracked GLARE 3-3/2
at the Applied Stress of 100 MPa
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Figure 42. The MSD Crack Growth Rate as a Function of Crack Length at the Applied Stress of
120 MPa for Surface-Cracked GLARE Specimen
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Figure 43. The MSD Crack Growth Rate as a Function of Crack Length at the Applied Stress of
100 MPa for Surface-Cracked GLARE Specimen
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6. COMPARISON OF TEST AND ANALYSIS OF MULTIPLE-IMPACT LOADS AND
FATIGUE CRACK GROWTH.

6.1 MULTIPLE-IMPACT LOADS.

6.1.1 Comparison of Experiment and FE Simulation.

In modeling multiple-site impacts on GLARE 5-2/1, the impact loads were repeated twice on the
same position of the laminates. The double-impact procedure is shown in figures 44 and 45 for
the first and second impact load, respectively. As the first impact load was applied to the
GLARE 5-2/1 laminates, the second impact load was immediately applied. This procedure is
identical to the experimental setup of multiple-impact loads. It was expected that the application
of the second impact load would cause the GLARE laminates to experience larger deformation
than the single impact case, as was observed in the experiments.
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Figure 44. First Impact on GLARE 5-2/1

Literature proved that in the case of multiple-impact loads, the Al layer absorbs most of the
energy instead of the composite layers [3 and 4] for the first impact. If the impact energy is
relatively low for both 8-J and 16-J impact energy, the GLARE 5-2/1 Al layer experienced
plastic deformation to absorb the impact energy.
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Figure 45. Second Impact on GLARE 5-2/1

Experimentally, the response of the impact force as a function of time was recorded
automatically. Numerically, a reference point was set on the head of the drop weight to extract
the response of the impact load. That is, the maximum impact response was used to compare to
the experimental data. As shown in figure 46, the peak impact force was plotted as a function of
time from the results of the 2D and 3D FE models, respectively. For ease of comparison, the
nonfailure mode was used as a base line. Two sets of impact energies were studied and applied
to GLARE 5-2/1 laminates, 8 J (2x4 J) and 16 J (2x8 J), respectively. In the FE simulation, only
the cases with low-velocity impact load were considered. Hence, the 26-J impact energy, which
would cause permanent metal cracking observed in experiments, was not within this scope of
this study.

For the 8-J impact energy case, the load-time response in simulation was similar in trend during
the first and second impact. This indicated that the failure criteria applied to the composite
layers in both the 2D and 3D FE models did not critically affect the stiffness degradation in the
GLARE laminates. Although the repeated load was applied to the GLARE laminates, only
plastic deformation in the metal layers would occur as long as the impact energy was low. This
can be proved by experimental observation or FE modeling. However, for the 16-J impact
energy case, experimentally, dent damage was observed. Following the second impact load,
damage accumulated and caused failure in both the aluminum and composite layers. In the FE
simulation, it was observed that composite layers began to degrade either in the 2D or 3D model
with Hashin failure criteria [20]. Clearly, both the 2D and 3D failure criteria models are capable
of capturing the impact response of the laminate materials. The prediction model with nonfailure
criteria would overestimate the impact force and time history compared to the experimental data
or to the FE model with failure criteria setup. Therefore, it is important that the failure criteria
be used to simulate damage progression in stiffness or compliance degradation.
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Figure 46. Comparisons of Experimental and Simulation Results of Multiple-Impact, Force-
Time History for GLARE 5-2/1, Impact Energy (a) 8 J and (b) 16 J
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Figure 47 shows the central displacement changes at different levels of impact energy. Because
of the fully fixed boundary condition, the FE model of GLARE 5-2/1 is less deflected than the
experiment after the first and second impact. There is no difference in the central displacement
in the 2D and 3D failure models.
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Figure 47. Difference Between Predicted and Measured Central Displacement for GLARE 5-2/1
Impact Energy (a) E=8Jand (b) E=161]
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6.1.2 Two- and Three-Dimensional Failure Criterion Comparison.

As mentioned, since the composite layer is so thin, 2D failure criterion works well under plane
stress assumption problems. Thus, the 3D stress tensor <o;3, 623, 633> and the strain tensor
<g3, €3, €3> in the dynamic problem cannot be ignored because of three-directional large
deformation. Even though 2D failure criteria may work in composite layers using the continuum
shell element, 3D failure criteria, including three-directional stress and strain parts, is believed to
compensate for the weak points for impact simulation.

A series of damage failure patterns in the 2D and 3D FE models were put together for
comparison. These damage areas were compared based on the time step in simulation. Only
failed regions were marked as red and the others were marked as white. In other words, the
stress levels were purposely removed.

Figures 48 through 51 show the Hashin failure result in the GLARE 5-2/1 composite layers with
different fiber orientations [0°/90°/90°/0°] and different impact energies. The damage
progression induced by the first and second impact loads are also shown in these figures.
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Fiber tension failure at time: (b) 3.66 msec and (d) 3.66 msec

Figure 48. Failure Mode Comparison for 2D (left) and 3D (right) Models of GLARE 5-2/1 After
First Impact E=8J
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Figure 49. Failure Mode Comparison for 2D (left) and 3D (right) Models of GLARE 5-2/1 After
Second Impact E=8J
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Figure 50. Failure Mode Comparison for 2D (left) and 3D (right) Models of GLARE 5-2/1 After
First Impact E=161J
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Figure 51. Failure Mode Comparison for 2D (left) and 3D (right) Models of GLARE 5-2/1 After
Second Impact E=16J

The 2D failure damage models are shown in figures 48(a) and (b), 49(a) and (b), 50(a) and (b),
and 51(a) and (b) at multiple-impact energy 8 and 16 J. The 3D failure criterion models are
shown in figures 48(c) and (d), 49(c) and (d), 50(c) and (d), and 51(c) and (d). The damage area
is realized by a state variable value greater than or equal to one that corresponds to a point at
which the failure criteria value has been exceeded in the GLARE 5-2/1 composite layer. As
shown in each figure, the FE model with 3D failure criteria clearly has a greater number of
integration points marked as damaged areas when compared to the 2D failure criteria model.

Figure 52 shows the damage state in the GLARE 5-2/1 metal layer with Hashin failure criteria in
composite layers. The differences between single- and multiple-impact loads are also shown in
figure 52. It is known that compressive stress is exhibited on the nonimpacted side of the
GLARE 5-2/1 specimens. The compressive stress on the impacted Al layer is small compared to
the nonimpacted side. The colored damage is realized by a state variable value greater than or
equal to one that corresponds to a point at which the failure criteria value has been exceeded.
The colored areas display the failure or damage of the Al metal layer. The 3D FE model with
failure criteria has more integration points that show damage initiation/progression when
compared to the previous 2D model with failure criteria.
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Figure 52. The 3D ABAQUS Simulation of Multiple-Site Impact Damage on GLARE 5-2/1

6.2 MULTIPLE-SITE DAMAGE FATIGUE CRACK GROWTH.

6.2.1 Through-Thickness Test Specimens.

To predict the average crack growth rates, the proposed methodology was used. At the initial
stage, the crack growth of FMLs was faster due to the increasing fiber-bridging factor, followed
by a steady-state crack growth due to the flat-out of fiber-bridging factor. In most MSD, the
greatest concern is leading cracks; the predicted leading crack growth rates under different
applied stress levels were averaged and plotted, as shown in figures 53 and 54, respectively.

The predicted crack growth rates using the proposed methodology were calculated under
different applied stress levels. At the initial stage of crack growth, the far-field SIF dominates,
so the crack growth is relatively faster than in the steady-state region. As the bridging SIF
becomes predominant, the crack growth reaches a steady state. The presence of multiple-site
fatigue cracks would accelerate the crack growth rates as two cracks approach each other.
Therefore, as the propagating cracks approach each other, the crack growth rates increased
gradually due to the effect of crack interactions. Ultimately, the crack growth rates reached the
peak values when the cracks linked up. The predicted results under different maximum applied
stress are in good agreement with the experimental results.
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Figure 53. Comparison of Predicted Averaged Leading Crack Growth Rates and Experimental
Results With an Applied Stress Ratio of 0.05 for GLARE 3-3/2 Through-Thickness Test
Specimens (120 MPa)
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Figure 54. Comparison of Predicted Averaged Leading Crack Growth Rates and Experimental
Results With an Applied Stress Ratio of 0.05 for GLARE 3-3/2 Through-Thickness Test
Specimens (100 MPa)
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6.2.2 Partial-Thickness Test Specimens.

The averaged crack lengths as a function of fatigue cycles under the maximum applied stress of
120 and 100 MPa were studied. Under the same fatigue cycles, the lead and nonlead cracks did
not reach the same length, and crack growth deviation existed. Especially for cracks propagated
at the applied stress of 100 MPa, the crack length deviation was obvious.

In FMLs, crack growth rate decelerated once the crack reached a certain length. When the
cracked metal layer becomes more compliant, it will carry less load locally, which is the source
of fatigue crack growth retardation. That is, there is load transferring to the fiber layers through
the crack flanks and at the crack tips. Since the aluminum sheet has a higher modulus, it picks
up more load than the S2-glass/prepreg. This higher percentage of overall load translates to
higher stress in the metal layers to drive the cracks. On the experimental observation, surface
crack growth is much slower compared to through-thickness crack growth. The further reduced
crack growth rates in the surface-cracked GLARE laminates were attributed to the extent of
greater bridging traction, provided by the intact laminates, and to the extent of higher residual
strength. These surface-cracked specimens are more damage-tolerant than through-thickness
GLARE 3-3/2 laminates.

The predicted results of averaged leading surface crack growth for GLARE 3-3/2 laminate were
plotted in figures 55 and 56 at the applied stress levels of 120 and 100 MPa, respectively, along
with the experimental results. The predicted crack growth rates agreed well with the
experimental results of averaged crack growth rates, though discrepancy still existed for mainly
nonlead cracks.
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Figure 55. Comparison of Predicted Averaged Leading Crack Growth Rates and Experimental

Results With an Applied Stress Ratio of 0.05 for GLARE 3-3/2 Partial-Thickness Test
Specimens (120 MPa)
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Figure 56. Comparison of Predicted Averaged Leading Crack Growth Rates and Experimental
Results With an Applied Stress Ratio of 0.05 for GLARE 3-3/2 Partial-Thickness Test
Specimens (100 MPa)

7. CONCLUSIONS.

The low-velocity, multiple-impact behavior for 2024-T3 aluminum alloy and S2-glass fiber-
reinforced aluminum laminates (trade name GLARE) GLARE 5-2/1 was investigated through
experiment and finite element (FE) simulation. Three different multiple-impact energies of 8 J
(2x4 J), 16 J (2x8 J), and 26 J (2x13 J) were applied on aluminum alloy and GLARE 5-2/1 to
induce two different levels of damage (barely visible impact damage (BVID) and clearly visible
impact damage (CVID)). As in single-impact cases, the BVID of 8 J and 16 J introduced plastic
deformation dents on the outer aluminum layer. The CVID of 26 J was characterized by cracks
coming out from the plastic indentation in the fiber direction.

The FE analyses were performed on GLARE 5-2/1 for two different multiple-impact energies
(8J and 16 J). The 26-J impact energy caused metal cracking and was not studied in FE
modeling in the scope of low-velocity multiple impacts. The FE simulation showed good
agreement with experiment for impact force-time history curve. A three-dimensional failure
criteria model was compared to a two-dimensional failure criteria model. Both failure models
correlated well with the experimental results. But in the impact force-time history curve case,
the two-dimensional failure model was better than the three-dimensional failure model to predict
peak impact force in multiple-impact behavior. The damage progression size in the three-
dimensional failure criteria model was bigger than the two-dimensional criteria failure model.
The FE simulation results were able to predict where the crack can occur in post-multiple-impact
fatigue behavior from the results of stress distribution on the impacted and nonimpacted
aluminum layer of GLARE laminates.
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The crack growth behavior of a fiber-metal laminate with multiple-site damage (MSD) has been
investigated experimentally and analytically. To understand the surface crack growth in GLARE
3-3/2 laminates, the surface-bridging mechanism and the secondary bending effect were proven
through data analysis and experimental work, which supported the arguments. It was concluded
that in fiber-metal laminates with through-thickness MSD, as the fatigue cracks emanated from
the open holes and propagated, the crack growth rate was faster with the presence of MSD
cracks as compared to the case without the interaction of MSD cracks. The propagating cracks
tended to bypass each other and formed an eye-shaped region as two propagating cracks
approached each other before linkup, mode I fracture behavior dominates and results in crack
linkup at the vicinity of the crack tips. The crack growth acceleration was not observed at the
vicinity of crack linkup in experiments with multiple surface slits. As surface cracks linkup in
the metal layer, delaminations in the interface of metal/prepreg linkup with each other
simultaneously. The fatigue crack resistance in surface crack growth was better than in the
through-thickness crack growth. The proposed methodology for predicting the crack growth
rates of GLARE laminates with multiple-site fatigue damage was validated with experiments
under constant-amplitude fatigue load at a variety of stress levels.
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