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Interlaminar shear stresses have an important role in behavior of fiber metal laminates (FMLs). Low inter-
laminar shear strength in the crack bridging mechanism of these materials is considered beneficial
because produces delamination and this prevents fiber failure; although when this strength is too low
excessive delamination can occur, leading to a less efficient mechanism. This strength also has important

roles in fatigue crack nucleation of internal laminae and in cases where the material is subject to shear
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stresses. This paper studied quasi-static and fatigue (R = 0.1; 5 Hz) interlaminar shear behavior of a com-
mercial FML (Glare 1 3/2) employing the short-beam shear (SBS) test in longitudinal and transversal
orientations. Failure modes and the limitations of the SBS test to characterize the interlaminar shear
fatigue behavior are described and discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Glare® laminates are part of the fiber metal laminates (FMLs)
family of structural composite materials. They were created and
developed mainly for aeronautical applications at the Technical
University of Delft, Netherlands [1,2]. These orthotropic materials
were designed aiming to produce damage-tolerant thin sheets
with high specific strength. FML materials have shown very good
properties and characteristics for different requests [3]. The main
characteristic of Glare laminates, as well as the whole FML family,
is their very low fatigue crack propagation rate if compared to tra-
ditional aeronautical Al alloys [2].

Shear stresses and the shear strength both inter and intralami-
nar have an important role in the fatigue [4] and fracture [5]
behavior of FML. E.g., the high resistance to fatigue crack growth
in FMLs is largely due to the crack bridging mechanism where a
part of the fatigue loads are transferred over the cracks in the alu-
minum layers by the unbroken fiber layers, as Alderliesten [2]
explains. Cyclic shear stresses in the interface metal-fiber/matrix
transfer these loads and they cause delamination at the interface
that reduces the fiber bridging stress and it prevents fiber failure
[6]. However, when delamination is too large, the bridging stress
in the fibers decreases and the bridging mechanism is less efficient.
From the point of view of the crack nucleation stage, this delami-
nation delays the crack initiation in the interior metal layers.
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Auffret and Gennai [2] commented that this delamination occurs
more frequently by factors among which is a low shear strength
of the adhesive layer (interface).

On the other hand, delamination can be harmful for other char-
acteristics and properties of the material. When the composite is
subject to interlaminar shear stresses (e.g. bending moments), this
relatively low shear strength can contribute to interlaminar failure
both by quasi-static or fatigue loads.

This paper gives information about quasi-static and fatigue
interlaminar shear responses of a commercial FML (Glare 1 3/2)
employing the SBS test. Moreover, it discusses the failure mode
of the specimens and the limitations of the SBS test to characterize
the interlaminar shear fatigue behavior.

2. Material and methods

The material used in this research was Glare 1 3/2. It consists in
three 7475-T76 alloy layers and two S-glass reinforced epoxy pre-
preg layers. The glass-fiber direction is oriented along the rolling
direction of the metal alloy layers as it is shown in Fig. 1.

Some characteristics and mechanical properties of the material
are presented in Table 1.

Material was cut in longitudinal and transversal direction with
a circular blade saw of 50 mm diameter and 0.2 mm thickness,
table feed 30 mm/min and no cooling. Specimen dimensions main-
tained the geometric ratio proposed in ASTM D2344-13 [8]: spec-
imen length-to-thickness ratio I/t = 6, while the width-to-thickness
ratio b/t =2.0. The specimen surfaces in the planes 1-3 and 2-3
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Nomenclature

b specimen width

E tensile modulus of elasticity

FML fiber metal laminate

Febs quasi-static short-beam strength

t specimen thickness

l specimen length

N number of cycles

Ny number of cycles at failure or SBS fatigue life of a spec-
imen

P force

P force at ith data point observed during the fatigue test

R shear stress-ratio

R? coefficient of determination

S standard deviation

SBS short-beam shear

o significance level

1 displacement of the loading nose

dmax maximum displacement of the loading nose in one cycle
Futs ultimate tensile strength

s tensile yield stress

Tq shear stress amplitude

Iff’)s SBS stress value observed at ith data point in one cycle
Tshs maximum SBS stress value observed in one cycle

sbs minimum SBS stress value observed in one cycle

0°direction
=rolling direction
Al layer

Fig. 1. Material, cutting direction and nomenclature of the specimens.

Table 1

Characteristics and mechanical properties of Glare 1 [7].
Material Glare 1
Lay-up 32 F{* (MPa) 1282
Fibers S-glass F3* (MPa) 352
Al alloy 7475-T76 E; (GPa) 64
Post-stretch (%) 0.4 E; (GPa) 49
F{* (MPa) 545 p (kg/m?) 2520
F¥* (MPa) 338 t (mm) 1.42
Metallic percentage (Vol) 67.9

(Fig. 1) were sanded with 240, 500 and 1200 grid size sandpapers
to remove cutting marks.

The force was measured with a 1.3 kN capacity load cell and the
loading nose displacement was measured with a LVDT Omega 500
(2.5 mm stroke). The tests were monitored with a USB digital
microscope of 2.0 Mpx and 50x magnification. Tests were con-
ducted at a standard laboratory atmosphere (23 °C, 50% RH).

The SBS stress at ith data point corresponding to the neutral
axis of the beam was calculated using Eq. (1).

T = % % (1)

In quasi-static tests, the load was applied monotonically and
the P; value corresponds to the maximum load measured during

the test. These results of quasi-static test were indicated as F°>®
[8]. The shear stress-ratio (R) was estimated according to Eq. (2)
and shear stress amplitude (7,) with Eq. (3).

I—sb;
- = @)
max
b b:
Ty = Tfnéx — Tism'sn (3)

2

Quasi-static tests were performed with a universal testing
machine EMIC DL 2000 and the crosshead speed was 0.5 mm/min.

A special purpose fatigue machine that produces constant
amplitude load cycles was used in the fatigue tests [9]. This test
machine and the test device are shown in Fig. 2. All tests were per-
formed at a loading frequency of 5 Hz, sinusoidal waveform and
R=0.1. Six 7, levels were selected for both longitudinal and
transversal specimens.

The test device consists in a three-point bending rig. The used
diameters of support rollers and the loading nose were 1 and
2 mm respectively. A span-to-thickness ratio of 4.0 was employed
in 18 quasi-static and 58 fatigue tests. A span-to-thickness ratio of
0.7 was used in 5 fatigue tests to evaluate the indentation effect in
the fatigue life.

The specimen loss of stiffness was used as indicator of damage
and the specimen collapse was used as failure condition. The max-
imum displacement of the loading nose in one cycle (s§max) was
associated to the stiffness loss of the specimen [10]. The fatigue
tests were conducted up to the specimen failure or stopped beyond
10° cycles.

Fitted curves were plotted together to the fatigue data. They
have the form

To = ToN ¥ (4)

where 74 and k are fitting coefficients [11,12].

3. Results

The P results of the longitudinal specimens were: media
81.6 MPa, SD 3.0 MPa and CV 3.68%. The values corresponding to
transversal specimens were: media 72.5 MPa, SD 3.2 MPa and CV
4.41%.

Results of all SBS fatigue tests are presented in Table 2 and are
shown in a t.-log Ny graph in Fig. 3a. The circles correspond to
longitudinal specimens while squares correspond to transversal
specimens. The failure mode of each specimen is indicated with
different marks in the circle or the square. Photographs of an
untested specimen and specimens after testing are shown from
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Fig. 2. Test machine and test device.

Table 2
Fatigue life and type of failure of the specimens.

Longitudinal specimens Transversal specimens

Tq (MPa) Ny (cycles) Failure type Tq (MPa) Ny (cycles) Failure type
271 2350 e 241 5510 h
27.1 2860 e 241 3150 f
27.1 2360 e 241 3500 f
271 2330 e 241 2180 f
252 10,050 e 241 2190 f
25.2 10,160 e 22,5 6660 h
25.2 5010 e 225 8110 g
252 5190 e 223 19,150 h
25.2 5300 e 22,5 9940 f
234 21,420 e 225 4370 f
234 23,270 e 20.9 49,880 g
234 27,680 e 20.9 35,240 g
234 23,690 e 20.9 35,320 h
234 15,770 e 20.9 18,110 g
21.6 67,900 e 20.9 42,670 g
21.6 35,500 e 20.6 35,570 i
21.6 67,260 h 19.2 35,090 h
21.6 57,660 e 19.2 375,750 g
21.6 68,030 e 19.1 34,130 g
20.2 135,170 e 19.1 169,140 h
20.2 134,240 e 19.1 84,760 h
20.2 194,300 e 19.0 51,015 g
20.2 186,850 e 18.6 246,930 g
20.2 120,880 e 17.9 52,430 i
18.8 2,681,190 e 17.9 1,196,900 i
18.8 1,084,960 e 17.9 388,450 i
18.8 4,109,660 e 17.9 726,100 g
18.8 3,008,710 Run-out 17.9 773,060 i
18.8 2,429,290 Run-out 17.9 257,090 i

fInterlaminar shear damage.

e, g Interlaminar shear and subsequent crack in the middle span of the tension face.

h Interlaminar shear and subsequent crack in the middle span of the tension face. When the beam collapse, a cracks next the supports were observed.
i Crack initiated in a support and subsequent collapse of the beam with interlaminar damage.

Fig. 3b toi. Fig. 3b shows a transversal SBS specimen before testing. Fatigue specimens presented four different types of failure during
Failure mode of quasi-static tests for a longitudinal and a the tests which were denominated as type e, f, g, h and i, in accor-
transversal specimen are shown in Fig. 3¢ and d respectively. All dance with the photograph of Fig. 3. The damage processes
quasi-static specimens presented interlaminar shear failure mode. observed are described as follows.
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(a) 28 A run-out test.
0o O O interlaminar shear + crack on the tension face.(e, g)
27 m interlaminar shear.(f)
2 ® B interlaminar shear + crack on the tension face +
crack near the support.(h)
25 o o ® crack near the support + interlaminar shear. (i)
24 o m & circle (o): longitudinal specimen
23 O @O square (o): transversal specimen
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]
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Fig. 3. (a) Graph t,-log N with all results of SBS fatigue tests. Photographs of (b) a sp
fatigue tests.

In type f, an interlaminar crack grew along the specimen and it
produced the collapse of the beam. These specimens presented
only interlaminar shear damage as can be seen in Fig. 3f.

In the types e and g interlaminar damage in the glass-epoxy
layer was observed in first place. However, a crack nucleated in
middle span at the tension face grew through the aluminum layer
up to produce the collapse of the beam. A broken longitudinal
specimen with this failure can be observed in Fig. 3e and for a
transversal specimen in Fig. 3g.

The type h presented firstly interlaminar shear damage. While
the interlaminar damage was increasing, two cracks were nucle-
ated: a crack in the middle span and another in the glass/epoxy-
aluminum interface next to a support. This last crack grew through

w
o

ecimen before testing, (c and d) failure modes of quasi-static tests, (e-i) failure modes of

the aluminum layer toward the support. When the crack in the
middle span reached the glass/epoxy layer, the specimen collapsed
and the other crack grew toward the support. Therefore, the failed
specimen presented interlaminar shear damage and two cracks,
one in the middle span and the other next to a support as can be
seen in Fig. 3h.

In the type i, a crack was nucleated in the indentation of a sup-
port and it grew through the aluminum layer until to reach the
glass-epoxy layer. The crack produced interlaminar damage and
the collapse of the beam as can be seen in Fig. 3i.

The run-out specimens showed the typical indentation marks of
all SBS fatigue specimens. Interlaminar damage or other damage
mechanisms were not observed when the tests were stopped.
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e Longitudinal specimen
= Transversal specimen
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Test conditions: R=0.1 5 Hz

-
o
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log N,

Fig. 4. Graph 1,-log Ny of specimens with failure type e, f, g and h.
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The failures type e, f, g and h are plotted in a t.-log Ny graph in
Fig. 4. Also, the fitted curves and R? for both SBS fatigue specimens
are shown.

The smax-N/Ny curves of longitudinal and transversal specimens
are presented in Fig. 5. These curves correspond to one specimen
by stress level. Two graphs émax vs. N of longitudinal specimens
for two span-to-thickness values are shown in Fig. 6. The first
one shows the results of two specimens at 7, =25.2 MPa, while
the second one shows the results for 7, = 20.2 MPa.

4. Discussion

The material thickness (1.4 mm) is smaller than the values com-
monly used in both SBS quasi-static and SBS fatigue tests [8,13-
16,10]. The diameters of the rollers (supports and loading nose)
are smaller than those used in standardized quasi-static tests
[8,17]. This change allows to use a span-to-thickness ratio of 4.0
and this prevents compression jamming when the specimens suf-
fers stiffness loss.

a) G 1 *  7a=18.8 MPa
0.36 +  14=20.2 MPa
] 4=21.6 MPa
1a=23.4 MPa
1a=25.2 MPa g
a=27.1 MPa J
R=0.1 5Hz
Longitudinal specimens » /
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f
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The F°™ values for both longitudinal (81.6 MPa) and transversal
(72.5 MPa) specimens are similar to values of carbon fiber rein-
forced epoxy composites [18]. The authors of the present study
did not find values of F for Glare 1. Park et al. [19] reported F*®*
results of Glare 2 5/4-0.4 that are approximately 25% lower than
the longitudinal results in this study. This comparison is limited
to a test device with different roller diameters [20], speed of testing
and Glare type. However, Glare 2 has the same fiber orientation
and fiber/epoxy composite. Botelho et al. [18] report values of
F*"s = 40 MPa without specifying the Glare type and orientation.

Comparing results between the two orientations, the longitudi-
nal P is higher than the transversal F°**, The difference between
longitudinal and transversal specimens is over 10% for the means
values. This implies that the material presents anisotropy in their
SBS strength. The relatively lower strength in transversal direction
may be associated to the fiber orientation and different residual
stresses. The standard deviation in both directions resulted lower
than 5%. All the quasi-static specimens presented interlaminar fail-
ure mode. However, the longitudinal specimens present complete
separation of one aluminum face at one side of the loading nose

0.40
b) 1 Ta=17.9 MPa
0.36 * 1a=19.1 MPa :
1 1a=20.9 MPa
0.32 a=22.5 MPa 7«7
0.28 ] Ta=24.1 MPa H
1  R01 5Hz i
E 024 - Transversal specimens
£ o020
é ]
£ 0.6
%<} 1 4
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Fig. 5. Graph smax-N/Ny of (a) longitudinal and (b) transversal specimens.
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Fig. 6. Graphs dmax-N for longitudinal specimens with different span-to-thickness ratios at (a) 7, =25.2 MPa and (b) 7, = 20.2 MPa.
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(see Fig. 3c). The damage in these specimens was mainly in the
interface Al-fiber/epoxy. The transversal specimens presented
damage either through the glass/epoxy layer or in the interface
Al-fiber/epoxy (see Fig. 3d).

Fig. 3a shows different SBS fatigue failure modes either by their
orientation as for their stress level. In the case of the orientations,
most failed longitudinal specimens presented failure mode type e,
i.e., both interlaminar damage and a crack in the middle specimen
span (see Fig. 3e). The inspection of the videos recorded along the
tests showed that these specimens presented interlaminar damage
that originated a progressive stiffness loss. In the last cycles a crack
was nucleated in the middle span and grew through the specimen
producing the collapse. This behavior can be explained as the dam-
age and the change in the geometry modify the stress state in the
specimen increasing the middle span stress and consequently a
crack is nucleated in this zone leading to the final failure. This fail-
ure mode is considered valid because the specimens firstly pre-
sented interlaminar shear failure. Only one longitudinal specimen
presented failure mode type h, as can be observed in Table 2.

Transversal specimens presented different failure modes at dif-
ferent 7, values. Specimens that showed failure mode type f (only
interlaminar shear) were observed at 7,=22.5 MPa and 24.1 MPa
(Fig. 3f). This failure mode is considered valid because the speci-
men failed by interlaminar shear. Failure mode type g was
observed for fatigue life between 10* and 7 - 10° cycles (Fig. 3g)
and type h between 5-10% and 2-10° cycles (Fig. 3h). Types h
and g are considered valid because interlaminar shear damage
was firstly observed and the cracks in the middle span and a sup-
port were observed at the end of the test. Type i was observed at
low values of 7,. This failure mode is considered invalid because
the crack is nucleated near the support without previous interlam-
inar damage (Fig. 3i). As was commented in the result section, the
crack grows through the Aluminum layer in the thickness direction
of the specimen up to the fiber/epoxy layer. The specimen col-
lapses by interlaminar shear when the crack reaches this layer.
This failure mode prevents to obtain damage initiated by interlam-
inar shear at low load. A possible explanation of the occurrence of
failure type i is that at high 7, values the interlaminar shear dam-
age nucleates and grows faster than the damage produced by sup-
ports. At low 7, values the damage by supports nucleates and
grows in first place. This type of failure was not observed in longi-
tudinal specimens possibly by anisotropy in the fatigue behavior of
the aluminum layer. This anisotropy may be associated to the post-
curing rolling process that produces residual tensile stresses and
strengthening in the longitudinal direction of the aluminum layer.

Anisotropy in the SBS fatigue life can be observed in Fig. 4
where only the assumed valid failure modes are presented. Accord-
ing to this figure, the SBS fatigue life is higher in the longitudinal
direction. The scatter in the longitudinal direction is smaller than
in the transversal one. The fitted curve of the form of Eq. (4) is used
in this paper because it is one of the most common models used in
tension-tension,  tension-compression and  compression-
compression fatigue in composite materials [11,12], and it was
previously employed in other SBS fatigue results [16,10]. The R?
value is higher for longitudinal specimens than for transversal
specimens. The exponential coefficients 1/k are quite similar for
both curves. However, the curve of transversal specimens does
not have results of specimens with SBS fatigue life over 10° cycles.
Further, the curve of longitudinal specimens includes run-out val-
ues that are considered with the same weight that failed speci-
mens. This can lead to a conservative fitted curve. Also for SBS
fatigue, Makeev [16] reported 1/k values of 0.3493 and 0.3414
for E-glass fiber reinforced epoxy and IM7-carbon fiber reinforced
epoxy respectively. The slopes of these curves are greater than the
obtained in this study. In a previous study [10] 1/k values were
obtained for E-glass reinforced polyester between 0.0575 and

0.0674. These last values are similar to the slopes obtained in this
study.

The change in the maximum displacement, émax, along the
specimen fatigue life shows three stages, as can be observed in
Fig. 5. Firstly, there is a transient where the rate of change of émax
decreases. Then, there is an approximately constant rate and finally
omax increases up to the failure. The size of each stage depends on
the 7, level. The third stage shows different patterns. The inspec-
tion of the videos shows different situations for this last stage. In
some curves, dmax increases continuously because the crack in
the specimen did too. In others curves a rapid increase of émax fol-
lowed by small increases is observed. This occurred in some spec-
imens because the crack growth rate was initially fast followed of a
reduced or null crack rate.

The change of émax is used in this research as an indicator of
damage accumulation in the specimen. This indicator does not
allow to distinguish the failure mechanism. In the first stages of
the fatigue life many failure mechanisms may be present, although
only interlaminar shear damage was observed with the digital
microscope. The complex stress state in the SBS specimen may pro-
duce other types of damage. The use of specimens with reduced
span, i.e., supports closely together as possibly, is a common
arrangement to obtain indentation correction in SE(B) fracture
specimens [21]. They are used in this research to observe and mea-
sure the indentation along the fatigue test. Fig. 6 shows that inden-
tation is important in a few first cycles. After the first cycles, the
values of émax remain practically unchanged. Even though the
indentation may be negligible in the second stage, other mecha-
nisms can be present. For example, the new local stress state pro-
duct of the interlaminar shear damage progress through the fiber/
epoxy or interface Al-fiber/epoxy may produce plastic deformation
in the aluminum lamina.

SBS test is considered adequate in this research because this
was simple, easy-to-use and it produces interlaminar shear dam-
age in large part of the fatigue specimens and in all quasi-static
specimens. In fatigue cases, the interlaminar damage was observed
in the first stages of the fatigue life and the final failure was pro-
duced by other damage mechanisms. As previously mentioned,
damage near a support instead of interlaminar shear was observed
in the first life stage of transversal specimens at low 7, values. Test
device with larger diameters of supports may be a solution to this
problem. However, premature compression jamming may be
observed when the specimen loses stiffness. The results of SBS fati-
gue may be used as a technological characteristic of the material
that provides information about the interlaminar shear fatigue
and it can be used to compare materials.

A complete SBS fatigue characterization of the material will
require tests at other R-values in order to build constant life-time
diagrams (CLD) of SBS stresses. These tests at different R-values
and other loading frequencies are under study as a continuation
of this research.

5. Conclusions

SBS quasi-static and fatigue tests were performed in Glare 1 3/2
in two principal material orientations.

Quasi-static tests presented interlaminar shear failure mode
and F** in longitudinal orientation was higher than in transversal
orientation.

Fatigue tests showed that the SBS fatigue strength in the longi-
tudinal orientation was higher than in transversal orientation for
the data evaluates. Longitudinal specimens presented interlaminar
shear damage followed by crack growth in the middle span of the
specimen. Transversal specimens presented diverse failure modes
at different 7, levels.
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The use of reduced span in some fatigue specimens showed that
the indentation effect was appreciable in the first fatigue cycles.
Curves smax-cycles are a good indicator of specimen damage but
they do not give information about the damage mechanism.

SBS test was considered adequate in this research because it is
simple and easy-to-use, and because it produced interlaminar
shear damage in large part of the fatigue specimens and in all
quasi-static specimens.
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