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Abstract: Fiber metal laminates (FMLs) are new composite materials consisting of 

thin metal layers and high strength composite layers. ARALL (Aramid aluminum 

laminate)
 
is a family of the FML that consists of thin aluminum sheets along with 

Kevlar/epoxy composite layers. This material has many advantages such as light 

weight, excellent corrosion, fatigue and impact resistance. Since, ARALL is a new 

material, therefore presentation of a model for nonlinear behavior analysis is 

important. This paper presents the elastic– plastic behavior of ARALL under in- 

plane tensile loading. For this purpose, the orthotropic plasticity theory and 

modified classical laminated plate theory are used. In the orthotropic plasticity 

model, a three parameter plastic potential function is used. In the second theory, the 

Kevlar/epoxy composite layers and aluminum sheets are assumed to be linearly 

elastic and orthotropic elastic– plastic solids, respectively. Good agreement is 

obtained between results of two models. The results show that the case study 

behavior is almost bilinear under tensile loading and it has more strength in 

longitudinal direction in comparison to transverse direction. Variation of the 

Poisson’s ratio is considered in longitudinal and transverse loading too. 

Keywords: Bilinear, FML, Elastic– Plastic, Orthotropic Plasticity, Poisson’s Ratio. 

1. Introduction 

The concept of fiber metal laminates has been 

developed at Delft University of Technology.  In 

1979 the first prototype of a fiber metal laminate 

was tested at this university [1]. This laminate was 

named ARALL. Currently, FMLs are attracting the 

interest of a number of aircraft manufacturers. For 

example, ARALL was used in the manufacture of 

the cargo door of the American C-17 transport 

aircraft [2].  

ARALL is a new composite material built up 

from thin aluminum sheets along with high strength 

Kevlar/ epoxy layers.  This material has advantages 

such as low weight, high corrosion, fatigue and 

impact resistance and easy machining and forming 

[3-6]. ARALL also exhibits good stability in 

corrosion and high temperature [7,8]. The high 

strength Kevlar fibers improve tensile strength and 

compression of ARALL material. Since, a multi-

plicity of metal alloy sheets and basic composite 

laminate are nowadays accessible, their possible 

combinations result in a virtually infinite variety of 

FMLs. Consequently, the selection of the best FML 

for a given application is a challenging task, 

requiring reliable tools, capable of predicting how 

the material response to external stimuli 

(mechanical stresses, etc.) is correlated with the 

properties and arrangement of the constituent layers. 

Wu investigated the in– plane mechanical properties 

of FML via metal volume fraction approach based 

on a rule of mixtures [9]. Vogeslang et al. presented 

mechanical properties and features of ARALL [10, 

11]. Herakovich presented the Kevlar/ epoxy 

composite properties based on combination rule [7]. 

Krishnakumar showed that the tensile strength of 

many fiber metal laminates is superior to that of 

traditional aerospace-grade aluminum alloys [2]. 

Nahas presented several models for nonlinear 

deformation of FMLs [12]. Often, the laminate con-

stitutive equation has been expressed in incremental 

form and the problem has been solved by numerical 

step- by- step iterations, assuming suitable flow 

rules for plasticity [13-15]. 

Since, ARALLs consist of aluminum layers and 

aluminum has nonlinear behavior, therefore elastic 

analysis is not sufficient and hence a model for 

exact prediction of nonlinear tensile response must 

be presented. To achieve such model, Kevlar/epoxy 

composite should be modeled as an orthotropic 
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linearly elastic solid and aluminum is assumed as an 

elasto- plastic solid. 

In this paper, the nonlinear tensile response of 

ARALL laminate is investigated under static tensile 

loading condition. Two approaches as orthotropic 

plasticity and modified laminated plate theories are 

used to predict the stress–strain response and 

deformation behavior of ARALL laminate. The 

stress–strain relation and Poisson’s ratio response of 

ARALL laminate under static tensile loading are 

also analyzed. 

2. Mechanical description 

In this study, the ARALL 3/2, consists of three 

layers of 2024- T4 aluminum alloy sheets and two 

layers of Kevlar/epoxy composite with fibers in the 
��� 0/90/0  orientation, is used (Figs. 1 and 2). The 

2024– T4 aluminum alloy and Kevlar/epoxy are 

modeled as elasto – plastic and orthotropic linearly 

elastic solids, respectively. Mechanical properties of 

aluminum alloy and Kevlar/ epoxy have been 

presented in table 1. 

 

 

Fig. 1. The ARALL laminate and definition coordinate 

 for composite 

 

Fig. 2. The schematic view of ARALL 3/2 and fiber directions 

3. An orthotropic plasticity model 

The first approach for reaching to nonlinear 

response of ARALL is an orthotropic plasticity 

model. For analyzing ARALL 3/2, in– plane plastic 

potential function with three parameters has been 

used [14]. 
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Where λd  is proportional factor. From Eqs. (1) 
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Where subscripts 1 and 2 indicate the fiber and 

transverse directions, respectively. 

By defining the effective stress as [14]: 

f3=σ                                                                 (4) 

And the effective plastic strain increment as [14]: 
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Thus, plastic work increment can be written as: 
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Therefore, λd  is derived as: 
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Table 1. Mechanical properties of ARALL 

( )GPaG12  12ν  ( )GPaE22  E11(GPa) Material 

26.6 0.33 73 73 
Aluminum 

2024- T4 

1.38 0.425 4.14 61.38 
Kevlar/epoxy 

composite 

E= Elastic modulus, v= Poisson’s ratio, G= Shear modulus 
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To complete the stress-strain incremental plastic 

relation, the relation between the effective stress 

and effective plastic strain should be estimated. 

Thus, the power law should be used as [14]: 

( )γσβε =p                                                              (8) 

By considering the yx −  and 11 yx −  coordinates 

(see Fig. 1) and uniaxial stress in x  direction and 

using rotational matrix T in Eq. (9), the principle 

stresses are: 
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Using the introduced rotational matrix for strains 

and Eqs. (1� -�5), gives: 
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Where p
xε  denotes plastic strain in x  direction 

and ( )θg  is [14]:  
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Thus, the desired relation between σε −p can be 

obtained from the x
p σε , and Eq. (12). Now, 

111266 ,, aaa  parameters selection is single problem to 

achieve σε −p  relation. Plastic Poisson’s ratio 

definition is one way for the selection of these 

parameters. Using Eqs. (3) and (10) and the 

coordinate transformation on strain components, the 

plastic strain increments in the x  direction and y  

direction can be obtained as: 
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Thus, the plastic Poisson’s ratio is:  
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Using above equations and Poisson’s ration 

in ��� 45,90,0=θ , the plastic Poisson’s ratios are: 
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To simplifying, give: 
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4. Analytical prediction by modified laminated 

plate theory 

An analytical model incorporating the elasto-

plastic behavior of aluminum sheets of ARALL is 

used to determine the stress-strain relation of 

ARALL. The most important assumptions that 

should be considered for the analysis of ARALL 

with this theory are as follows: 

a. The composite fibers in any layer are parallel. 
 

b. Distance between fibers in any layer is equal. 
 

c. All fibers in all layers are continues and have 

same cross section. 
 

d. Fibers are in perfect bonding to matrix. 

For a general orthotropic laminate subjected to 

in– plane loading, strain vary linear in  thickness 

direction but stress vary just linear in thickness 

direction in any layer. Therefore, an equivalent 

force– moment system replacing stress is used as 
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follows [16]: 
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Where N and M denote the in – plane force and 

moment per unit length and k,�ε  indicate the mid - 

plane strains and curvature, respectively. A, B and D
 

matrices are extensional stiffness matrix, coupling 

stiffness matrix and bending stiffness matrix, 

respectively. A, B and D matrices are calculated as 

[16]: 
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Where h and [Q] are laminate thickness and 

reduced stiffness matrix, respectively. 

ARALL 3/2 is orthotropic and symmetrical with 

respect to the mid– plane. Thus, matrix B and (2,6), 

(1,6) elements of matrix D are zero. Therefore, the 

resultant forces and moments are obtained as: 
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Where [ ]iσ  is stress in i th ply at a distance z . 

Due to compatibility of the layers in ARALL 

laminate, all layers experience same deformation 

such that [7]: 

{ } { } { }ALCAR εεε ==                                                 (20) 

Where { }ARε  denotes the ARALL strain vector. 

Under a uniaxial in– plane tensile load, the 

deformation response of the laminate is described 

by the following relation [17]: 

[ ] [ ]εdAdN =                                                           (21) 

Where dN is increments of the in- plane force 

per unit length and can be expressed as: 

[ ]σdhdN =                                                            (22) 

The reduced stiffness matrix A  is calculated as: 

[ ] [ ] [ ]CCCALALAL QhnQhnA += �������������������������������  (23) 

Where ALAL nh , are thickness and number of 

aluminum sheets, respectively and CC nh ,  denote 

thickness and number of Kevlar/ epoxy composite 

layers, respectively. 

4.1. Kevlar/epoxy composite model 

The Kevlar/ epoxy lamina is assumed to be a 

linear orthotropic elastic solid and the incremental 

stress- strain relation is [7]: 
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Where [ ] CQ  is Kevlar/ epoxy composite stiffness 

matrix and is: 
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CC
L 21121 νν−=  

The Kevlar/epoxy composite properties were 

presented in table 1. 

4.2. Constitutive model for 2024 - T4 aluminum 

In this study, the 2024-T4 aluminum is modeled 

to be orthotropic elasto– plastic solid similar to that 

described in section (2). Thus, it is necessary that 

2024–T4 aluminum alloy is modeled to two parts 

such that first part denotes elastic deformation and 

second part describes plastic deformation behavior. 

For the elastic part of the aluminum deformation, 

give [7]: 

[ ] [ ] [ ]ELAL
EL

ALELAL
dSd σε =                                    (26) 

Where [ ]EL
AL

S   is aluminum alloy flexibility 

matrix for elastic deformation and is: 
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Where ELAL,  symbols denote elastic properties of 

the aluminum that were given in table 2. 

For the plastic deformation of the aluminum, the 

plastic potential is taken as [7]: 
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Table 2. Geometrical properties and volume  

fraction of the ARALL 3/2 

Material 
Thickness 

(mm) 

Length 

(mm) 

Width 

(mm) 

Volume 

Fraction 

Aluminum 

2024-T4 

0.305 255 25.5 0.68 

Kevlar/ Epoxy 

Composite 

0.45 255 25.5 0.32 

Where 11a  parameter denotes difference between 

the plastic portions of longitudinal and transverse 

directions. 

Note that Eq. (28) is special case of Eq. (1) when 

2

1
,

2

3
1266

−
== aa  and can be reduced to the Von- 

Mises function when 111 =a . 

In this paper, a power law to showing the 

relationship between effective stress and effective 

plastic strain is used as follows: 
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The relation between plastic strain increment and 

the stress increment are taken as:
 

[ ] [ ] [ ]PAL
P

ALPAL dSd σε = �                                      (32) 

Where [ ]PALS   is aluminum alloy flexibility 

matrix for plastic deformation and is: 
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Therefore, stress-strain relation for the aluminum 

is: 

[ ] [ ][ ]
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5. Results and discussion 

In order to illustrate the behavior of the ARALL 

3/2 under longitudinal and transverse loading, the 

following section is presented. 

5.1. Result of orthotropic plasticity model 

By considering the orthotropic plasticity model 

for the ARALL laminate, then all of longitudinal 

stress- strain curves should reduced into a single 

curve versus effective stress and effective plastic 

strain. This is the basis for determining the values of 

1211 a,a and 66a  parameters in the plastic potential 

function. From Eq. (12) can be found that 

( )
2

3
90 =g  and is independent of 1211, aa and 66a  

parameters. Using the stress- strain curve of the 
�90=θ , give: 

05.8,2.55 == γβ                                                    (35) 

For values of parameters 11a  and 6612 aa +  in 

( )θg  should make the effective stress and effective 

plastic strain curves fall on the stress-strain curve 

for .90�=θ  
Thus, a reasonable set of values of introduced 

parameters is: 

3.1,36.0 661211 =+= aaa                                        (36) 

The stress-strain relation for ARALL 3/2 in both 

the longitudinal and transverse directions has been 

shown in Fig. 3. 

5.2. Results of modified laminated plate model  

As mentioned before in section (4), the values of 

parameters γ,11a  and ALβ are necessary for using 

laminated plate model. Thus, for fibers orientation 
�� 90,0=θ  may be written as: 

( ) ( ) 11
2

3
0,

2

3
90 agg ==                                        (37) 

Where effective stress and effective plastic strain 

relations are independent of parameter 11a  in �90=θ . 

This note can be used to calculate parameters γ . 

and ALβ by least square method, parameters AL, βγ  

and 11a are: 

787.0,15,10478.0 11
4 ==×= aAL γβ                     (38) 
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Using above values for parameters AL, βγ  and 

11a  and under uniaxial loading condition, the stress-

strain curve is shown in Fig. 4. 

Fig. 3 and 4 show the tensile stress-strain relation 

for ARALL 3/2 in both the longitudinal and 

transverse directions. From figures can be found 

that ARALL 3/2 vary almost linear in plastic part 

similar to elastic region in the longitudinal loading. 

In the transverse loading, a similar stress-strain 

response to the longitudinal direction is gained. 

These mean that ARALL 3/2 exhibits a bilinear 

stress-strain behavior in the both longitudinal and 

transverse directions.  Of course, the stress-strain 

response specifications such as yield stress, harden-

ing modulus and tensile fracture stress in the 

transverse loading are lower than longitudinal 

direction due to ��� 0,90,0  orientation of fibers.  It 

can be seen that ARALL 3/2 has two different 

slopes in elastic and plastic parts (unequal elastic 

modulus and hardening modulus). 

Fig. 5 shows the Poisson’s ratio response (ratio of 

transverse and axial strains) of ARALL 3/2 for both 

the longitudinal and transverse directions. It can be 

seen that Poisson’s ratio response in the transverse 

loading is lower than the similar case in longitudinal 

loading such that difference between longitudinal 

and transverse loadings will be increased by 

increasing the value of axial strain. This fact is due 

to ��� 0,90,0  orientation of fibers as described 

above. Extracted results from two models, 

orthotropic plasticity and modified laminated plate 

models, have good agreement (see Figs. 3 and 4). 

 
Fig. 3. Stress-strain curve of ARALL 3/2 in longitudinal (L) and 

transverse (T) directions from orthotropic plasticity model 

 
Fig. 4. Stress-strain curve of ARALL 3/2 in longitudinal (L) and 

transverse (T) directions from modified laminated plate model 

Fig. 5. The Poisson’s ratio response in longitudinal (L) and 

transverse (T) directions for ARALL 3/2 

6. Conclusions 

In this paper the elasto– plastic behavior of 

ARALL 3/2 under in– plane tensile loading via two 

approaches as orthotropic plasticity and modified 

laminated plate theories has been investigated. 

Aluminum layers in ARALL have been modeled as 

orthotropic elasto- plastic solids and Kevlar/epoxy 

composite layers have been considered as 

orthotropic linearly elastic solids. Results showed 

that ARALL 3/2 is stronger than aluminum alloy 

and stress- strain response is almost bilinear in both 

fibers and transverse directions. From stress-strain 

curves it was found that ARALL 3/2 has more 

strength in longitudinal direction in comparison to 

transverse direction. Analytical predictions by 

modified laminated plate theory showed good 

agreement with results of orthotropic plasticity 

model. It has been notice that Poisson’s ratio 

response in the transverse loading is lower than 

similar case in longitudinal loading due to ,90,0 ��

 
�0 orientation of fibers. 
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