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Abstract Fiber-metal laminates (FMLs) are materials designed for the aircraft industry applications, such as
cargo door, upper fuselage and lower wing panels. They are composed of ductile aluminum layers with high
strength fiber reinforced polymer layers. The three main types of FMLs investigated so far are based on aramid,
glass and carbon fibers with aluminum alloys. FMLs with different metallic materials and polymer matrices are
also introduced. Several important mechanical properties and test methods are discussed. It has been established
that the off-axis angles of fibers affect the tensile properties significantly. As a result, multilayers with
combinations of different fiber directions and fiber types have been used to face the complicated stress
distributions in applications. So far, however, only uniaxial tests have been used to characterize the mechanical
properties such as tensile and flexural strengths, which cannot reflect the real loading situation of the FML
applications. So, biaxial tensile tests are suggested to characterize the overall tensile and flexural behavior when
different off-axis angle combinations are present. To provide a theoretical basis for the multiaxial tests, a
general multiaxial stress-strain analytical model based on classical laminate theory is proposed to guide
experimental methods and compare the test results. This model can apply to various configurations of laminates,
including multiple fiber off axis angles and both the elastic and plastic regions of stress-strain curves.
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1. Introduction

Composite materials have been a research focus in various areas for decades [1-4]. The basic motivation is the
possibility to take advantage of differing beneficial properties of the constituent materials [5-8]. The constituent
materials have been employed with polymers [9], ceramics [10], nanomaterials [11-12], construction materials
[13]. A unique combination among these was developed as stacking layers of fiber-reinforced polymers (FRPS)
and metals, which are named as fiber-metal laminates (FMLs). The resulting composites have advantages of
good corrosion resistance, fatigue resistance, impact resistance, flame resistance, static properties, and light
weight [14-17]. Nowadays, the major applications of FML materials are for aircraft industries, such as the upper
fuselage panels are made with GLARE.

One of the most important features of FML materials is that they take the advantage of fibers’ ability to form a
bridge in the fiber/polymer layer even when cracks happen in the metal layers. When failures happen in the
metal layers, the FML still does not completely fail and the stress is redistributed in the composites layer. In this
way, the fibers keep the cracks from further growing [18].

1.1. Three main types of FMLs

The three most common FMLs developed so far are Aramid Fiber Reinforced Aluminum Laminate (ARALL),
Carbon Fiber Reinforced Aluminum Laminate (CARALL), and Glass Fiber Reinforced Aluminum Laminate
(GLARE) [18]. ARALL was first made in 1978 by researchers at the National Laboratory and at the Delft
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aluminum composites, because aramid fibers have excellent specific strength, toughness, impact resistance and
modulus [18, 19]. Until now, four different types of ARALL have been manufactured: ARALL 1-4 as Table 1
shows.

Table 1: The main features of the 4 grades of ARALL [18]

Metal Metal thickness Fiber Fiber direction  Characteristics
type (mm) layer ®)
ARALL1 7075-T6 0.3 0.22 0/0 Fatigue strength
ARALL 2 2024-T3 0.3 0.22 0/0 Fatigue formability
ARALL 3 7475-T76 0.3 0.22 0/0 Fatigue strength, exfoliation
ARALL 4 2024-T8 0.3 0.22 0/0 Fatigue elevated temperature

ARALL has been applied for the lower wing skin panels of the former Fokker 27 [18] the cargo door of
American C-17 [20]. These are the only major applications for ARALL materials.

CARALL laminates contain carbon fiber reinforced prepregs instead of aramid fiber reinforced prepregs.
CARALL is a strain rate sensitive material [21]. The tensile strength and failure strain increase significantly
with increasing strain rate. According to one report [16], The CARALL has higher compressive strength values
than GLARE.

GLARE is a stack composed of thin sheets of aluminum (AA2024-T3) bonded with glass fiber-reinforced
adhesive layers, which are lay-ups of prepreg sheets made of high-strength unidirectional S2-glass fibers
embedded in an epoxy matrix [22]. Generally, GLARE laminate was an on-going research focus after ARALL,
emerging in 1987. GLARE has a better adhesive property between the glass fibers and the matrix compared
with that of CARALL [18]. Unlike ARALL, GLARE is now widely applied in the aircraft industry, because of
better mechanical properties such as the damage tolerance properties [23]. GLARE laminates are
commercialized into six different standard grades as Table 2 shows.

Table 2: The major features of the six grades of GLARE [18]

Grade Sub Metal type Metal Fiber Pregreg Characteristics
thickness layer orientation in
(mm) (mm) each fiber
layer (°)
GLARE1 - 7475-T761 0.3-04 0.266 0/0 Fatigue, strength,
yield stress
GLARE2 GLARE2A 2024-T3 0.2-0.5 0.266 0/0 Fatigue, strength
GLARE 2B 2024-T3 0.2-0.5 0.266 90/90 Fatigue, strength
GLARE3 - 2024-T3 0.2-0.5 0.266 0/90 Fatigue, impact
GLARE4 GLARE4A  2024-T3 0.2-0.5 0.266 0/90/0 Fatigue, strength, in
0° direction
GLARE 4B 2024-T3 0.2-0.5 0.266 90/0/90 Fatigue, strength, in
90° direction
GLARES5 - 2024-T3 0.2-0.5 0.266 0/90/90/0 Impact, shear, off-axis
properties
GLARE6 GLAREG6A  2024-T3 0.2-0.5 0.266 45/-45 Shear, off-axis
properties
GLARE 6B 2024-T3 0.2-0.5 0.266 -45/45 Shear, off-axis
properties
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Figure 1: Schematic description of Glare 4B-6/5-0.3

Glare grade 4B-6/5-0.3, as Fig. 1 shows, consists of six aluminum layers with a nominal thickness of 0.3 mm.
Five glass fiber reinforced polymer (GFRP) layers are between them. Each GFRP layer is stacked with three
prepreg plies, with a nominal thickness of 0.127 mm, oriented in [90°, 0°, 90°] relative to the rolling direction of
the aluminum [23]. GLARE laminates were chosen as the fuselage materials in the Airbus 380 and lower wing
panels of the Fokker 27 [24] for their excellent fatigue properties.

Among the three different fibers, aramid fibers provide good specific strength and modulus, high impact
resistance and toughness, while the low compressive strength is a disadvantage. In this point of view,
CARALLs are developed to improve compressive strength relative to ARALLS, while it is noteworthy that
CARALLs have relatively low strain to failure and impact resistance [18]. Other than compressive strength, the
high stiffness of carbon fibers can provide efficient crack bridging and hence low crack growth rate [16]. The
combination of high stiffness, strength and good impact properties make CARALL an advantage for space
applications [16]. GLARESs are now the most widely used type among the three introduced above [25] because
their high tensile strength and the low absorption of moisture compared with ARALLs [20] as well as good
damage tolerance properties [25] and low cost. Compared with ARALL, GLARE has good fatigue properties
and compressive loading as well as good impact and damage tolerance characteristics [25].

1.2. FML with different metals

Various types of aluminum alloys are chosen for FMLs because of their good properties such as high strength,
low cost and low weight. For example, some properties of 2024-0 aluminum alloy are [26]: density of 2780
kg/m?, melting point of 550 °C, tensile strength of 185 MPa, Young’s modulus of 73.1 GPa and a strain to
failure between 20% and 22%. Commercially available GLARE and ARALL based on aluminum offer some
promising properties over traditional composites and monolithic metals, but the difficulty for them occurs at an
elevated temperature, over 350 °C, due to the relatively low operating temperature of aluminum and epoxies,
which is an obvious shortcoming. To solve this problem, an alternative metallic layer needs to be found for
FML materials. Hundley et al. [27] did an investigation on the high temperature carbon fiber polyimide
composites titanium FML. This class of FML is sometimes referred to as titanium-graphite, or TiGr, which is
reported that not only have a high operating temperature, but also a higher stiffness and strength than GLARE
and ARALL. One other choice for the metal layer is magnesium alloy as magnesium FMLs show features such
as light weight, excellent corrosion resistance and electromagnetic shielding potential [28].

1.3. FML with different polymer matrices

The fiber/polymer composite layer plays an important role in determining the final mechanical properties of the
whole FML. The first generation of FMLs was manufactured with thermosetting matrices for the composite
layer, typically epoxy resins [18]. Since thermosetting-based FMLs suffer a number of disadvantages such as
long processing cycles and low interlaminar fracture toughness properties [28], some other types of materials
were chosen for the matrix, such as poly-ether-ether-ketone (PEEK) [29], self-reinforced polypropylene (SRPP)
[26]. These are called thermoplastic materials, which have advantages including short processing times, ease of
forming and repair [28].
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As discussed above, with the choices and combinations of different fibers, polymer matrices and metals
different types of FMLs can be made. There is no particular design which can perfectly satisfy all needs and
provide superior properties than any other FMLs. It is mentioned above that Chang et al. [30] added a boron
fiber-epoxy layer into the GLARE FMLs to increase the Young’s modulus. The mixtures of different fibers with
different off axis angles might be the simplest solution to create FML laminates with multiple advantages such
as high strength, toughness, Young’s modulus and impact resistance under complicated stress loadings.
Recently, there are some work (discussed in later sections) focusing on the relationship between tensile
properties and off axis angles of fiber directions, which provide some insights for further FML design. However,
all these unidirectional tests are far from the loading configurations of FML applications, which carry much
more complicated stress distributions. For example, the lower wings of aircrafts bear different stresses under the
conditions of stable, moving upward and downward. Surprisingly so far, no multiaxial tests have been brought
up to examine the FML materials when they are truly in need. In this paper, multiaxial tensile and flexural stress
tests are proposed in Section 4 to measure the mechanical properties under multiaxial stress distributions. A
universal analytical model based on classical laminate theory taking account of the elastic-plastic transformation
of metallic layer is established in Section 3 to examine and compare experimental results.

1.4. FML preparation

Sinmazcelik et al. [18] give five activities in FML production, which are not discussed in detail in this paper: (1)
Tools and raw materials preparation. (2) Materials deposition. (3) Cure preparation. (4) Cure. (5) Post
stretching.

Autoclave processing is the most commonly used technique to produce FML laminates [31]. Some other
researchers used a hand layup method to build the stacking [32]. In order for a better bonding between different
layers, both mechanical and chemical surface treatment methods are applied to metals [18]. To further acquire
an adhesive bonding between composites/metal interface, the curing temperature is normally much higher than
room temperature (120 °C for GLARE [18]). When the FML materials are cooled down to room temperature,
there would be a tensile stress in metal ply and compressive stress in fiber prepreg, which results in a residual
stress in the laminates. Post-stretching is used to strain the metal layers into their plastic region, while the fiber
layer remains elastic in the stress-strain curve [25]. It is noteworthy that when the residual stresses are present,
the laminate stress distribution can also be analyzed with the analytical model proposed later.

2. Mechanical properties
Some important mechanical properties and test methods of FML materials are discussed in this section,
including impact, tension, compression, shear, interfacial and flexural behavior.

2.1. Impact

Impact behavior is very important to FML materials, because a variety of objects can cause an impact on aircraft
structures, such as bird strikes, hail and collision between cargo and the structure [33]. The failure mechanisms
in impact behavior for metals and composites are quite different, especially for low-velocity impact behavior
[34]. The damage on metals is visible while that for composites might be hidden [35]. This invisible damage can
result in significant loss in materials strength [34], which makes it necessary to investigate the low impact
behavior of FML materials. Since FML materials are aimed for the aircraft industry, the high velocity impact
behavior is very important for FML materials. The high velocity impact behavior is defined when the sample is
hit by a light-weight object which is travelling at a high speed [28]. The basic method to conduct a high velocity
impact test is to use a gas gun to accelerate a projectile onto the specimen. The projectiles normally have
velocities ranging from 25 to 100 m/s [18].

2.2. Tension

As a common mechanical test, tensile test provides information about important properties such as maximum
stress, Young’s modulus and strain to failure. The tensile strength test specimens are normally dog bone shape
[21] or straight-sided shape [28]. The standards used for tensile testing include ASTM D3039 [32] and JIS
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K7073 [16]. The tensile tests are performed at various crosshead speeds, from 0.1 mm/min to 5 mm/min [36]. In
some studies, the test is carried out at a constant strain rate of 0.04 min™ [26]. A strain rate effect for tensile tests
has been investigated [21].

2.3. Compression
The compressive strength for unidirectional composites is basically dominated by the buckling modes of the
fibers [37]. Fig. 2 describes how laminates break during a compressive loading.
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Figure 2: Schematic representation of the delamination and buckling failure steps

2.4. Shear, interfacial and flexural behavior

The flexural strength of FML materials is related to the interlaminar shear strength. So, these three mechanical
properties are reviewed in this section.

The bending tests are all used for the FML tests, to provide information on interlaminar shear strength (ILSS).
For example, the ILSS measured with five-point bending is determined as [38]:

Pmax

3
ILSS =
64Wt

In which P, is the failure load, W the width and t the thickness of the specimens.

Another method for investigating the interlaminar shear properties is the double notch shear test (DNS) test at
room temperature according to ASTM D3846 [22]. When a compressive stress is applied to the specimen, the
notched layers will have free space to move. Then, the only force that resists the final failure of the whole FML
is the interlaminar shear force. Rather than bending tests, this method provides direct information about the
interlamiar shear properties. Some other tests includes single cantilever beam (SCB), short beam shear test [18]
and bonded window frame method [39]. All these developed testing methods, however, are uniaxial. For
example, bending tests can only examine the longitudinal properties, which are not enough to simulate the
flexural loadings on wing panels of aircrafts.

3. Analytical Model

One of the most important quasi-static properties of FML materials is the strain-stress relationship. Moussavi-
Torshizi et al. [32] proposed a unixial stress-strain relationship which takes into account the elastic-plastic
behavior of the aluminum sheets. Good agreement was shown between experimental results and the theoretical
curves. The strengths for the pure elastic part and elastic-plastic part are given by the following two equations
[32]:

_ Eavtar + Epgp terp

Elastic region: o, = " " EFML
FML
taL E, (Epl)ALtAL + Ergp terp
Plastic region: ¢ = (o S (1 - —p> + €
8 FML ( y)AL ErmL Ea/ L trML P

where Ea is the Young’s modulus of Al, ty_ the thickness of Al layer, Ergp the Young’s modulus of fiber
reinforced polymer (FRP) layer, trrp the thickness of FRP layer, try the total thickness of FML, ggy, the strain
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of laminate, (cy)AL the yield stress of Al, E, the modulus of the plastic region, E the modulus of the elastic

region, (EPI)AL the modulus of Al at the plastic region.

This model was only established for unidirectional tensile tests, and hence the big limitation is that it can only
solve the one-dimensional problems, which make it unrealistic for the FML applications. For multidirectional
stress loading, a modified approach based on classical laminate theory is introduced here.

Stress-strain relationship of normal 3-demensional system can be written as follow:

Oxx Ciin G Gz Ca Cs G Exx
Oyy Cor Cop Co3 Cos Cos Gy Eyy
Ozz _ C3p Caz C33 C3a Cas Gy €2z
Tyz Ca Cap Cig Gy Cys G 285’2
Txz Cs1 Csp Csz Csy Css Csg |\ 28xz
Txy Cor Cea Coz Ceu Cgs Cog ZSXY

For laminate (plane stress) system, all stress components associated with Z-direction are zero values, and hence

the equation can be rewritten as:
G Oxx Qi1 Q12 Cus\ /&1
(02) = (ny) = (012 Qa2 st) (32)
S Sxy Qe Qa6 Ues/ \%6

in which (Qj) is the reduced stiffness constant matrix [40]. Especially when the materials direction (the direction
along the fiber for unidirectional FMLSs) is orthotropic, Q16=Q26=0.
All the stiffness components can be expressed as functions of engineering constants in materials directions:
E"L
Ou=—"p_

1—VLTE—L

Er
Q22 = E_L Q1
Q1z = V7 Qa2

Qes = G

which are the basics for multiaxial stress analytical modeling [40]. In the functions, E_ and E; are longitudinal
and transverse Young’s modulus, v 1 the poisson’s ratio and Gt the shear modulus. To acquire engineering
constants for the (Qj;) matrix, the mixtures laws are applied, which were used in the literatures [26].

E, = E;V; + E, (1 -V;)

E,

- m
E
1*(%?‘1)W
1 V; 1-V
/s
Gir Gf G,

Er =

vir = veVp + Vi (1 — I/})

where, E;, Vs, Gt and vy are the Young’s modulus, volume fraction, shear modulus and poisson’s ratio for fibers,
Em, Gm and vy, the properties of polymer matrix. It is noteworthy that for isotropic materials, only two of the
three properties E, G, v are independent, in which case the following relationship can be applied to acquire the
third property with two of them:

E=2G(1+v)
When there is an off-axis present, the matrix rotation can apply to transform the (Qj;) matrix. The results are
summarized as follow [40]:
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Qi1 = Q11 c05* 0 + Qyy 5In* 0 + 2(Qq2 + 2Qee) cos® O sin% 0
Q12 = Q15 (cos* 0 + sin* ) +(Qy1 + Q2 — 4Qe) cos? Asin® 0

Q1‘5 = (Q11 — @1z — 2Ug6) cos® 0 sin + (@12 — Q22 + 2Q66) sin® 0 cos 0

Q,0 = Qz;c08* 0 + Q;; sin* @ + 2(Qy, + 2Q46) cos? O sin? 0
Q26 = (Q11 — Q12 — 2Qg6) SIN® B €05 0 + (Q12 — Q25 + 2Q64) cos® B 5in 6

Qs6 = Qo (cos* 0 + sin* 0) +(Qq + Q22 — 2Qs6 — 2Q12) cos? O sin* 0
For now, the theoretical stress-strain curves can be plotted with (Qj;;) matrix regardless of layer stacking, fiber
direction or in plane loading conditions. Due to the elastic-plastic transformation of the metallic layer, the curve
is distinctively two-part. So in this model, Young’s modulus of metallic layer is E before yield and E after
yield for (Qj;) calculations.

4. Results

4.1. Orientation of fibers

To bring up the multiaxial tests and verify the feasibility of the stress-strain analytical model, FML materials
with different fiber directions (orientations) are introduced here. Fiber orientation is a crucial factor to determine
the final mechanical properties, such as tensile strength. Moussavi-Torshizi et al. [32] showed that a large off-
axis angle significantly decreases the tensile strength of glass fiber and Kevlar (one type of aramid) fiber
reinforced aluminum alloy, and that the Kevlar fiber orientation is the most important factor. In their work, the
stack sequence is aluminum (AL) — glass/epoxy (GE) — Kevlar/epoxy (KE) — GE — AL. Nine groups of FMLs
were made with different fiber orientations in the middle three layers, as Table 3 shows:

Table 3: The nine groups of specimens with different fiber orientations [32]
Specimen code  Glass fiber orientation/0; (°) Aramid fiber orientation/0, (°)

A 0 0

B 0 45
C 0 90
D 45 0

E 45 45
F 45 90
G 90 45
H 90 90

With the tensile strength tests, it was found that the Young’s modulus, yield stress and ultimate tensile stress all
decrease with an increasing off-axis angle [32]. It is clear that, when a large off-axis angle is present, the fibers
are not efficient in resisting the tensile force and bridging the crack. In real applications, the loading on the FML
materials is normally multi-directional. For this reason, multi-axis tests can be helpful in assessing complicated
loading mechanical properties. These tests suggested below are quasi-static and aimed for tensile, flexural
behavior.

4.2. Biaxial Tensile Tests

4.2.1. Square specimen

The test specimens will be stacked as those used in literature [32]: AL-GE-KE-GE-AL. The tensile test is
performed by Instron 8502 (30 tons) apparatus.
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Figure 3: Scheme of the biaxial tensile strength test on a square specimen

As Fig. 3 shows, the square specimens are prepared in the dimensions of 225 mm x 225 mm x 3 mm. The clamp
width is 125 mm and depth overlap with the specimen 20 mm. For the symmetry, it is unnecessary to test all the

nine groups, but five of them, as shown in Table 4.

Table 4: The five groups of specimens with different fiber orientations

Specimen code

Glass fiber orientation/0; (°) Kevlar fiber orientation/0, (°)

A 0
B 0
Cc 0
D 45
E 45

0
45
90
0
45

The loading rates for both directions are set as 0.2 mm/min.
The multiaxial stress-strain analytical modeling described in Section 3 can provide a theoretical basis for the
test. With the same volume fraction 57% as in literature [32] and properties given below in Table 5:

Table 5: Properties of each components of the FML

aluminum AA 5086

Kevlar fiber Glass fiber Epoxy

E. (GPa) 465
E, (GPa) 0.77

v 0.33[41]
G (GPa) 34.701

120 73 2
0.217 0.221 0.3 [40]
49.3[40] 29.9[40] 493

All other data are from [32] or calculations.

Now with these data and mixtures law, all composites properties E,, E1, v_t, G_t can be determined. The second
step is to create the (Qij) matrix with the composites properties. All calculated results at the off axis angle of 0°

are show in Table 3:

Table 6: Parameters for stress-strain simulation at the 0° off axis

Aluminum alloy

Glass/epoxy Kevlar/epoxy

E, (GPa)
Er (GPa)
Vit

G.t (GPa)
Qi1 (GPa)
Q. (GPa)
Q12 (GPa)
Qss (GPa)

46.5
46.5
0.33
34.701
52.183
52.183
17.22
34.701

42.47 69.26
4.488 4551
0.255 0.253
3.125 3.205
42.764 69.553
4519 4.57
1.152 1.156
3.125 3.205
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With the transformation of rotation introduced in Section 3.2, the (Q’;) matrix at the off-axis angle of 90° and
45° can be attained as Table 7 and 8 show:
Table 7:. Parameters for stress-strain simulation at the 45° off axis
Glass/epoxy Kevlar/epoxy

Q11(45°) (GPa) 15.522 22.314
Q.2(45°) (GPa) 15.522 22.314
Qu2(45°) (GPa) 9.272 15.904
Qes(45°) (GPa) 11.245 17.953
Qus(45°) (GPa) 9.561 16.246
Q6(45°) (GPa) 9.561 16.246

Table 8: Parameters for stress-strain simulation at the 90° off axis
Glass/epoxy Kevlar/epoxy

Q11(90°) (GPa) 4.519 4.57
Q2,(90°) (GPa) 42.764 69.553
Q1,(90°) (GPa) 1.152 1.156
Qes(90°) (GPa) 3.125 3.205
Q16(90°) (GPa) 0 0
Q.6(90°) (GPa) 0 0

It is noteworthy that when the off-axis is 45° (actually for all angles other than 0° and 90°), the two components
Q16(45°) and Q6(45°) are not zero values anymore, which result in a none-zero shear stress term oy,. In actual
tensile testing, this term is regarded as trivial in affecting the normal stress measured. So it is not taken into
account in determining the normal stress-strain relationship.

The yield point is determined with the von Mises yield criterion:

(0, — ) + (02— 03)* + (03 —0y)* = 20’5

For 2D problem, the yield surface is determined as:

2 2 — 52
oy +0; — 0,0, =0y

When the strain rates at x- and y- axis are the same, the yield criterion is simplified as:

0-1 = O-y
With a simple mixtures rule [26] of all laminate layers, the stress measured can be attained with following
equation:

_ Qurtar + Qgrtor + Qrrlxe
OrmL = £

tFML
in which, ta, tee, tke and tgy are the layer thickness of aluminum alloy, glass/epoxy, Kevlar/epoxy, and the
total FML material, Q is the corresponding stiffness components for each layer.
After yield, all AL related parameters should be calculated with E, rather than Eg, in this which case, the (Qj)
components needed for calculations are listed in Table 7.
Table 9: Reduced stiffness components after metallic layer yield.
AL after yield

Q1 (GPa) 0.864

Q2 (GPa) 0.864

Qi2 (GPa) 0.285
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Figure 4: The stress-strain relationships for specimen B (0°-45°-0°)

Taking specimen B (0°-45°-0°) as an example, the stress-strain relationships are plotted in Fig. 4. According to
von Mises criterion, the theoretical yield points for the two directions happen at the same time since the strain
rates are set as the same.

4.2.2. Rectangular specimen

The test method above is basically an isotropic test: the shape of specimen is squared and the strain rates are the
same. In order to observe specimen tensile behavior under anisotropic stress loadings, the tensions are
performed on the rectangular specimen on x-y direction.

L]
:r/ T T T T T 1
[] |
< \/ L.Z{L_Z_L 4 =
[]

X

Figure 5: Scheme of the biaxial tensile strength test on a rectangular specimen

The straight-sided specimens are cut to the dimensions of 225 mm x 75 mm x 3 mm. The test set-up is as Fig. 5
shows. The two narrow ends are totally clamped, while the two wide sides are partly clamped. The test matrix is
the same one as Table 4. The clamp width is 125 mm and overlap with the specimen 20 mm.

For this test set-up, it is designed that the tension in x-axis is the main loading while the one along y-axis is an
interference loading. The loading rates can be set as 2 mm/min in x-axis while 0.02 mm/min in y-axis. The main
purpose is to observe how the tensile properties would be affected with a slight interference in other directions.
Also the multiaxial stress-strain modeling can be easily applied on this rectangular specimen testing.

4.2.3. Two-step tensile tests
It is expected to face the difficulty to build the test set-ups for a multidirectional tensile test. An alternative two-
step measurement of the tensile strength in x and y axis is proposed here. The specimens with dimensions of 225
mm x 225 mm x 3 mm are prepared. In the first step, the specimen is tested in the x axis and the second step the
specimen is loaded in the y axis. However, a major difference with all tensile tests above is that the first-step
measurement is not stopped when a complete failure is obtained. This is because when a final crack happens, the
=
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measurement in the y direction cannot collect useful data for that the specimen is now two fragments rather than
an intact piece. The stop for the first step is set at an offset point at 0.5% of the strain as Fig. 6 shows.

450
400
350
300
£ 250
g 200
& 150
100 |
50 -+ #

o= = = Analytical

0.5% offset

Stop point

0 1 2 3 4
Strain (%)

Figure 6: The method of find the point to stop the first-step tensile test

The selection of the offset value as 0.5% is based on published experimental results [32]. When the offset value
is chosen as 0.5%, the stop point is still far from the final failure for all nine samples. On the other hand, the stop
is not too close to the yield point. This would guarantee that, when the first-step tension is finished, all
specimens are at the same mechanical state. It is noteworthy that: (1) The difficulty to perform this experiment
is that, during the test, the strain-stress curve needs to be seen immediately on a screen, so that the stop point can
be determined as soon as the first elastic part of the curve is clearly observed. (2) A shortcoming is that this
method cannot provide the ultimate strength during the first step. (3) Because there is a sequence to perform the
two steps of tensile tests, the x-axis first and y-axis second, there is no symmetry. All of the nine groups of
specimens instead of five need to be done to collect enough data at different off-axis angles. Obviously the
second step of the tensile strength test is performed when the yield point has been reached in the x axis. So, it
would be interesting to compare the strain-stress curve in the y axis with a normal unidirectional tensile test to
see if the yield in the x direction has a major effect on the tensile behavior at the y direction. It is expected the
influence is very different at different off-axis angles. While the multiaxial model can still be applied on this
two-step test, the second step can be simulated with E related functions.

5. Conclusion

The fiber-metal laminate (FML) materials are comprehensively reviewed. There are three main types of FMLs
with respect to the fiber choice: ARALL with aramid fibers, CARALL with carbon fibers and GLARE with
glass fibers. Among these three types, the GLARE is the most commonly used one in the aircraft industries due
to the excellent mechanical properties and low cost. Other FMLs with different metallic materials and polymer
matrix are also introduced. Several important mechanical properties and the test methods are reviewed. It is
established that the off-axis angles of fibers affect the tensile behavior significantly. As well developed as these
mechanical tests, however, the uniaxial tensile tests are not close to simulate the real situation of the applications
and enough to examine the materials properties under complicated stress distributions. So biaxial tensile tests
are suggested to characterize how the different off-axis angles combinations affect the overall tensile and
flexural behavior with a complicated stress distribution. The specimens suggested are a mixed FML material
with glass fiber layers and Kevlar fiber layer. To provide a theoretical basis, a multiaxial stress-strain analytical
model based on classical laminate theory is proposed to simulate and compare the experimental data. This
model applies in various stress distributions, with different combinations of fiber off-axis angles and strain rates
in different directions.
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