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Composite materials are frequently considered for use in fusion reactors. A recent paper showed the
importance of three-dimensional structural analysis for the design of the composite components. This
paper discuses the importance of optimizing the composites for use in the fusion environments. Two
failure criteria (maximum stress and Tsai-Wu) are used in the analysis. The optimized stresses are
found to be significantly lower than the stresses found in the previous studies of non-optimized

composite structures.
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INTRODUCTION

Due to their excellent performance characteristics,
advanced composite materials have gained wide use
in many applications. The four most important
requirements are light weight, high strength, high
stffness, and good fatigue resistance. Full realization
of the potential of advanced composite materials to
the fusion reactor structures requires advanced tools
for analysis and an understanding of the response of
failure characteristics of laminated composite
structures.

The composite laminates provide some unique
behaviors. Differing the ply arrangement on the
thickness, orientation or stacking sequence would
greatly alter laminate performance. Optimization
provides us with a tool to actually design the
material by tailoring the structural properties in an
efficient manner. The optimum design may make a
laminated structure meet some particular
requirements with little waste of material capability.
However, the optimization for laminates is more
complicated than that for conventional isotropic
materials,

In the past three decades, together with the
creations of new composite materials and the
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developments of new fabrication techniques, various
aspects of physical properties of composite materials
have been investigated, and different approaches for
the better understanding of the material behaviors
have béen proposed [1-4]. A better understanding of
specimen testing and structure application is neceded
before composites can be successfully applied in
design and manufacture. The influence of fiber and
matrix constituent properties and bonding process on
composite behavior is not always clear. Improved
methods of determining the constituent and
composite properties are needed so that reliable data
can be generated to better predicted composite
structures’ long-term  integrity under service
conditions such as creep, impact, etc..

The determination of fiber orientation angles is the
most important subject in optimum design of
composite materials. Many investigations have
been carried out on this point [5-7], but most of
them yield optimum fiber angles for deterministic
conditions where strengths and loads are constants.
However, those results are considered to be invalid
for probabilistic conditions where strengths and loads
have some variations.
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Cederbaum et al [8] proposed a method to evaluate
the rehlability of each ply in laminated plates
subjected to in-plane random static loads, and Miki
et al [9] developed the general method for optimum
design of unidirectional fibrous composite under
probabilistic conditions and found that the optimum
fiber angle that yields the maximum reliability
changes with the increase in the variation of applied
loads. .

For the optimization of complex structures,
Sobieszczanski-Sobieski et al [10] suggested the
mululevel composition method, in which an
optimization problem is decomposed and the
optimize process is performed by solving several
subproblems with small scales. Another method
proposed by Wang and Qian [11] is the optimization
compound of differént levels, in which the design

‘vanables are divided into two groups for separate
' purposes : one for minimizing the objective function

and the other for relaxing constrains.
THEORY -

Two failure criteria will be used in this analysis.
These criteria are the maximum stress and Tsai-Wu

~failure criteria. Jenkins [12] extended the application

of the maximum stress theory to predict the failure
In this theory,

stresses acting on the orthotopic material are

- resolved along the material axis (oy, 0,,7;,), where 1

refers to the fiber direction and 2 refers to the
direction perpendicular to the fiber, and it is
postulated that the failure will occur when one or all

of these stresses attain the maximum values X, Y,

and S obtained by uniaxial loading tests. This
criterion stated that faijure will not occur as long as
the following conditions prevail:

X %01<X,-Y 02<Y,o0r |712] <S (1)
where X, X’,Y, Y’ and S are the respective uniaxial

tensile, compressive normal and shear strengths.
There is no interaction among stresses or the modes

of failure with this theory, and no stress- strain

relationship is assumed.

For a unidirectionally reinforced material subjected. .
to uniaxial tension ¢ at some angle 6 to the fibers,

and using the transformation equation, the maximum
allowable stress is the smallest of the following:
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The main advantage of the maximum stress theory
is the simplicity of concept and ease of use.

In an effort to more adequately predict
experimental results, Tsai and Wu [3] proposed 2
lamina failure criterion, adding additional stress
terms which do not appear in other theories such as
the Hill analysis [14]. They assumed a failure surface
in stress space of the form,

f(o) =F; g; "'Fij 0; 0 =1 (i,j=1,2,3,4,5,6) 3)

The F; and F;; are second and fourth order lamina
strength tensors. The linear term in o; takes into
account internal stresses which can describe the
difference between' positive - and negative-stress
induced failures. The quadratic terms o; 0; define an
eIIipsoid in the stress-space and it is similar to those
in the Tsai-Hill formulation.. The F;; (1)) terms are

‘new. Off-diagonal terms of the strength tensor

provide independent interaction among the stress
components. Equation 3 can be expanded as

1 &y v 1
f= (——- L ( *2) 09 H - ¥ o) 03
t xc : t Y__’c 2 Zt Zc
L (01)2_ (02)2 5 (cr.;g,)2 +(t)’lz)2 +(az:r,).,z 1_(013)2
XXe Yo¥e ZiZe (51,2 (597 (813)°

Gizer92. . Caaneed . C13M19 . g,
\( XeXcYeYe J YiYeZZ / XXcZiZ
where
f is the T'sai-Wu failure criterion value,
01,02:03, '
012,023,013 are the compubcd ]ayer component
stresses,
, Ay A are the tensile and compressive
'_ strength along the 1-axis,
e are the tensile and compressive
' strength along the 2-axis,

Z,Z, are the tensile and compressive

- strength along the third axis,
812> S;3, Sy3 are the shear strength components,

C2,Cy3, Cy3 are the coupling coefficients for Tsai-
i '
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The compressive strengths X, Y, and Z_ are taken

as positive numbers. These strength values are not
sufficient to determine coefficients such as F,. For
its determination, biaxial tests are required. The
latter have to be selected carefully to obtain accurate
values for such interaction terms.

Since the failure of the material is insensitive to a
change of sign of shear stress (in contrast to the
change of sign of normal stress) all terms containing
a shear stress to first order must vanish. Therefore,
the only surviving unknown coefficients are F,, Fy;,
and F ;. Tsai and Wu proposed using biaxial tests to
determine these coefficients. In the absence of other
data, Tsai and Hahn [15] suggested that

Fi2=-05{F Fpp -

While recognizing the difficulties in evaluating F,,
one must realize that relatively small changes in F;,
can significantly affect the predicted strength.

The Tsai-Wu criterion is a significant improvement
over previous criteria because of its generality,
versatility and its good fits with test data.
Nevertheless, its utilization and interpretation raise
some intrinsic problems. Underlying these is the fact
that a fiber composite consists of mechanically
dissimilar phases : stff elastic brittle fibers and a
compliant yielding matrix. Consequently, the failure
occurs in very different modes. Thus the fibers may
rupture in tension or buckle in compression, or the
matrix may fail due to loads transverse to the fibers.
It is not evident that all of the distinct failure modes
can be represented by a single smooth function such
as Tsai-Wu.

MODEL AND FINITE ELEMENT ANALYSIS

The model shown in Figure (1) is a part of the first
wall of a tokamak fusion reactor made from SiC/SiC
composite [16]. The first wall coolant-channel wall
thickness is 1 mm with an additional 2 mm-thick
CVD layer of SiC facing the plasma. This layer
provide a highly dense barrier to coolant leaks. The
composite laminates provide some unique behaviors.

Varying the ply arrangement in thickness, orientation -

or stacking sequence would greatly alter laminate
performance. Optimization provides us with a tool to
actually design the material by tailoring the
structural properties in an efficient manner. The
optimum design may make a laminated structure
meet some particular requirements with little waste
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of material. However, the optimization for laminates
is more complicated than that for conventional
isotropic materials.

Coolant channel

Plasma side

e

Blanket side

Figure 1. Schematic diagram for a part
of the plasma facing of tokamak fusion
reactor.

The failure analysis is particularly difficult, due to
the many failure modes possible, and the many
theories developed to account for these failure
modes. Optimization of thick multlayer cylinders
reveals that the radial layer sequence prediction is
critical for maximizing burst pressure. This
prediction can only be done by 3-D analysis, since 2-
D analysis can not differentiate one sequence from
another [17]. '

In order to obtain an optimum design with respect
to the orientation of the fiber and the stacking
sequence an automated design method is used. The
laminate can be optimized with respect to the fiber
orientation and the stacking sequence of each ply to
minimize the peak stress. An optimization method,
which is based on failure criterion is used to design
the model. Three types of variables characterize the
design problem, the objective function (the function
to be minimized, in our case it is the failure
criterion), the design variables (in our case they are
the fiber orientation and the stacking sequence), and
the state variables which represent the constraints of
the model. The design varables are independent
variables and subjected to upper and lower limits
while the objective function and the state variables
are dependent variables. State variables are also
constrained by upper and lower limits. In this
analysis the fiber direction 45° is chosen as basic
fiber orientations. The mechanical and thermal
properties of the material are shown in Table (1)
[16].
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A three dimensional finite element formulation is direction.
used in this analysis. Due to the symmetry of the - At the nght side the nodes have coupled in the
geometry and the applied loads, the problem can be x-direction (all the nodes should move the same
reduced to the calculation for half unit from the first distance).
wall. The model contained 145 isoparametric brick
elements. Figure (2) shows the model used in this The first wall is subjected to severe mechanicil
analysis. The imposed boundary conditions are: and thermal loads. The pressure inside the tube is
- At the left side the nodes can not move in the x- 10 MPa . Table (2) represent the thermal loads

direction while they are free to move in the y- applied to the model.

Table 1. The mechanical and thermal properties of Laminated SiC/SiC composite {16].

Property s g B 1000 °C 1400 °C
Fiber content 40% 40% 40%
Porosity 10% 10% 41%
Tensile strength 200 MPa 200 MPa 150 MPa
Young’s modulus, tensile 230 GPa 200 GPa 170 GPa
Poisson’s ratio

ng, 0.05 g <

n; 0.18 -

Compressive strength

in plane 580 MPa 480 MPa 300 MPa
through the thickness 420 MPa 380 MPa | 250 MPa

“|Interlaminar shear stress 40 MPa 35 MPa 25 MPa

Thermal expansion coefficient
in plane 3.0x10% /K | 3.0x10° /K g
through the thickness | 1.7x10€ /K | 3.4x106 /K -

Thermal conductivity .
in plane 19 WK.m | 15.2 WK.m .

through the thickness | 9.5 W/K.m | 5.7 W/K.m -
Specific heat 650 J/K.kg | 1200 J/K.kg -
Fracture toughness 30 MPa.m,, | 30 MPa.m '/ 30
MPa.m1/2
Table 2. The thermal loads applied to the first wall.

Volumetric heating 23.6 MW/m?>

Heat flux on the plasma side 0.55 MW/m*

Heat flux on the blanket side 0.17 MW/m,

Heat transfer coefficient inside 2200 W/K.m*

the Coolant channel

Blanket temperature | 3s0cC

Coolant temperature 650 C°
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Coupled boundary condition

Figure 2. Finite element model for analysis.

RESULTS

Finite element analysis is used to find the internal
forces and stresses in the composite structures. An
algorithm optimization technique is used to find the
optimum fiber orientation for our model in order to
achieve a minimum peak stress in the structure,
according to the maximum stress and Tsai-Wu
failure criteria. The optimization technique is
applied to the model starting with fiber orientation
45° as a base direction. The optimized fiber
orientation is found to be [15°/20°/-23°/13°]  and for
another sequence is [15°/10°/18°/-30°].

Symmetric angle-ply laminates are built up by
different fiber orientation and stacking sequence. A
comparison between a traditional fiber orientation
[0°/45°/90°/45°], with different stacking sequence
and the optimized ones are presented. The
optimization technique based on the nonlinear
properties to achieve a minimum peak stresses. Two
failure criteria are used in this analysis; the
maximum stress criterion and Tsai-Wu criterion.
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Figure 3. Variation of the normalized stress
(0,/0, max for different types of stacking sequence.
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Figure 4. Vanation of the normalized stress
(0y/0y max for different types of stacking sequence.

Five different sets of fiber orientations are used in
this analysis. Three of them are traditional ones with
different sequences, they are [0°/45°/90°/-45°], [90°/-
45°/0°/45°], and [45°/45°/90°/0°],. The other two are
coming from the optimization technique which are
[15°/20°/-23°/13°], and [15°/10°/18°/-30°],. Figures (3)
and (4) represent the normal stresses o, and ay and
as shown the changes are very small for the different
cases.
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Figure 5. Variation of the normalized stress -
(0,/0, max for different types of stacking sequence.

Note that in some figures, there are curves which
coincide on each other, as an example the curves of
the two optimized cases in Figure (3) coincide on
each other. Also, the first part of the pattern
[0°/45°/90°/-45°], is coincide with them. On the other
hand, the interlaminar normal stress g, represented
by.Figure (5) indicates that the optimized cases have
excellent performance. The effect of the stacking
sequence on laminate strength agree well with the
results which have been observed and discussed by
several ' investigators . [18-22]. The observed
differences in the laminates of the same construction
with different stacking- sequence are attributed to
interlaminar stresses. The most influential of these
stresses is the interlaminar normal stresses as shown
in Figure (5). ;

Figure (6) represents the plane shear stress which
indicate the effect of the applied loads on' the
bonding between the constituents of the composite
material. As shown in this figure the influence of
this stress appear more effective near the outer side

~of the model. : -

Figures (7), and (8) represent the shear stresses
used to evaluate the interlaminar shear stress. In
Figure (7) the most pronounced differences were
observed in the layup [45°/-45°/90°/0°],. One of the
explanations for this behavior is the existence of
adjacent + 45° layer creating a large mismatch
between the material properties of the plies of the
laminate.
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Figure 7. Variation of the normalized stress
(04,10, max for different types of stacking sequence.

The interlaminar shear stresses, as illustrated in

_Figure (9), indicate that there is a noticed difference

between the different stacking sequences of the

" same construction. The differences in Poisson’s ratio

between the various plies result in transverse
These stresses are equilibrated by
interlaminar shear stresses and couples produced by

* the interlaminar normal stresses.
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The varying of the maximum stress and Tsai-Wu
failure criteria with different layups are illustrated in
Figures (10), and (11). It is clear from these figures
that the optimized layups have the best behavior
under the same situation while one of the traditional
layup, [0°/45°/90°/-45°]  failed toward the coolant side
of the first wall.
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Figure 9. Vanation of the interlaminar shear stress

along the thickness of the first wall.
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Figure 10. Varnation of the maximum stress failure
criterion through the thickness of the first wall.
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CONCLUSION

The main objective in the design of laminated
fiber reinforced composite is the selection of suitable "
stacking sequences of layers, so as to fulfill some
required properties. The results indicate that the
strength of the composite laminates depends on the
stacking sequence. The location of failure mode for
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the different laminate stacking sequences
investigated appeared to coincide with positions of
highest interlaminar shear or normal stress predicted
by a finite element analysis. Furthermore, it was
found that stacking sequence variations can alter the
mode of failure from catastrophic to noncatastrophic.

REFERENCES

[1] G.P. Pells, "Ceramic Materials for Fusion Reactor
Application”, J. Nucl. Mat., 122 & 123, pp. 1338-
1351, 1984.

[2] G.C. Sih and AM. Skudra, ed., Handbook of
Composites, Failure Mechanics of Composites, Vol.
3, Elsevier Science Publishers B.V., 1985.

[3] Klaus Friedrich, ed., Application of Fracture
Mechanics to Composite Materials, Elsevier
Science Publishers, 1989.

[4] N. Patibandla and K.L. Luthra, "CVD of Fiber
Coatings", Proceeding of the American Society for
Composites Sixth Technical Conference, October 7-
9, 1991, Technomic Publishing Co. Inc., pp. 1031-
1039, 1991.

[S] W. Tsai, Composite Design, 3rd ed., Think
Composite, Dyton OH, 1987.

[6] W.J. Park, "An Optimum Design of Simple
Symmetric Laminates Under The First Ply
Failure Criterion", J. Comp. Mat., Vol. 16, pp. 341-
355, 1982.

[71 T.R. Tauchert and S. Adibhatla, "Design of

' Laminated Plates for Maximum Bending
Strength", Engineering Optimization, Vol. 8, pp.
" 253-263, 1985.

[8] G. Cederbaum, I. Elishakoff and L. Librescu,
"Reliability of Laminated Plates Via The First-
Order Second Moment Method", Composite
Structures, Vol. 15, pp. 161-167, 1990.

[9] M. Miki, Y. Murotsu, T. Yanaka and S. Shao,
"Reliability of The Strength of Unidirectional

- Fibrous Composites”, AIAA J., Vol. 28, No. 11, pp.
1980-1986, 1990.

[10] J. Sobieszczanski-Sobieski, B. Tames and F. Riley,
"Structural  Optimization By Generalized
Multilevel Optimization", AIAA Paper, No. 85-
0697-CP, AIAA/ ASME/ ASCE/ AHS 26th
structures, structural dynamic and materials,
Orlando, Florida, April 15-17 1985.

[11] X. Wang and L. Qian, "Structural Optimization
Compound of Different Levels", Comp. Struct.
Mech. Appl., Vol. 5, pp. 69-75, 1988.

[12] C.F. Jenkins, "Materials of Construction Used in

D212

_ Aircraft and Aircraft Engines", Report to the Great
Britain Aeronautical research committee, 1920.

[13] S.W. Tsai and E.M. Wu, "A General Theory of
Strength for Anisotropic Materials", J. Comp. Mat.,
Vol. 5, pp. 58-80, 1971.

[14] R. Hill, The Mathematical Theory of Plasticity,
Oxford University Press, London, 1950.

[15] SW. Tsai and H.T. Hahn, Introduction 1o
Composite Materials, Technomic, West Port, CT,
1980.

[16] The ARIES-I Tokamak Reactor Study, Final
Report 1991, UCLA, PPG-1323, Volume II, 1991.

[17] KM. Elawadly, ]J.P. Blanchard, E. Esmail and
M.S. Abou-Elwafa, "Three dimensional analysis of
SiC/SiC Composite", Alexandria Engineering
Journal, vol. 33, no. 1, January 1994.

(18] C. Wang and W. Yang, "Optimum Design of
Composite Laminates", Computational Mechanics,
Vol. 1, Balkema, Rotterdam, pp. 361-366, 1991.

[19] I.M. Daniel, R.E. Rowlands and ]J.B. Whiteside,
"Effect of Material and Stacking Sequence on
Behavior of Composite Plates With Holes",
Experimental Mechanics, Vol. 14, No. 1, pp. 1-9,
1974.

[20] T.H. Raphael and L.W. Joanne, "Stacking
Sequence Optimization for Buckling of Laminated
Plates by Integer Programming", AIAA Journal,
Vol. 30, No. 3, pp. 814-819, 1992.

[21] M.M. Ratwani and H.P. Kan, "Effect of Stacking
Sequence on Damage Propagation and Failure
Modes in Composite Laminates", Damage in
Composite Materials, ASTM STP 775, Editor:
Reifsnider K.L., pp. 211-228, 1982.

[22] N. Kandil and G. Verchery, "New Mecthods of
Design for Stacking Sequences of Laminates”,
Computer Aided Design in Composite Material
Technology, Proceeding of The International
Conference, Southampton, editors: CA Brebbia,
1988.

Alexandria Engineering Journal, Vol. 33, No. 4, October 1994




