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Abstract

Natural fibres taken from a bark of hibiscus tiliaceus, which is well known in
local words as waru fibre (WF) is used as reinforcement of the bisphenol-waru
fibre composite (B-WF). The composite together with a commercial aluminium
is combined to make fibre metal laminates (FMLs). In the present work, the
effects of WF orientations and the number of WF layers to the static strength and
fatigue life of the FMLs were investigated. The more WF layers lower the tensile
strength of the FMLs due to the decreasing strength of the laminate of the B-WF
composite. The tensile strength of the FMLs with WF orientation of 0%90° is
higher than that of -45%+45° because it relates the fibre orientation to the
principal stress applied to the FMLs. The stress concentration in the front of the
crack tip of the metal laminate of FMLs is higher with the more WF layer. This
leads to the effective stress advancing the crack to be higher, as the result, the
fatigue life is shortened.

Keywords: Fatigue crack growth, Fibre metal laminates, Number of fibre layers,
Tensile strength, Waru fibre.
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1. Introduction

The fibre metal laminates (FMLs) are the laminate composite type consisting of
metal laminates and fibre reinforced composite laminates. In general, metal
laminates used in the FMLs are lightweight metals. To reinforce composite
laminates, carbon and glass fibres are common to be used together with resin as
matrix [1, 2]. Because of those constituent materials, the unique properties are
obtained, mainly combination of high strength and lightweight. The higher strength
of the FMLs is obtained because of the much higher strength of the fibres compared
to the lightweight metal used as laminates [2, 3]. Therefore, the FMLs is a
promising material for aircraft fuselage skin [4].

In the previous studies [5, 6], the investigations relating to the FMLs have
focused on the strength and lifetime in which the fibres used in the composite
laminate are the artificial fibres such as carbon and glass fibres. Because of their
strength are much higher than a monolithic metal, which usually a lightweight
metal, those fibres dominate the strength of the FMLs [1]. The strength of the
composites depends on the arrangement of the fibres, which relates to the
orientation [5], stack order, number of layers and weave form of the fibres [6]. In
addition, when a FMLs is subjected to dynamic load, the crack may initiate and
then grow to its critical length.

In association with the crack growth caused by the dynamic loads, the interfacial
condition between the metal laminates and the fibre reinforced composite laminates
affects the crack growth behaviour of a FMLs [1]. The interfacial conditions may
be affected by the surface roughness of a metal laminate and a binder or matrix for
the fibres [7-9]. In the previous studies, the natural fibre instead of the artificial
ones had been used for the fibre reinforced composites [10-12]. However, the
studies are still focused on loads relating to the static loads.

In this study, natural fibres obtained from a bark of hibiscus tiliaceus were used
to substitute the artificial fibres of the FMLs. The hibiscus tiliaceus in the local
word is called as waru, and hereafter it is called as the waru fibre (WF). The
bisphenol-WF (B-WF) composites laminate together with commercial aluminium
were combined to make the FMLs. Due to the correlation of the strength of
composites relates to the fibre arrangement [13, 14], the study focused on effects
of fibre orientations and the number of fibre layers to the strength under static loads.
In addition, those effects under dynamic loads are investigated to know the crack
growth behaviour at the metal laminate.

2. Methods
2.1. Material

The waru fibres (WFs) were obtained from the bark of waru, which provided by
traditional craftsmen in Tulungagung, East Java. It is beyond the present study to
explain how to change the bark to become fibres, and how to weave the fibres.

To make sure that the fibres did not contain any moisture, after being immersed
in 6 % NaOH solution for two hours and rinsed by distilled water, they were dried
in a room in which the temperature was maintained for 35°C for 24 hours.
Afterwards, the fibres were woven [15]. The adhesive selected to produce the
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laminate of WF reinforced composite was LP-1Q-EX consisting of resin-bisphenol,
catalyst and promoter. The tensile strength of the adhesive was 41 MPa. [15].

Figure 1 shows examples of the woven fibres when they were directed to
0°/+90° and -45°/+45°, respectively. The commercial aluminium 1100 series with
0.5 mm of thickness was selected for the metal laminate of the FMLs. The yield
and tensile strength of the aluminium were 69.8 and 84.3 MPa., respectively. The
elastic modulus and maximum elongation were 66.5 GPa., and 2.0 %, respectively.
Those properties were obtained after the aluminium was heat-treated in 300°C for
1 hour followed by cooling in the furnace to room temperature.

10 mm

(a) 0090, (b) -450/+450.

Fig. 1. The weave of waru fibres.

2.2.Composite fabrication

The vacuum-assisted resin transfer moulding (VARTM) technique was employed
to fabricate the specimens of FMLs. The main parts of the VARTM are shown in
Fig. 2 consisting of a resin container (A), an inlet tube (B), a specimen mould (C),
an outlet tube (D), a resin trap (E) and a vacuum pump (F).

This technique was carried out in the laboratory room temperature. Before being
poured into the container, every 100 g of bisphenol was mixed with 0.4 g catalyst
and 0.8 g promoter. In the specimen mould, the WF orientation was directed to
0°/90° and -45°/+45°, respectively, from the load direction as shown in Fig. 1.

The shape of the mould and the sequence of the laminate depending on the type
of the specimens are shown in Fig. 3. The mould was wrapped by the plastic-bag
film, and sealed to prevent air to be sucked, thus, the vacuum condition could be
maintained. When the mould had been filled up completely by the bisphenol, the
vacuum pump was turned off. Afterwards, it was left at least 24 hours for curing.

Because the effect of the number of layers of the WF was investigated, the
specimen thickness, t, of FMLs varied depending on the number of layers. Those
were 0.96, 1.12, 1.49, and 1.6 mm for 1, 2, 3 and 4 layers, respectively.
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Fig. 2. The vacuum-assisted resin transfer moulding (VARTM) equipment.

2.3. Tensile and fatigue test

Figures 3(a) and (b) show the type of specimens for the tensile and fatigue test,
respectively. The tests were carried out on the laboratory room temperature
condition by the push-pull servo-hydraulic machine, which was also capable to
conduct a static tensile test. Fifty millimetres from each end of both specimens was
used for gripping on the testing machine. The static tensile stress was conducted by
pulling every specimen with a speed of 0.02 mm/s. To measure the length
extension, an extensometer with 50 mm-gauge length and 5 mm-measuring range
was used. Because the effect of the number of WF layers on the FMLSs strength was
investigated, the laminate of the bisphenol-WF (B-WF) composite alone was also
tested statically. For this aim, the shape and dimension as same as the tensile test
specimen were used to know the strength of that laminate composite.

To observe the fatigue crack growth behaviour, the double-edge-crack type
specimen was selected. For initiating crack, the sharp notch with 3 mm in length
and 0.2 mm in width was made by machining at the both edges of the specimens as
depicted in Fig. 3(b). The crack length is defined as 2a including the notch length.
The fatigue test was carried out by subjecting the specimens to the cyclic loads with
constant amplitude and a frequency of 6 Hz. The maximum load of the cyclic loads
(Smax.) Was equal to the 1/3 of the tensile strength of the FMLs for every number of
layers of the WF, and the stress ratio (R) was zero. The stress ratio was defined as
the ratio of the maximum loads to the minimum loads (Smin) of the cyclic loads. To
observe the crack growth behaviour on the surface of the metal laminate of the
FMLs, the travelling digitally microscope was used with the accuracy of 10 zm.

The surface on which the crack growth was expected to take place was polished
with an emery paper to obtain an observable mirror-like surface. In the present
investigation, the fatigue and static tensile tests were conducted with three
specimens for every number of WF layers. Hence, the results of the tests were based
on their average. To know the percentage area of the fibre on the cross-section of
the B-WF composite laminate, the Image J software was employed.
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Fig. 3. The shape and dimension (mm) of the specimen.

The crack growth behaviour of any FMLs occurs on the surface of the metal
laminate, and this is affected by the delamination taking place over the crack region
behind the crack tip. The crack growth was only observed on the laminate of the
metal surfaces, whereas the fibre reinforced composite was still intact over the
crack region [16, 17]. If so, the stress carried by the metal laminates was transferred
to the fibre reinforced composite. This transferred stress is called as the bridging
stress, and it leads to the shear stress to develop at the interface between the metal
laminate and the fibre reinforced composite laminate [1, 17]. The shear stress can
reduce the crack opening of the crack [1, 16-18]. The reduction of the crack opening
of the crack tip indicates that the stress advancing effectively the crack is high [19].
If the delamination occurs, the crack growth rate increases due to the decreasing of
the bridging stress [1, 16]. In the present investigation to indicate the crack opening,
the displacement of the notch was detected by the extensometer. The detection was
carried out by connecting the extensometer to the region over the notch by the links
as depicted in Fig. 4.

Extensometer Crack Notch Links
Detail of A

Fig. 4. The extensometer arrangement of a fatigue test specimen.
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The stress concentration in front of the crack tip in connection with the
delamination was investigated by computer simulation using ANSYS software
based on the finite element method. The simulation was carried out by the code of
that software. The element type was solid186 for solid model, and the element type
for interfacial surface was contal74 and targel70. The model was made as shown
in Fig. 5. The half model was used because of the symmetry of the specimen. L
points the meshing region in which the delamination takes place at the interface
between the B-WF composite and the metal laminate. The shape of the
delamination is assumed as proposed by Huang et al. [16]. S points the meshing
region in which the stress distribution is affected by the crack tip, and the stress
concentration is expected to occur.

Load direction

Fig. 5. The finite element model of FMLs.
3. Results and Discussion
3.1. Tensile strength

Figure 6(a) shows an example the tensile test result, and it shows a tensile strength
comparison between FMLs and its constituents, which are the monolithic
aluminium and the B-WF composite laminate. In this case, the number of woven
WF is one layer only, and the fibre orientation is 0°/90°.

The figure shows that the tensile strength (o) of the B-WF composite alone
is higher than that if it is combined with the aluminium in the FMLs. This
associates with the monolithic aluminium strength, which is much lower than
the composite. The effect of orientation and the number of WF layers of the B-
WF composite on the strength of FMLs is summarized in Fig. 6(b). Instead of
increasing the tensile strength, the number of WF layers decreases it in both of
fibre orientation of the FMLs.

Because the strength of the FMLs is dominated by the strength of the B-WF
composite laminate as shown in Fig. 6, the strength of the composite alone was
tested for every number of WF layers, and the result is shown in Fig. 7. The
increasing number of layers lowers the strength of the composite, and the strength
of the composite with the fibre orientation of -45%+45° is lower than that of 0%/90°
cases. The decreasing strength on both fibre orientation cases relates to the fraction
of the fibre in the composite.
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Fig. 6. The tensile test and the strength of the FMLSs.
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Fig. 7. The strength of B-WF composite.
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Figure 8(a) shows the examples of the cross-section of the B-WF composite
alone for 1 and 2 layers, respectively, with the fibre orientation of 0%90°. The
sectioning was carried out by cut the cross-section of the B-WF using a saw, and
then the surface of the cross-section was polished carefully by an emery paper on
the flat surface. The blue and red arrows point the bisphenol and WF, respectively.
The yellow line encircling the fibre area in Fig. 8(a) is used to mark the area fraction
of the fibre. The result of the calculation is depicted in Fig. 8(b) indicating that the
increasing number of the WF layers decreases the percentage of area fraction of the
WEF, X. Therefore, it causes the strength of the B-WF composite to be lowered by
the increasing number of the WF layers. Because the strength of WF is higher than
the bisphenol, and the WF’s percentage of area decreases, consequently, the
strength of the FMLs is lowered.

+ 1layers

300 pm

. 2 Layers

(a) The cross section of the B-WF composite

W0%/90° O-45%+45°

1 2 3 4
Number of fibre layers

(b) The fraction area (X) of WF in the B-WF composite

Fig. 8. The area fraction of WF in the B-WF composites.

The fibre orientation being parallel to the principal stress is capable to support
higher load than the other [3, 6, 8]. Due to the parallelism to the load direction, the
tensile strength of the composite with the fibre orientation of 0°90° is higher in
comparison to the orientation of -45°%/+45° for every number of WF layers. This is
indicated by the fracture condition of the B-WF composite as shown in Fig. 9. The
fracture surface with fibre orientation of 0°/90°is perpendicular to the load direction
or principal stress because there is the weave of WF having the same orientation to
the load direction. Hence, the load is transferred completely to the fibres as
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indicated by all broken fibres being parallel to the load direction. However, in the
case of fibre orientation of -45%+45°, the fracture surface is inclined about 45° to
the load direction, and the fibres in this direction are almost not broken. This
indicates that the load is not transferred completely to the fibres, and the composite
fracture due to the matrix (bisphenol) is not capable to sustain the load. Therefore,
it decreases the strength of the composite with that fibre orientation.

00 ';90 0

-45/+45"

Load direction

Fig. 9. The fracture of the B-WF composite.

3.2. Fatigue life

The fibre reinforced composite laminate is still intact, and the crack grows only on
the metal laminate of the FMLs [1-3, 7, 8]. In the present study, the same case is
observed and shown in Fig. 10. The crack growth behaviour of the FMLSs for every
number of WF layers is plotted in Fig. 11(a) and (b) for the WF orientation of 0°/90°
and -45%+45°, respectively. It can be seen that the fatigue life associated with the
crack growth is affected by the number of WF layers in the laminate of B-WF
composite. The fatigue life is lowered by the number of WF layers on both cases
of the fibre orientations. Fig. 12 shows the fatigue life comparison for every fibre
orientation of the FMLs. The fatigue life of the FMLs with fibre orientation of
0°/90° is higher than that of the -45%+45° for every number of the WF layers.

........

1.0 mm B-WF composite

laminate

Fig. 10. The crack growth on the aluminium laminate of the FMLs.

Journal of Engineering Science and Technology August 2020, Vol. 15(4)



2818 A. Purnowidodo et al.

[
h
1

El . °
RS [} () [ ]
S5 b o °
= o a o °
210 F ® ®
é ° ® °® ° L] Number of layers 0°/90°
S s Ea®e o ©® d ol o2

Fu oo o T e

0 . . . ,
Q 20000 40000 60000 80000

Number of cycles. N
(@) The WF orientation of 0%90°

25
=20
| © o O
T s o o
o 0
4 0
Z 10 o o) o ©
- O 8
£ 5 o~g ~ o o © Number of layers -45%+45°
& -
BFPbo © O © 0102 03 04
0 . . . .
0 20000 40000 60000 80000
Number of cycles, N
(b) The WF orientation of -45°/+45°
Fig. 11. The Crack growth behaviour.
80000
70000 m 0°/90°
;,f; 60000 — O -450/+450
L
& 50000 |
B
o 40000 |
=
E 30000 |
z.
20000
10000 H
0
1 2 3 4

Number of layers

Fig. 12. The fatigue life of FMLs.

3.3. Stress analysis

Figure 13 shows an example of the stress distribution contour for the cracked model
when the half crack length, a, is 6 mm with the two layers of WF and the fibre
orientation of 09/90°. The stress contour shown in the figure is the case with the
maximum load (Smax). The red contour in the region just in front of the crack tip
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indicates that the stress is concentrated in that region and has the highest value. The
colour shifts gradually from the red to the light green as the effect of the crack tip
to the stress concentration is less pronounced.

Fig. 13. The stress distribution contour (MPa).

The magnitude of the stress concentration in front of the crack tip is responsible
to the advance of the crack during the cyclic loads. Hence, the magnitude
comparison of the stress that occurs while being loaded at the maximum load of the
cyclic loads (Smax) is made by plotting the stress magnitude for every half-crack
length, a, for every number of WF layers as shown in Fig. 14. The stress magnitudes
plotted are based on the stress magnitude just in front of the crack tip. Both cases
of WF orientation of 0%90° and -45%+45° show a similar tendency in which the
increasing crack length raises the stress magnitude in front of the crack tip, and the
raising number of the WF layers increases also the magnitude of the stress. The
stress magnitudes in the cases of -45%+45° are slightly higher than those of the
0°/90°. It is the reason that the FMLs with the WF orientation of -45%+45° has lower
fatigue life. In addition, due to the higher stress concentration in the FMLs with
more WF layers, the fatigue life is lower too.
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Fig. 14. The stress concentration just in front of the crack tip.
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The higher displacement of notch indicates that the lower stress is required to
open the crack, and as consequent, it causes the easier crack to propagate [18]. In
the present study, the notch mouth displacement obtained, 4, is plotted in Fig. 15.
The displacement on both cases of the WF orientations have the similar tendency,
that is, the displacement is higher when the number of the WF layers increases and
becomes higher as the crack propagates. The higher values of the displacements
indicates the lower stress required to begin to open the crack, hence, the stress
advancing effectively the crack is higher, and it causes the crack to be easy to grow
[19]. Therefore, the FMLs with the more WF layer tends to have a lower fatigue
life in the both cases of the fibre orientations.
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Fig. 15. The maximum displacement of the notch.

4. Conclusion

The tensile strength of the FMLs decreases as the number of WF layers increases.
It is caused by the decreasing strength of the laminate of the B-WF composite due
to the lower fraction area of the WF when the number of WF layers raises. The
tensile strength of the FMLs with the WF orientation of 0°/90° is higher than that
of -45%+45° due to the woven fibre direction being parallel to the principal stress
in the case of 0%90°. The FMLs with more WF layers has shorter fatigue life. It
relates to the stress concentration distribution developing in the zone in front of the
crack tip of the aluminium laminate. The stress concentrated in the zone is higher
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on the FMLs with more WF layers. Therefore, the effective stress advancing the
crack is higher as indicated by the increasing notch displacement leading to the
crack to grow more easily, consequently, the fatigue life becomes shorter.

Nomenclatures

a Crack length, mm

N Number of cycles

R Stress ratio (Smin/ Smax)

Shin. Minimum cyclic loads, MPa.
Shmax. Maximum cyclic loads, MPa.
t Specimen thickness, mm

X Fraction area, %

Greek Symbols

A Notch mouth displacement, mm
£ Strain

o Tensile strength, MPa.

Abbreviations

B-WF Bisphenol-waru fibre

FMLs Fibre metal laminates

VARTM  Vacuume-assisted resin transfer moulding
WE Waru fibre
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