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Abstract. E-vehicles and light weight structural parts in automotive and aerospace industry has led to
design and development of new structures where traditional materials aluminium/steel are joined with
composite laminated materials. This approach has led the engineers/researchers to reduce weight and
ultimately save fuel consumption and reduce carbon footprints. Moreover, prosthetic limbs are also de-
signed to have varying material along the length for better suitability. The above problems cannot be
analysed using functionally graded theories/concepts. In theory, material properties vary linearly, ex-
ponentially, or power-law-like along x-values but for the above cases, material property does not follow
a particular variation. Further even, it is not always practical to produce or manufacture components
having very smooth variations along the length. Number of research articles are reported on the de-
velopment of joining techniques for the dissimilar materials.1, 2 Bending, free vibration and buckling
analysis is also needed for theses case.3 At the joining or interface point, local inplane and transverse
stresses may rise sharply and may cause debonding and failure of structures. One dimensional analysis
based on classical assumption or higher order can not accurately predict the stress behaviour at theses
places. In this paper, an attempt is made to develop the 2D analytical solution for multi-segmented Al/
steel-composite panel under transverse loading. Extended Kantorovich method is used for developing
governing equations. Continuity of displacement and stresses are satisfied at interface of each segment.
Two segmented panels having aluminium/steel equal segment are considered. The deflection and stresses
are compared with the finite element solution and found in good agreement.

1 INTRODUCTION

The demand of motor vehicles nowadays are increased due to various reasons such as population
rise, transportation, luxary, etc., which causes a huge consumption of fuel as well. This increase in
fuel consumption causes more carbon emissions which affects the human lives. So, it is the biggest
challenge for scientists, researchers, and designers to improve the fuel efficiency of the motor vehicles.
In this aspect, some new steps are taken every day to improve the fuel efficiency, such as vehicle design
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modifications, materials advancement, etc. One of the step that is found more effective in reducing fuel
consumption is reduction in weight of the vehicle body. Simultaneously, the vehicle body should also
have high strength for the safety of passengers. To meet both the demands with cost-effectiveness, Al and
its alloy is for the weight reduction, and Steel for the high strength is found more suitable.4 So, Al-Steel
lap and butt joined parts are widely used for the manufacturing of different body parts in automobiles,
aerospace, sheet joining industries, etc. However, some parts of composite materials are also used in the
car body which needs to be joined with metallic frames. These manufactured parts after assembling may
behave as a structural member such as a beam or panel or plate within the system. Where these parts
are subjected under different working conditions. So, it must be needed to check the joint strength of the
parts under different loading and boundary conditions.

The EKM based solution for bending of edge bonded composite plates with dissimilar dimensions,
materials, foundation, and loading conditions have been presented.1 The mechanical behaviour of similar
and dissimilar materials adhesively bonded single lap joints using the finite element method approach is
anlyzed.2 The strengths of adhesive joints consisting of metal and composites using the modified damage
zone theory have been predicted.5 The failure process, mode and strength of unidirectional composite
single lap bonded joint with three different bonding methods are investigated.6 Very recently, a multi-
segmental beam model has been developed to analyze the effect of thickness and support conditions on
the stresses & deformation at the interfaces for different metal-composite bonded models.7 In this work,
a two segmented panel made of Al and Steel having equal length under different support condition is
analyzed.

2 THEORETICAL FORMULATION

A single layered panel with span length a along x-direction and total thickness h along z-direction as
shown in figure 1 is considered for the study. It can have any arbitrary boundary conditions at x = 0 and
a, and is subjected to uniformly distributed pressure loads of q1 and q2 applied on the bottom and top
surfaces, respectively. The panel has two segments with equal length along x axis as shown in figure 1.
The following assumption are made

• Each segment can have different isotropic or orthotropic material.
• The segments are perfectly bonded at the interface along x-axis. Continuity conditions at the

interface is satisfied exactly.
• Segment length may be or may not be same and for a typical segment.

The panels having materials with the principal material axis x1 oriented along the x-direction. The
junction between two segment is called as interface. The segment superscript is omitted unless needed
for clarity. Here for the analysis only two segments having equal length are considered. Since the
width is very long along the y-direction so the displacement along this direction is ignored i.e. plane
strain condition.8 The displacement u and w considered along x-axis and z-axis respectively which are
independent of y coordinate.
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Figure 1: Mathematical geometry of the panel

For such plane strain condition, 3D constitutive equations of an orthotropic lamina, when transformed
from the material coordinate system (x1, x2, x3) to the rectangular coordinate system (x, y, z) can be
written for panel as in equation 1.8

The s̄i j are transformed elastic compliances, whose expressions in terms of the engineering properties,
namely, Young’s moduli Yi, shear moduli Gi j can be given.9 To ensure numerical stability in the solu-
tion process, all entities are expressed in non-dimensional forms in such a way that, on substitution of
dimensionless entities, the form of all governing equations remains unchanged.

The strain-displacement relations are,

εx = u,x ; εy = 0; εz = w,z; γxy = v,x; γyz = v,z; γzx = w,x +u,z (2)

where a subscript comma denotes differentiation.
The mixed principle of virtual work for bending analysis of the panel, without any body force source

can be expressed as,8∫
V
[δu(σx,x + τxz,z)+δv(τxy,x + τyz,z)+δw(τzx,x +σz,z)+δσx(εx −u,x)+δσz(εz −w,z)+

δτyz(γyz − v,z)+δτxy(γxy − v,x)+δτzx(γzx −u,z −w,x)]dV = 0, ∀ δu,δv,δw, δσi, δτi j

(3)

Where V denotes the volume of panel for per unit width along the y-direction. The more details about
the method can be found in Ref. [7] and the field variables are solved by using similar approach. The
multi-term EKM can be written for the field variables as in equation 4.

Xl =
n

∑
i=1

f i
l (ξ)g

i
l(ζ)+δl5[qa + zqd ] f or l = 1,2, . . .8 (4)

Where, the dimensionless in-plane coordinates ξ for the segment along the length and a local thickness
coordinate ζ are introduced, which varies from 0 to 1. The function f i

l are known functions, integration
along x-direction are evaluated. After solving, it generates a set of ODEs and linear algebric equation for
each layer as obtained below.

MḠ,ζ = ĀḠ+ ÂĜ+ Q̄m
p (5)

KĜ = ÃḠ+ Q̃m
p (6)
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Now, Ĝ is obtained from equation 6 and put into equation 5 which yields a set of first-order homoge-
neous ODEs as:

Ḡ,ζ = AḠ+Qp (7)

Now gi
l(ζ) is known from the first step, whereas f i

l (ξ) are considered as unknown. So in this step,
arbitrary variation is considered in f i

l functions. Similarly, algebraic equation for f i
l is obtained below.

NF̄,ξ = B̄F̄+ B̂F̂+ P̄ (8)

LF̂ = B̃F̄+ P̃ (9)

Now, F̄ is obtained from equation 9 and put into equation 8 which yields a set of first-order ODEs with
constant coefficients.

F̄,ξ = B0F̄+P0 (10)

Above equation 10 represent a system of 4n non-homogeneous first order ODEs with constant coeffi-
cient. This can be solved using the approach discussed in Ref. [7].

3 NUMERICAL RESULTS AND DISCUSSIONS

The numerical results are presented and discussed for Steel-Al type of panel as shown in Fig. 2. The
panel has two equal segments, first and second segments are made of Steel and Aluminium (Al) respec-
tively. Thickness of the panel is taken as h. If a panel is subjected to clamped support at x=0 and free
at edge at x=a, then it is designated as C-F. The material properties considered here are presented in the
table 1.

Table 1: Material Properties

Sl no. Material Young’s Modulus (GPa) Shear Modulus (GPa) Poisson’s Ratio (µ)
1 Steel 200 76.923 0.30
2 Aluminium (Al) 70 26.923 0.30

The present EKM results are compared with 2D FE results for different combination of boundary
conditions. Since it is a panel, plane strain element of ABAQUS can be used.10 Therefore, the 2D
plane panel with length a along x-direction and thickness h along z-direction is modeled in ABAQUS
using the element type CPE8R with a mesh size of 100 (length)×20 (thickness). Whereas, for the non-
dimensionalization Y0=200 GPa, S = a/h and q0=1 is considered. The converged FE results are presented
below in the figures along with EKM results.

Longitudinal variation of u,w,σxx and τzx are presented for thick (S=5) and thin (S=10) panel for all ξ

locations along the length. The results are presented for simply supported (S-S), clamped-simply support
(C-S), clamped-clamped (C-C) and clamped - free (C-F) support conditions. Present results (EKM) with
single term n=1 with at least two iterations are presented to show the convergence, accuracy and efficacy
of the method. From the figures, it can be seen that the present results are in good agreement with 2D FE
except at the edges. This disaggrement at the very clamped support is well reported.11 There is no much
significant effect of S is observed for the S-S case, while for C-S, C-C and C-F cases the effect is clearly
visible on the variables.
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Figure 2: Geometry of the Steel-Al panel for S=5

Figure 3: Variation of deflections and stresses for panel with S=5 & 10 under S–S case

Figure 4: Variation of deflections and stresses for panel with S=5 & 10 under C–S case
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Figure 5: Variation of deflections and stresses for panel with S=5 & 10 under C–F case

Figure 6: Variation of deflections and stresses for panel with S=5 & 10 under C–C case
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4 CONCLUSIONS

The results for thin and thick equally segmented dissimilar material panel for various support con-
ditions have been obtained and analyzed. From the results, it is observed that the effect of thickness
in the panel is almost negligible for the S-S case. Whereas, a significant difference is observed in the
deformations (u,w) with the increase in thickness of the panel for C-S, C-C and C-F cases. A very least
difference in the stresses is observed except at the edges. The present EKM results showing a good
agreement with the FE results. The present research can be extended for the bending, buckling and free
vibration analysis of more than two segmental dissimilar material panel.
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