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This paper aims to determine the stiffness and strength of fibre metal laminate 
(FML) with various fibre orientations, as well as the efficiency of rule of mixture 
prediction on thin FML with various fibre orientations. FML and GFRP were 
fabricated from prepreg. All the specimens were prepared by adopting the ASTM 
D3039 testing standard and the thickness of GFRP and FML were 0.83 mm ~ 0.85 
mm and 1.39 mm ~ 1.50 mm, respectively. The tensile tests were performed on a 
Universal Testing Machine (UTM) at 8 mm/min of crosshead speed. The 
experimental results showed that the fibre with 0˚ orientation provided the best 
tensile properties in comparison with fibre orientations of 90˚ and 0˚/90˚. As in 
FML, the incorporation of aluminium layers in the composite laminate improved 
the stiffness of the composite; 0˚, 0˚/90˚ and 90˚ in that order. However, the tensile 
strength of FML was lower than its GFRP composite counterpart except for 90˚ 
orientation. Analytical prediction for the stiffness and strength of thin FML using 
metal volume fraction (MVF) method showed a good correlation to the 
experimental results with the accuracy of 4% – 32% and 2% - 17%, respectively. 
In conclusion, the fibre orientation significantly influenced the tensile properties of 
thin GFRP composite and thin FML. The stiffness increased by 7%, 40% and 70% 
for GFRP composite at fibre orientations of 0˚, 0˚/90˚ and 90˚, respectively. At 0˚ 
and 0˚/90˚ fibre orientations, the GFRP had better tensile strength than FML but 
the tensile strength of FML was still higher than aluminium. Meanwhile, analytical 
MVF method can effectively predict the thin FML stiffness and strength.   
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1.0 INTRODUCTION 
 
A Fiber Metal Laminate (FML) is a sophisticated hybrid composite material made from a mixture of metal 
and composite laminate [1-5]. FML combines the specific advantages or characteristics of its constituents 
(metallic materials and fibre composites), such as the high rigidity and strength of composite layers, as 
well as the plastic behaviour and durability of aluminium alloy [3, 6-7]. These manufactured FMLs have 
excellent mechanical properties such as high strength-to-weight ratio, high corrosion, impact, fatigue, 
flame resistance, lower density, high capacity of energy-absorbing, and ease of manufacture [6, 8-11]. 
Therefore, these advantages promote the FML to replace traditional materials like metals, alloys, and 
natural fibre in those applications which are prone to fracture [3, 6]. 
 

There are numerous studies in the literature on the effects of fibre orientation on composite 
mechanical performance. H. W. Wang et al. investigated the effect of fibre orientation on the elastic 
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modulus of unidirectional E- glass fibre reinforced in epoxy resin [12]. The results denoted that the fibre 
orientation (0˚ to 90˚) has a significant impact on the composite’s elastic modulus. When the fibres were 
oriented in a 0˚ direction, the composites had the highest value of elastic modulus. The composites had 
the lowest elastic modulus when the fibres were oriented in a 60˚ direction. The elastic modulus of the 
composite slightly increased when the fibres were oriented at an angle greater than 60˚. Seshaiah and 
Reddy reported that the 0° fibre orientation towards the tensile loading significantly improved the 
mechanical properties of glass fibre-reinforced epoxy composites in that loading direction [13]. Similarly, 
B. Jena et al., Khalid et al. and Rassiah et al. studied the ultimate stress, ultimate load and elastic modulus 
of unidirectional carbon fibre composites with different orientations (0˚ and 90˚) [14-16]. 

 
However, there is a lack of literature on the effect of fibre orientation on the performance of the FML 

sandwich structure, especially with small thicknesses. Kamocka and Mania in 2015 attempted an 
analytical prediction of stiffness and strength of FML based on the well-known rule of mixture, ROM 
which was originally applied to the unidirectional lamina and laminate [17]. In several studies, thicker 
FML was investigated such as 3 mm of FML thickness as in Kumar and Harichandan [5] and 2mm of FML 
in Kamocka and Mania [17]. 

 
In the present paper, vacuum bagging and oven curing techniques are used to fabricate thin E-glass 

fibre prepreg reinforced polymer composite (tGFRP ≤ 0.9 mm) and thin FML tFML ≤ 1.5 mm with different 
fibre orientations (0˚), (90˚), and (0˚/90˚). Then the thin glass fibre reinforced plastic composite, GFRP 
and thin FML are subjected to a tensile test as per the ASTM standard. Adapted ROM is used to predict the 
stiffness and strength of the FML, and the predicted results are compared to the test results. This study 
aims to investigate the efficiency of ROM prediction for thin FML and the influence of the fibre 
orientations and stacking sequence on the tensile behaviour of thin GFRP composites and thin FML. 
Through experimental and analytical works in this paper, it was found that the analytical prediction could 
predict both tensile elastic modulus and strength for thin FML with a certain degree of accuracy. 
 
2.0 MATERIALS AND METHODS 

 
The metallic material and reinforcement used in this study were aluminium alloy 2024-T3 sheet and 
Unidirectional (UD) E-glass fibre prepreg respectively to fabricate the GFRP composite and FML 
laminates. The UD E-glass fibre prepreg was already impregnated with epoxy resin. Table 1 indicates the 
specifications of the used materials in this research. 
  

Table 1. Specification of materials 
Material Descriptions 

Aluminium alloy sheet 2024-T3 Thickness: 0.30 mm 
E-glass fibre prepreg Thickness: 0.04 mm (uncured) 
 Texture: Unidirectional (UD) 
 Areal weight: 170 g/m2 

 
2.1 Fabrication Process 

 
Using vacuum bagging and oven curing techniques, several laminates of GFRP composites and FML panels 
with three different fibre orientations, such as 0˚, 90˚ and cross-ply (0˚/90˚) were fabricated. The UD E-
glass fibre prepregs and aluminium alloys were cut with a dimension of 350 mm x 320 mm. Eight layers 
of UD E-glass fibre prepregs were used to fabricate the GFRP composite laminate. To fabricate FMLs, the 
GFRP composite laminate was stacked between two aluminium alloy layers in a sandwich structure. A 
pre-treatment process of aluminium alloy surfaces was required before using them in the laminate to 
increase the adhesive bonding between the GFRP composite laminate and aluminium alloy layers. 
Initially, the aluminium alloy surfaces were mechanically abraded using an orbital sander with aluminium 
oxide sandpaper of grit 40 to create a macro-level roughened surface and to remove the oxide layer from 
the aluminium sheet. Then, the aluminium alloy surfaces were subjected to a series of degreasing steps to 
produce a free- contamination metal surface. The water-break test was executed to evaluate the 
hydrophilic state of the abraded aluminium alloy surface. The aluminium alloys and UD E-glass fibre 
prepregs were stacked based on the desired stacking sequence and layup configuration. The air gaps 
between the lamina were squeezed out manually using a roller during the laying-up process. Then the 
laminates were debugged with full pressure at room temperature (RT) to remove the air gaps or voids in 
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the laminates. Subsequently, the laminates were cured in an oven at 15°C for 30 minutes with 3°C/min of 
heating and cooling rates. Figure 1 shows the fabricated plate of GFRP composite and FML. 

 

 
Figure 1. Laminated plate (a) GFRP composite laminate; (b) FML 

 
2.2 Specimen Preparation 

 
The fabricated GFRP composite laminates and FML panels were mechanically cut to the desired 
dimension (rectangular plate) based on the ASTM D3039 standard as shown in Table 2. The thickness of 
aluminium alloy, GFRP composite specimens and FML specimens were 0.30 mm, 0.83 mm ~ 0.85 mm and 
1.39 mm ~ 1.50 mm respectively. The aluminium alloy sheets were directly cut to the preferred size 
according to the standard using a foot shearing machine. The GFRP composite laminates and FML panels 
were cut using a Dremel rotary hand tool and a vertical bend saw machine respectively. Figure 2 shows 
all the specimens that are cut into the specimen size.  
 

Table 2. Specimen dimension based on the ASTM D3039 standard 
Fiber orientation Dimension, mm 

0˚ - Unidirectional 250 x 15 x t 
90˚ - Unidirectional 175 x 25 x t 
0˚/90˚ - Cross ply 250 x 25 x t 
Aluminium alloy 2024-T3 250 x 25 x t 

 
 

 
Figure 2. Specimens of aluminium alloy 2024-T3, GFRP composite and FML 
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2.3 Tensile Test 
 

To investigate the influence of three different fibre orientations on the tensile properties of thin GFRP 
composite, thin FML, and thin monolithic aluminium alloy, the tensile tests were performed at a constant 
crosshead speed of 8 mm/min on a Universal Testing Machine (UTM) with a maximum load capacity of  
50 kN. Three specimens from each orientation of those hybrid materials were tested, including 
aluminium alloy, and the average tensile properties were determined. Emery clothes were used for 
composite specimens to prevent gripping damage. Tensile properties of the FML and its constituents, 
such as elastic modulus and tensile strength were measured during the experiment. Figure 3a shows the 
UTM and Figure 3b shows the specimen mounted and gripped, ready to be tested. 

 
3.0 ANALYTICAL PREDICTION OF STIFFNESS AND STRENGTH FOR FIBER METAL LAMINATE 
 
The rule of mixture (ROM), as shown in equations 1 and 2 was used to determine the effective 
longitudinal elastic modulus and longitudinal strength of a lamina from the mechanical properties of its 
constituents [14]. E1,GFRP is the longitudinal elastic modulus of the composite, Ef and Em are the elastic 
modulus of fibre and matrix respectively. Meanwhile, Vf and Vm are volume fractions of fibre and matrix. 
In equation 2, σmax is the strength of the material with the additional subscripts is used analogously to 
their use in equation 1. For transverse elastic modulus, the same parameters as in tensile elastic modulus 
determined its values as shown in equation 3 where E2,GFRP is the transverse elastic modulus of the 
composite. 
 

𝐸𝐸1,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 + 𝑉𝑉𝑚𝑚𝐸𝐸𝑚𝑚  (1) 
  
𝜎𝜎1,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑉𝑉𝑓𝑓𝜎𝜎𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑉𝑉𝑚𝑚𝜎𝜎𝑚𝑚,𝑚𝑚𝑚𝑚𝑚𝑚  (2) 
  

𝐸𝐸2,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐸𝐸𝑓𝑓𝐸𝐸𝑚𝑚

𝑉𝑉𝑓𝑓𝐸𝐸𝑚𝑚 + 𝑉𝑉𝑚𝑚𝐸𝐸𝑓𝑓
 (3) 

 
ROM was further applied to determine the stiffness and strength of fibre metal laminate in the sense of 
volume fraction of composite laminate and aluminium alloy sheet as demonstrated by Kamocka and 
Mania in 2015 [17]. Analytical prediction using ROM for FML is shown in equations 4 to 6 where MVF in 
equation 4 is metal volume fraction according to the metal volume fraction (MVF) method [18-19] and EAl 
is the elastic modulus of the metal sheet. The MVF is defined by m number of metal sheets in the FML, tAl 
thickness of the individual metal sheet and t total thickness of the FML. 
 

𝐸𝐸1,𝐺𝐺𝐹𝐹𝐹𝐹 = 𝑀𝑀𝑉𝑉𝑀𝑀.𝐸𝐸𝐴𝐴𝐴𝐴 + (1 −𝑀𝑀𝑉𝑉𝑀𝑀)𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  (4) 
  
𝜎𝜎1,𝐺𝐺𝐹𝐹𝐹𝐹,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑀𝑀𝑉𝑉𝑀𝑀.𝜎𝜎𝐴𝐴𝐴𝐴,𝑚𝑚𝑚𝑚 + (1 −𝑀𝑀𝑉𝑉𝑀𝑀)𝜎𝜎1,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚  (5) 
  

𝑀𝑀𝑉𝑉𝑀𝑀 =
𝑚𝑚. 𝑡𝑡𝐴𝐴𝐴𝐴
𝑡𝑡

 (6) 

 

 
Figure 3. (a) Universal Testing Machine (UTM); (b) Tensile test in UTM 

(b) (a) 
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4.0 RESULTS AND DISCUSSION 
  
Figure 4a shows the tensile engineering stress-strain curves of aluminium alloy 2024-T3 (Al 2024-T3). 
Meanwhile, Figure 4b and Figure 4c show the tensile engineering stress-strain curves of GFRP composites 
and FMLs with three different fibre orientations respectively. In general, Al 2024-T3 started with elastic 
deformation followed by large plastic deformation after reaching its yield point. It continued to deform 
plastically until it reached its breaking point. On the other hand, the curves in Figure 4b clearly show that 
the GFRP composites were elastically deformed and fractured without significant plastic deformation. 
There was relatively no plastic deformation that occurs as the GFRP composite with epoxy matrix 
materials is brittle. Aside from GFRP 90° orientation, GFRP composites could sustain a very high-stress 
level even though the stress level had already surpassed the ultimate tensile stress of Al 2024-T3, σAl,max. 

The deformation of these GFRPs was elastic only, with no irreversible plastic deformation. However, the 
aluminium alloy was superior in terms of its ability to sustain high strains before failure compared to 
GFRP due to its ductility and ability to deform with such a high plastic strain. Thus, it was expected that 
the ductility of the alloy and the brittleness of the GFRP would significantly determine the behaviour and 
failure of FML under tensile loading. Originally, the GFRP composite has a linear response and high 
strength value, but it was observed that some curvature presents in the stress-strain curve of its FML 
counterpart as can be seen in Figure 4c. In FML, once the yield stress of Al 2024-T3 was reached, the alloy 
would continue to deform plastically, and meanwhile its GFRP constituents would continue its 
deformation elastically. Effectively, these two constituents experienced the same magnitude of 
deformation but with different types of strains. The plastic strains of the Al 2024-T3 layer gave some 
nonlinearity to the FML stress-strain curve, notably starting at a stress value around 149 MPa which was 
the yield point of Al 2024-T3. The nonlinearity was more obvious for FML 0°/90° and FML 90° as the 
GFRP constituents of these specimens possessed significantly lower elastic modulus compared to GFRP 
0°. Thus FML 0°/90° and FML 90° were more affected by the ductility of the Al 2024-T3 compared to FML 
0° which can be observed in Fig 5a to Figure 5c. The elastic modulus of FML 0˚/90˚ in Figure 5b and FML 
90˚ in Figure 5c increased by 39.80% and 69.51%, respectively. However, the FML 0˚ still possessed the 
highest elastic modulus compared to FML 0˚/90˚ and FML 90˚ with an increment of 7.32%. 
 

 
Figure 4. Representative curves of engineering stress vs engineering strain of (a) Al 2024-T3; (b) GFRP 

composites (0˚, 90˚ and 0˚/90˚); (c) FMLs (0˚, 90˚ and 0˚/90˚) 
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Figure 5. Representative curves of engineering stress vs engineering strain of GFRP composite and FMLs 

at (a) 0˚; (b) 0˚/90˚; (c) 90˚ fiber orientations 
 
4.1 Tensile Stiffness Of GFRP And FML 

 
From the results obtained, the GFRP composite specimens exhibited the highest elastic modulus when the 
fibre orientation was set at 0˚ (18.48 GPa), followed by cross-ply 0˚/90˚ (10.80 GPa) and 90˚ (5.44 GPa) as 
shown in Figure 6. In the case of 0˚ fibre orientation of a GFRP composite specimen, all the fibres were in 
the same direction and parallel to the loading direction. According to the rule of mixtures (ROM) analysis, 
the fibre properties would be dominant in the loading direction wherein the fibre stress would be higher 
than the matrix stress at a specific elastic strain. Furthermore, the fibre had a larger tensile modulus than 
the matrix [20] which results in GFRP with 0˚ fibre orientation exhibiting the highest elastic modulus. 
When the tensile load was applied, the load was evenly spread across all the fibres and transferred along 
the fibre direction. Then, all fibres would carry most of the load. The elastic modulus of the composite 
would be affected when changing the volume fraction of fibre in the composite as expressed in equation 
1. In the case of 90˚ fibre orientation, the tensile load was applied perpendicular to the fibre direction 
which caused the dominance of fibre properties to fade and matrix properties to take over. When the 
fibres were aligned at cross-ply (0˚/90˚), the direction of the fibres was not all parallel to the loading 
direction. The tensile load pulled the fibre in the direction of 0˚ providing high stiffness, but the fibre in 
the direction of 90˚ did not effectively provide the stiffness in the direction of the load. Based on this ROM 
analysis, it was logical that the experiment results indicate that (E1,GFRP,0 > E1,GFRP,0/90 > E1,GFRP,90). 
 

 
Figure 6. Elastic modulus of GFRP composite and FML at 0˚, 90˚ and 0˚/90˚ fibre orientations and 

aluminium alloy 2024-T3 (n=3) 
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The elastic modulus obtained by FML at 0˚, 90˚ and 0˚/90˚ fibre orientations were 19.94 GPa, 17.84 GPa 
and 17.94 GPa, respectively. Meanwhile, the elastic modulus of Al 2024-T3 was EAl = 38.18 GPa. Figure 6 
shows that the FML with 0˚ fibre orientation provided the highest elastic modulus and the FML with 90˚ 
fibre orientation had the least elastic modulus. In summary, (E1,FML,0 > E1,FML,0/90 > E1,FML,90) with its pattern 
was similar to the GFRP. This pattern was analytically explained by the MVF method as in equation 4. The 
second term in the MVF relationship indicates that the elastic modulus of FML is heavily dependent on 
the elastic modulus of its GFRP constituent. Table 3 tabulates the comparison of elastic modulus obtained 
from the experiment and the MVF analytical prediction. Analytically, the value and pattern of elastic 
modulus for FML with various orientations correlated well with the experimental results. The MVF 
method predicted the FML 90° very well with a small error of 3.9%. Meanwhile, it over-predicted the 
elastic modulus of FML 0° with a 32.2% error. 
 

In addition to the pattern, the elastic modulus of FML was obviously larger than its GFRP composite, as 
shown in Figure 5 to 6. Clearly that adding the Al 2024-T3 layer to GFRP increased its tensile stiffness. 
However, the rate of increment for the elastic modulus of GFRP to its FML counterpart varied between 
fibre orientations. For GFRP 0°, its elastic modulus was 18.48 GPa which then only improved to 19.94 GPa 
of its FML counterpart, i.e., an 8% increment. Meanwhile, the increment in FML 90° and 0°/90° were 
relatively higher than FML 0° with 228% and 66% respectively. Thus, the improvement in terms of elastic 
modulus was very little and almost insignificant for FML 0°, but very significant for FML 90° and FML 
0°/90°. 
 

In summary, both GFRP and FML with fibre orientation of 0° had the highest elastic modulus followed 
by 0°/90° and 90°. The elastic modulus of FML was influenced by the low elastic modulus of GFRP and the 
relatively superior elastic modulus and plasticity of aluminium alloy [19, 21-22]. These experimental 
results were also supported analytically by ROM analysis and the MVF method. Mechanically, aluminium 
alloy requires greater stress compared to GFRP composites to deform within the elastic range for an 
amount of elastic strain which as a result would cause an increment of elastic modulus in FML from its 
GFRP counterpart. Overall, the elastic modulus of the aluminium alloy specimen (38.18 GPa) was higher 
than that of FML and GFRP composite (E1,Al > E1,FML > E1,GFRP) with respect to the orientations. These results 
were also supported by experimental results that were published in other literature [23-24]. 
Conclusively, aluminium alloy enhanced the elastic modulus of the GFRP the way the fibre enhanced the 
elastic modulus of overall GFRP as explained by ROM analysis [25]. 

 
4.2 Tensile Strength Of GFRP And FML 

 
Figure 7 shows the tensile strength of both the GFRP composite and FML. The tensile strength of the GFRP 
composite with 0˚, 90˚, and 0˚/90˚ fibre orientations were 851.56 MPa, 45.83 MPa and 406.57 MPa 
respectively. In the order of (σ1,GFRP,0,max > σ1,GFRP,0/90,max > σ1,GFRP,90,max), it had the same pattern as the elastic 
modulus of the GFRP composite which can be observed in Figure 6 and Figure 7. The tensile strength 
displayed a high value when the fibre orientation was 0˚ because the continuous fibres provide the load-
bearing capacity. The strength of GFRP 90° was significantly lower as the load-bearing capacity was only 
provided by the matrix’s strength and the bonding strength between the matrix and fibres [26–31]. 
Meanwhile, FMLs had the tensile strength of 521.35 MPa, 97.27 MPa, and 338.02 MPa respectively, with 
fibre orientations of 0˚, 90˚, and 0˚/90˚. Similar to elastic modulus, the strength of FML was heavily 
dependent on the strength of its constituents, thus followed the pattern of (σ1,FML,0,max > σ1,FML,0/90,max > 
σ1,FML,90,max). This pattern was also logical as described by the analytical MVF method for strength in 
equation 5 where it indicates that the strength of FML is heavily dependent on the strength of its GFRP 
constituent. 

 
As shown in Figure 7, the tensile strength of FML was lower than that of the GFRP composite but 

higher than that of aluminium alloy (σ1,GFRP,max > σ1,FML,max > σ1,Al,max) except for FML 90°. FML 90° had 
almost a double tensile strength than its GFRP. This was simply because the strength of GFRP at 90˚ was 
mainly sourced from the strength of the matrix. Thus, the strength of FML 90° was significantly enhanced 
by the strength of aluminium. Figure 7 showed that the strength of GFRP 0˚ and GFRP 0˚/90˚ was away 
above Al. When the GFRP 0˚ and GFRP 0˚/90˚ combined with Al, the strength of FML 0˚ and FML 0˚/90˚ 
was in the middle which is apparently lower than GFRP 0˚ and GFRP 0˚/90˚, respectively. However, the 
strength of GFRP 90˚ was away below Al. When the GFRP 90˚ combined with Al, the strength of FML 90˚ 
was still in the middle and higher than GFRP 90˚ but below Al. In this study, the MVF was around 0.4. 
From the analytical prediction using the MVF method as tabulated in Table 3, the error compared to 
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experimental results ranges from 2.3% to 16.9% which was generally more accurate than the elastic 
modulus analytical prediction. Other than FML 90°, the strength of FML for each orientation was almost 
the average between the strength of Al 2024-T3 and the strength of its GFRP constituents. The pattern of 
this result was also supported by finite element analysis and experimental results that were obtained 
from P. Soltani et al., G. Wu and J.-M. Yang, P. Mathivanan et al., and S. Ebrahim Moussavi-Torshizi et al. 
[23], [24], [32], [33]. 

 
Relatively, the aluminium alloy would subsequently undergo plastic deformation before failing, 

meanwhile GFRP composite would still undergo elastic deformation under the same total strain as can be 
observed in Figure 4b. Effectively in the FML specimen, under the load that caused the aluminium alloy to 
experience stress higher than its yield stress, the aluminium alloy layers had started to deform plastically 
meanwhile the GFRP layers would continue to deform elastically. The combination of deformation types 
can be observed by the little curvature of the stress-strain curve of FML in Figure 4c to 5. This condition 
was sustained until the stress within the GFRP composite had surpassed its ultimate tensile strength, 
σ1,GFRP,max. At this stage, the Al 2024-T3 layer was still undergoing plastic deformation, and the strain 
experienced was still far away from the failure strain. Subsequently, the FML failed due to the failure and 
breakage of its GFRP constituents. Figure 8 shows the elongated and buckled Al 2024-T3 layer after 
failure. As discussed earlier, the Al 2024-T3 layer deformed permanently before failure but not for the 
GFRP composite. When the tensile machine grip was removed after the FML specimen had failed, the 
remaining composite layers which only deformed elastically and were not broken retracted back the 
whole FML to its original length. On the other hand, the Al 2024-T3 layer which had permanently 
lengthened was also forced to retract to the FML original length. As a result, the alloy layer delaminated 
from GFRP, especially at the mid-section of the FML and then buckled to compensate the FML that has 
retracted to its original length. 

 
In summary, the high tensile strength of the GFRP composite enhanced the strength of FML, whereas 

the aluminium alloy that was superior in terms of stiffness enhanced the stiffness of FML. The obtained 
results were similar to those reported by P. Soltani et al., S. Ebrahim Moussavi-Torshizi et al., and E. C. 
Botelho et al. [23], [33], [34]. Overall, the thin FML with a fibre orientation of 0˚ exhibited higher tensile 
properties (tensile strength and tensile modulus) than the thin FML with an off-axis angle (90˚) and cross-
ply (0˚/90˚) as shown in Figure 6 and Figure 7. These findings were effectively predicted by rule of 
mixture (ROM) and metal volume fraction (MVF) method with a certain degree of accuracy. 
Comparatively, the analytical prediction for thin FML’s tensile strength was more accurate than the 
analytical prediction for thin FML’s tensile elastic modulus. In all thin FML specimens, when the load 
exceeds the yield stress of the aluminium alloy, the load was further carried with both elastic strains 
occurring in GFRP composite and plastic strain in aluminium alloy. Subsequently, the composite 
constituent in the FML would reach its maximum strain and fail which caused the composite to break and 
the thin FML to fail. 

 

 
Figure 7. Tensile strength of GFRP composite and FML at 0˚, 90˚ and 0˚/90˚ fibre orientations and 

aluminium alloy 2024-T3 (n=3) 
 

Table 3. Experimental and analytical results of stiffness and strength of FML 
Mechanical Properties Experiment 

results (n=3) 
Analytical 
prediction 

Error (%) 

Longitudinal elastic modulus of FML 
[Al/04]s E1,FML,0 (GPa) 

19.94±0.62 26.36 32.20 

Longitudinal elastic modulus of FML 17.84±0.39 18.54 3.90 
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Mechanical Properties Experiment 
results (n=3) 

Analytical 
prediction 

Error (%) 

[Al/904]s E1,FML,90 (GPa) 
Longitudinal elastic modulus of FML 
[Al/02/902]s E1,FML,0/90 (GPa) 

17.94±0.23 21.75 21.25 

Longitudinal strength of FML [Al/04]s 
𝜎𝜎1,FML,0,max (MPa) 

521.35±12.50 597.18 14.54 

Longitudinal strength of FML [Al/904]s 
𝜎𝜎1,FML,90,max (MPa) 

97.27±4.73 113.74 16.93 

Longitudinal strength of FML [Al/02/902]s 
𝜎𝜎1,FML,0/90,max (MPa) 

338.02±10.31 330.19 2.32 

 

 
Figure 8. Plastic deformation and delamination of Al 2024-T3 layer post failure 

 
 5.0 CONCLUSION  
  
In this research study, GFRP composites and thin FMLs were developed using vacuum bagging and oven 
curing technique with different fibre orientations [0˚]8, [90˚]8, [(0˚)2/(90˚)2]s, [Al/(0˚)4]s, [Al/(90˚)4]s, and 
[Al/(0˚)2/(90˚)2]s. These materials were subjected to a tensile test to examine the tensile elastic modulus 
and the tensile strength. Further, the experimental results were compared to the analytical prediction 
using the ROM/MVF method. It can be concluded that the thin FML with a fibre orientation of 0˚ exhibits 
the highest tensile properties (tensile strength and tensile elastic modulus) than the FML with an off-axis 
angle (90˚) and cross-ply (0˚/90˚). The order of the tensile elastic modulus and strength are respectively; 
(E1,FML,0 > E1,FML,0/90 > E1,FML,90) and (σ1,FML,0,max > σ1,FML,0/90,max > σ1,FML,90,max). In all thin FML specimens, when 
the load exceeds the yield stress of the aluminium alloy, the load is further carried with both elastic 
strains occurring in GFRP composite and plastic strain in aluminium alloy. Subsequently, composite 
constituents in the FML will reach their maximum strain which causes the composite to break and FML to 
fail. As for an analytical prediction, the metal volume fraction (MVF) method which is adapted from the 
rule of mixture (ROM) is proven can predict the tensile elastic modulus and strength of thin fibre metal 
laminate (FML). Accuracy for elastic modulus prediction was in the range of 4% – 32% and for strength 
was in the range of 2% - 17%. Conclusively, analytical prediction using MVF for strength is more accurate 
than for elastic modulus. The MVF method can also effectively explain the correlation between the tensile 
properties of the thin FML to its corresponding GFRP composite and aluminium alloy constituents. 
 

In this paper, the study was limited to symmetry unidirectional and cross-ply orientation FML. Thus, 
this study can be further extended to thin FML with other orientations and stacking configurations. The 
finding in this paper should allow a better understanding on how tensile properties of aluminium alloy 
2024-T3 and GFRP enhanced the elastic modulus and strength in their FML form. All the discussions and 
findings could be the basis in explaining the behaviour and failure of FML in other types and complexity of 
loading such as compressions, dynamic, impact and even explosion. These findings would be 
advantageous in designing and manufacturing of thin structures in various industries that are already 
using or have the potential to apply FML as their main materials. 
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