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  Abstract: Experimental method, to examine the effects of stacking order of fiber metal 

laminate (FML) on the buckling behavior of Carbon/Epoxy/Aluminium laminated rectangular 

composite plates. Further this addresses the effects of plate aspect ratio (length to width), for 

two boundary conditions on the buckling behaviour of this FML. In this study, the critical 

buckling load is determined by varying the parameters such as aspect ratio (length/width), 

stacking sequence and boundary condition. Two different boundary conditions are considered, 

simply supported and fixed support condition. The different failure modes executed by the 

laminate under compressive loading are also determined. The critical buckling load of CARAL 

constrained on all sides is evaluated numerically for different boundary conditions. Buckling 

load, in this case, takes maximum value when CARAL is clamped on all sides whereas it takes 

minimum value when the plate is simply supported on three sides keeping the fourth side fixed. 

 

Keywords: Laminated Composite Plates; FML, CARAL, Buckling Analysis, Failure Modes. 

 

1.1 INTRODUCTION 

Based upon all the research, initial 

Fibre Metal Laminates material, Aramid 

Fibre Reinforced Aluminium Laminate was 

introduced at 1978 in the Faculty of 

Aerospace Engineering at the Delft 

University of Technology (DUT). Aramid 

Fibre Reinforced Aluminium Laminate 

consists of alternating thin aluminium alloy 

layers (0.2 ± 0.4 mm) and uniaxial or 

biaxial aramid fibre preparation, as shown 

in Figure 1.1. 

 
Figure1.1 Schematic representation of 

fiber metal laminate (ARALL 2). 

 

1.2 Materials and Design 

Fiber metal laminates (FMLs) are 

hybrid composite structures based on thin 

sheets of metal alloys and plies of fiber 

reinforced polymeric materials. The 

fiber/metal composite technology 

combines the advantages of metallic 

materials and fiber reinforced matrix 

systems. Metals are for instance isotropic, 

have a high bearing strength and impact 

resistance and are easy to repair, while full 

composites have excellent fatigue 

characteristics and high strength and 

stiffness. The fatigue and corrosion 

characteristics of metals and the low 

bearing strength, impact resistance and 

reparability of composites can be overcome 

by the combination. 
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 These material systems are created 

by bonding composite laminate plies to 

metal plies. The concept usually applied to 

aluminium with aramid and glass fibers, but 

also can be applied to other constituents. 

Fig.1.2 gives a classification of FML based 

on metal plies. The most commercially 

available FMLs are ARALL1, based on 

aramid fibers and GLARE1 based on high 

strength glass fibers. These two grades of 

FMLs are going to be explained in detail. 

 

1.3 PRODUCTION OF FMLs 

Cure preparation, including the tool 

cleaning and the part transferring in some 

cases, and the vacuum bag preparation in all 

cases. 

Cure, including the flow-consolidation 

process, the chemical curing reactions, as 

well as the bond between fiber/metal layers. 

Post stretching, after the hot-curing (200 

degree Celsius) cycle in the autoclave, the 

fiber metal laminates carry a residual stress 

system over the thickness of the material 

with a small tensile stress in the aluminium 

sheets and compression in the fibers, this 

situation adversely effects fatigue 

resistance of FMLs. Post stretching 

operation after curing cycle can reverses the 

residual stress system and solves this 

problem. 

Inspection, usually by ultrasound, X-ray, 

visual techniques and mechanical tests. 

Mechanical tests of FMLs are required for 

good strength. 

2.1 LITERATURE REVIEW 

Baba & Baltaci [1] carried out a buckling 

analysis of rectangular composite laminates 

under uni-axial compression load with a 

central circular hole to determine the effects 

of anti-symmetric laminate configuration 

and length/thickness ratio, boundary 

conditions on the buckling. The above 

studies - deal with buckling analysis of 

composite plate with circular cutout under 

uniform compression load using FEM. 

Chai et al [2] investigated the influence of 

boundary conditions, plate aspect ratios on 

the optimal ply angle and associated 

optimal buckling loads of anti-

symmetrically laminated composite plates 

without cutout under various linearly 

varying in-plane loading conditions. 

Guo , Guo & Cheung  [3] used finite 

element method to investigate the effect of 

reinforcements around circular cutouts on 

the stress concentration and buckling 

behaviour of symmetrically laminated 

carbon/epoxy composite panel under in-

plane shear load. Above studies deal with 

buckling analysis of composite plates with 

reinforced circular cutouts under shear 

load. 

Hu et al [4] examined the buckling 

behaviour of a graphite/epoxy 

symmetrically laminated composite 

rectangular plate without cutout under 

parabolic variation of axial loads.  

Hu & Lin [5] carried out numerical 

analysis using ABAQUS finite element 

program to examine the influence of end 

conditions and circular cutouts on the 

optimal fiber orientations and the 

associated optimal buckling loads of 

symmetrically laminated composite plates 

under uni-axial compression load. 

Jana & Bhaskar [6] they studied have 

been carried out on buckling analysis of 

composite plates under non-linear 

compressive loads. It is essential to analyze 

plates subjected to non-uniform loading to 

understand their influence on the buckling 

behaviour.  

Lakshmi Narayana  et al  [7], they have 

studied also contains the effect of plate 

aspect ratio and plate length/thickness ratio 

and boundary conditions on the buckling 

behaviour of rectangular composite plates 
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with square/rectangular cutout subjected to 

various linearly varying in-plane 

compressive loads.  

Nemeth [8] investigated buckling analysis 

of infinitely long symmetrically laminated 

graphite/epoxy composite plates without 

cutout subjected to linearly varying edge 

loads, uniform shear loads or combination 

of these loads. 

Panda & Ramachandra [9] studied the 

effects of boundary conditions, non-

uniform in-plane loading, plate aspect ratio 

and length/thickness ratio on the buckling 

behavior of rectangular composite plates 

without cutout. 

Pi and Bradford [10] investigated the 

elasto-plastic buckling and post buckling of 

an arch subjected to a central load by 

introducing the finite element method. But 

up to now, the major research achievements 

are mainly limited to the elasto-plastic post 

buckling of simple beam-bar structures. 

Rengui Bi et al [11] studied the elasto-

plastic buckling and post buckling of FML 

are studied in this research. Considering the 

geometric nonlinearity of the structure and 

the elasto-plastic deformation of the metal 

layers, the incremental Von Karman 

geometric relation of the FML with initial 

deflection is established. Moreover, an 

incremental elasto-plastic constitutive 

relation adopting the mixed hardening rule 

is introduced to depict the stress-strain 

relationship of the metal layers.  

Singh & Ashwin [12] carried out the post 

buckling response and progressive failure 

of thin, symmetric rectangular laminates 

subjected to in-plane shear loads with 

various lay-ups and plate aspect ratios using 

finite element method. 

Topal & Uzman [13] Analysis of 

composite laminated plates is more difficult 

due to anisotropic and heterogeneous nature 

of composite materials. Buckling of 

rectangular composite plates with 

rectangular cutouts has rarely been 

examined. To produce lighter and more 

efficient structures, cutouts are often 

required in structural components. For 

instance, Commercial transport aircraft 

wings and military fighter aircraft wings 

require cutouts in wing spars and cover 

panels to provide access for hydraulic lines, 

electrical lines and for damage inspection. 

Zhang & Yang [14] The buckling loads 

and modal characteristics, deflections as 

well as through-thickness distributions of 

stresses and strains are important for 

obtaining strong, reliable multi-layered 

structures and to examine the failure 

characteristics. 

3.1 FABRICATION  

This chapter describes the 

fabrication procedure of the CARAL 

Laminate fiber metal laminate (FML) and 

the experimental study of the FML. 

3.2 FABRICATION  

The following stacking sequence 

are fabricated and tested for their buckling 

behavior strength. 

Sequence-I: Ca 0⁰/Al/Ca0⁰ 

/Ca0⁰/Ca90⁰/Ca0⁰/Al/Ca0⁰  (8 layers) 

Sequence-II: 

Ca0⁰/Al/Ca0⁰/Al/Ca0⁰/Ca90⁰/Al/Ca0⁰/

Al/Ca0⁰      (10layers) 

3.3 Raw materials 

The raw materials which is used for the 

fabrication of Carbon Reinforced with 

Aluminium Laminate with different 

stacking sequences. They are 

(1) Carbon fiber (unidirectional 270 gsm)         

(2) Epoxy – Araldite LY556, Hardner 

HY951    

(3) Aluminium sheet (thick- 0.2mm) 

3.4  Components required 

(1)  Roller 
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            Rolling operation is performed with 

the roller to remove air bubbles and voids 

appeared during bonding process of fiber 

and metal takes place. The fabricated 

structure of roller was shown in Figure 3.1. 

 

Figure 3.1 Fabricated Roller 

(2) Measuring cup 

 For mixing the Epoxy resin with 

Hardener in the ratio of 10:1 to make this 

proportion correctly the measuring cup is 

used.   

(3) OHP sheet 

 The purpose of the OHP sheet is to 

place over the surface plate.     

(4) Releasing agent (wax) 

 The releasing agent is applied over 

the OHP sheet for easy removal of the 

fabricated component.  

3.5  FlowMech Compression 

molding Machine  

            The CARALL fiber metal laminate 

is compressed by Flowmech compression 

molding machine. The photograph of 

FlowMech Compression molding Machine 

used for CARALL Specimen Preparation is 

shown in Figure 3.2. 

 

Figure 3.2 Flowmech compression 

molding machine 

3.6 Procedure 

The following procedure was used 

to prepare the CARALL FML with 

different Stacking sequence. 

First the carbon fiber was cut into required 

number of sizes. 

By the hand lay-up method the CARAL 

FML were made. 

After 3hr from the fabrication, the FML 

(Fiber Metal Laminate) was subjected to 

compression molding for 10 mins with the 

pressure and temperature maintained are 70 

kg/Cm2, 70 degree Celsius respectively.   

The FML were cut according to different 

aspect ratios by using Water jet Cutting 

process.  

The Aspect ratios (Length to width ratio), 

are selected as 3, 4 and 5. Length is taken as 

190mm. 

Subsequently as per aspect ratio (length to 

width) 3, 4 & 5 widths are 38mm, 47.5mm 

and 63mm.  

4.1 EXPERIMENTATION 

      To study the effect of the number of 

layers, aspect ratio (Length Vs Width),and 

support conditions on the buckling 

behaviour of Carbon-Aluminum laminated 

composite rectangular plates,  

Buckling test was performed with two 

different boundary conditions. They are 

    1. Simply supported  

    2. Fixed condition 

Both the conditions are tested in the 

MTS 100KN Load capacity UTM machine. 

The fixture is clamped in the machine and 

then the CARALL rectangular plate 

material is fixed in fixture as shown in fig 
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4.1.the lower is fixed and upper jaw moves 

at the feed rate of 5 mm/min. 

 
 

Figure 4.1.MTS UTM Machine 

4.2  Simply supported boundary 

condition  

 Buckling test for carbon aluminium 

fiber metal laminate with simply supported 

boundary condition. The figure 4.2 

indicates that the CARAL laminated 

rectangular plate is fixed in the machine 

with simply supported fixture and the figure 

4.3 indicates the compression load is 

applied into the CARALL and due to this 

load at some point the CARALL becomes 

unstable. So that the CARALL bends 

vertically, the corresponding load is called 

critical bending load.   

 

 
Figure4.2 Before buckling for simply 

supported   Condition    

 
Figure 4.3 After buckling for simply                                                           

supported condition 

 

4.3 Fixed Support Boundary Condition 

Buckling test for carbon aluminium 

fiber metal laminate with fixed supported 

boundary condition. The figure 4.4 

indicates that the CARAL laminated 

rectangular plate is fixed in the machine 

with simply supported fixture and the figure 

4.5 indicates the compression load is 

applied into the CARALL and due to this 

load at some point the CARALL becomes 

unstable. Buckling test for stacking 

sequence-I with fixed supported boundary 

condition. 

 

 
 

Figure 4.4 Before buckling for fixed 

condition        

 
Figure 4.5 After buckling for fixed                                                                                    

condition. 

4.4 Plot between load vs displacement  

The plot is between load vs extension for 

the buckling of the CARALL. The 

maximum load is called critical buckling 

load.  
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Figure 4.6 Plot between load vs 

displacement 

5.1 RESULTS  

5.1 Critical buckling load 

The table 5.1 shows the critical 

buckling load for both sequence of 

CARALL loaded under simply supported 

condition. 

Table 5.1 Critical buckling load for 

simply supported condition  

 

 

 

 

 

 

 

 

 

 
The table 5.2 shows the values of critical 

buckling load for both the sequence of 

CARALL under fixed support condition. 
 

Table 5.2 Critical buckling load for 

fixed supported boundary condition 

 

Sl

.N

o. 

No. 

of 

Laye

rs 

As

pec

t 

Rat

io 

Len

gth  

in 

mm 

    Width

in 

mm 

Critical 

Buckling 

Load in 

kN 

1 8 5 190 38        3.930 

2 8 4 190 47.5 4.02 

3 8 3 190 63 7.283 

4 10 5 190 38 4.103 

5 10 4 190 47.5 4.978 

6 10 3 190 63 9.300 

 

5.2    DISCUSSION 

5.3 Plot between Critical buckling load vs 

Aspect ratio for simply supported 

boundary condition 

 The graph is drawn between the 

critical load and aspect ratio for simply 

supported boundary. For eight layers, when 

the aspect decreases the critical buckling 

load is increasing whereas for ten layers 

when the aspect decreases the critical 

buckling load is increasing is slowly.    

 

Figure 5.1 plot between critical buckling 

load vs aspect ratio simply supported 

end condition 
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1 8 5 190 38 0.497 

2 8 4 190 47.5 2.036 

3 8 3 190 63 2.62 

4 10 5 190 38 2.03 

5 10 4 190 47.5 2.98 

6 10 3 190 63 3.024 
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5.4 Plot between critical buckling load vs 

aspect for fixed support boundary 

condition 

The graph is drawn between the critical 

load and aspect ratio for fixed support 

boundary. For eight layers, when the aspect 

decreases the critical buckling load is 

increasing whereas for ten layers when the 

aspect decreases the critical buckling load 

is increases. For both cases the critical 

buckling loads increasing slowly.     

 

Figure5.2 Plot between critical buckling 

load vs aspect ratio for fixed end 

condition 

 From the above figure 5.1 and 

5.2, it is observed that as the number of 

layers increases, the critical buckling load 

increases. 

5.5 Plot between critical buckling load vs 

aspect ratio for sequence-I  

 

5.3 Plot between critical buckling load 

vs aspect ratio for Sequence-I 

 

Figure 5.4 Plot between critical buckling 

load vs aspect ratio for sequence-II 

It is observed that from, the figure 5.3 and 

5.4 the critical buckling load for CARALL 

is higher for fixed condition. 

5.6 DIFFERENT BUCKLING 

MODES 

 

      Figure 5. 5 Global mode of buckling 

 

Figure 5.6 Mixed mode of buckling 

It is observed that under with sequence -I 

arrangement under simply supported end 

condition CARALL FML exhibits  global 

buckling mode as shown in fig 5.5 with the 

maximum critical buckling load of 2.62 kN 

whereas that with sequence-II exhibits 
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mixed mode of buckling as shown in figure 

5.6 with a maximum critical buckling load 

of 3.024 kN. 

 

Figure 5.7 Global and local deformation 

 

 
Figure 5.8 Mixed mode of buckling 

 

 It is observed that under with 

sequence -I arrangement under fixed 

supported end condition CARALL FML 

exhibits  global and local deformation 

buckling mode as shown in fig 5.7 with the 

maximum critical buckling load of 7.23  kN 

whereas that with sequence-II exhibits 

mixed mode of buckling as shown in figure 

5.8 with a maximum critical buckling load 

of 9.3 kN. 

6.1 CONCLUSION 

CARALL FML with two different 

stacking sequence and three different aspect 

ratio are fabricated and subjected to 

compression or load under two different 

support conditions (fixed and simply 

supported).The effect of stacking order, 

aspect ratio and support condition on its 

buckling strength is evaluated.  

It is observed that, aspect ratio is 

inversely proportional to critical buckling 

load and the critical buckling load is higher 

for laminate clamped under fixed support 

condition. 

CARALL when loaded with under 

simply supported boundary condition 

exhibits global and mixed modes, whereas 

that under fixed exhibits mixed and global 

modes, but with local condition.    

 

6.2  FUTURE WORK  

 CARALL can be manufactured 

made by using polyester resin as a 

matrix material. 

 Different manufacturing method 

can be tried for fabrication of 

CARALL. 

 Buckling behaviour of CARALL 

with cracks induced between the 

layers can be evaluated. 
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