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ABSTRACT

In an effort to construct a structure under the design principle of minimal use of materials
for maximum performances, a discrete gradient structure has been introduced in laminate
composite systems. Using a sequential linear programming method, the gradient structure of
composites to maximize the buckling load was optimized in terms of fiber volume fraction
and thickness of each layer. Theoretical optimization results were then verified with
experimental ones. The buckling load of laminate composite showed maximum value with the
outmost [0°] layer concentrated by almost all the fibers when the ratio of length to
width(aspect ratio) was less than 1.0. But when the aspect ratio was 2.0, the optimum was
determined in a structure where the thickness and fiber volume fraction were well balanced in
each layer. From the optimization of gradient structure, the optimal fiber volume fraction and
thickness of each layer were proposed. Experimental results agreed well with the theoretical
ones. Gradient structures have also shown an advantage in the weight reduction of composites
compared with the conventional homogeneous structures.

1. INTRODUCTION

The desire to make new materials and/or structures with better performance than current
ones has continued from man’s earliest days. Engineering design is a process for
structuralization of required functions. There are two approaches to embodiment of new
functions starting from a certain material. One is the direction of affording new intrinsic
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properties to the material itself, and the other is the direction of achieving new functions by
way of new structuralization process and/or new method of structure control starting from
common materials.

With increasing use of fiber-reinforced composites in various fields, especially in the
weight sensitive fields such as aerospace industries, the concern about new structuralization
of composites have been rapidly increased in recent years. This has not only accelerated the
development of new material systems but also advanced the optimal design of composite
materials. Recently many researches have been reported on the subject of structural
optimization.

Schmit and Farshi[1,2] reported a method for the optimum design of laminated composite
plates for minimum weight, subjected to multiple in-plane loading conditions.

A cracked fiber reinforced angle-ply laminate composites were analyzed using fracture
mechanics by Wang and Karihaloo[3,4]. The solution of the formulated min{max}
optimization problem was obtained by the bound-formulation method and mathematical
programming[5]. .

Riche et al.[6-7] used discrete ply angles as a design variable in the optimum design of
composite laminates with respect to buckling load.

Todoroki et al.[8] proposed an object-oriented approach to optimize composite laminated
plate stiffness with discrete ply angles.

Hu and Lin[9] investigated the buckling resistance of symmetrically laminated plates with
a given material system and subjected them to uniaxial compression with respect to the fiber
orientations by using a sequential linear programming method[10] together with a simple
move-limit strategy.

Okamoto[11,12] put forward new concepts of engineering design. He proposed many
promising designs, for example, inhomogeneous composites in cylindrical tube structures,
functionally graded materials/structures, multi-functional composites, and intelligent
composites which changed their own properties and/or grew and changed their shapes,
adapting to their environment.

In the present investigation, the buckling optimization of laminate composites with
different fiber volume fractions and thicknesses of each layer was performed using a
sequential linear programming method, together with a simple move-limit strategy. The
critical buckling loads of composites were calculated using the bifurcation buckling analysis,
implemented in the ABAQUS[13] finite element program. And post-buckling analysis was
followed on the basis of results of buckling optimization. Firstly, the calculation of the fiber
volume fraction of each layer in given composite systems and optimization procedures are
briefly reviewed. Then the associate optimal results are presented, together with the most
useful conclusions obtained from this study.



2. ANALYSIS
2.1 Finite Element Analysis

In the finite element analysis, the laminate plates were modeled using nine-node
isoparametric laminate shell elements with six degrees of freedom for a node(three
displacements and three rotations).

2-2. Model Geometry and Boundary Conditions

The buckling loads and post buckling strengths of the laminate composites subjected to a
uniaxial compressive load N, in the x direction per unit length applied at the top edge of the
laminate composite in the x direction were analyzed. The aspect ratio had the values of 0.5
and 2.0, respectively. The total thickness of the composite was 2.4 mm. The fiber volume
fraction of each layer was between 0% and 70%. We considered the boundary conditions that
prevented out movements in the y and z directions, v and w, but allowed in-plane movement,
u with no rotations on the top of the model. At the bottom, all displacements and rotations
were prevented.

2-3. Determination of Buckling Load

A system of non-linear algebraic equations in the incremental form of finite element

analysis is expressed as

(K, Md{u}=d{p}
where [K|] is the tangent stiffness matrix, d{u} is the incremental nodal displacement vector
and d{p} is the incremental nodal force vector.

Within the range of elastic behavior, it is well known that when the deformation of a
structure is small, the non-linear theory leads to the same critical load as the linear one.
Consequently, if only the buckling load is to be determined, the calculation can be greatly
simplified by assuming that the deformation is small. The linearized formulation gives a
tangent stiffness matrix in the following expression:

K 1=K, ]+[K,]
where [K,] is a linear stiffness matrix and [K,] is a stress stiffness matrix. If a stress stiffness
matrix [K, )¢ is generated according to a reference load {p}, for another load level {p},

we have {P}=Mp},y ; [K]1=MK ]y

When buckling occurs, the external loads do not change, i.e. d{p}=0. Then the bifurcation
solution for the linearized buckling problem may be determined from the following
eigenvalue equation:

(KL 1+ A, [Ko ] )d{u} =0

where A is an eigenvalue and d{u} becomes the eigenvector defining the buckling mode.
The critical load {p}., can be obtained from {p}.,= A .{p}r



3. EXPERIMENTS

A basic materials characterization of unidirectional laminae aims to establish their intrinsic
elastic and strength properties to predict the buckling load and post buckling strength of
laminated composites. Comparisons of theoretical buckling optimization results with
experimental results were performed.

4. CONCLUSIONS

Buckling optimization for laminate composites with gradient structure was performed
under a uniaxial compressive loading condition with respect to the thickness and fiber volume
fraction of each layer. Post-buckling analysis was also performed for the laminate composites.
For verification purpose, experiments were performed and compared with predicted optimal
structures. From this study, the following conclusions were made.

1. Analyses showed that the buckling load and post-buckling strength increase as the gross
fiber volume fraction increases for both the gradient-structured and homogeneous
composites.

2. Experiments were in good agreement with the optimization results obtained using the
sequential linear programming method.

3 Optimization results of laminate composites were affected by the aspect ratio. For the
aspect ratio of 0.5, the optimum was obtained when the volume of fiber was maximized
in the out-most layer. However, for the aspect ratio of 2.0, the optimum needs balanced
values between the thickness and fiber volume fraction in each layer. Especially, in cases
of [0/90], and [90/0], composites, in spite of the increase of the gross fiber volume
fraction, the thickness ratio of the outer layer did not increase significantly and the fiber
volume fraction of the inner layer increased as the gross fiber volume fraction increased.

4 Gradient structures also had an advantage over conventional homogeneous structures by
saving fiber volumes in the composite systems. For the laminate composite with gradient
structure, the fiber volume was reduced by 15-30% and the weight of composite by 6-
12% as compared to the conventional homogeneous composites.
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