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Graphite-epoxy laminates with almost null 
coefficient of thermal expansion under a wide 
range of temperature 
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A lamination tailoring technique is proposed in order to control a coefficient of thermal expan- 
sion of graphite-epoxy composites in a principal direction. This technique consists of two 
concepts of the thermoelastic invariants and the lamination parameters. The expansion free 
condition yields to a parabola in the feasible region of the lamination parameters. The calculated 
curves for a wide range of temperatures intersect almost at a point. A laminate with the lay-up 
construction corresponding to this point will exhibit an approximately null coefficient of 
thermal expansion in one direction in that temperature range. Some preliminary experimental 
results indicate that the present procedure is possible and promising. The tailored material will 
be appropriate for the space station structure. 

1. Introduction 
Two of the most attractive points in favour of 
graphite-epoxy composites are their high specific 
strength and specific models for their applications in 
aerospace structures. Another advantage of this 
material system is its controllable thermoelastic 
behaviour wins a lamination tailoring technique. In 
spacecraft applications, in particular, a small coefficient 
of thermal expansion (CTE) is one of the most desirable 
properties of the structural components. A typical 
example is a tubular member of three-dimensional 
truss as fundamental parts of a huge space station. A 
large ladder-like framework made of aluminium alloy 
will deform or vibrate seriously by a transient tem- 
perature gradient in the space environment. Such 
vibration degrades a level of microgravity, which is 
one of the fundamental missions of the space station. 

It is widely understood that an employment of 
graphite-epoxy composites provides more thermally 
stable structures than metallic materials. However, the 
OFE is not small enough for general graphite-epoxy 
laminates. Hence, a lamination tailoring technique 
based on a graphical procedure has recently been 
investigated in order to reduce the CTE of this 
material system. It is discovered that a tailored lami- 
nate should exhibit a very low CTE in a principal 
direction under a wide range of temperatures in the 
space environment. The present paper demonstrates a 
basic theory and some results of early experimental 
verification. Serious anisotropy in thermal expansion 
properties [1] peculiar to graphite-epoxy composites 
makes this idea possible. 

2. Background and theoretical 
description 

2.1. Background 
Early work [2, 3] indicated that certain angle-ply 
graphite-epoxy laminates should have null CTE in 

one direction at one specific temperature. Theoretical 
and experimental results [2] are quoted here as Fig, 1 
and a quite similar diagram is given in [3]. The 
expected angle, 00, for zero CTE is approximately 
42 ° in both papers [2, 3]. Such characteristics are 
mainly caused by a small negative CTE in the fibre 
direction and the highly anisotropic elastic proper- 
ties of unidirectional graphite-epoxy composites. 
In practice, however, it is very difficult to obtain 
a null-expansion angle-ply laminate because most 
polymeric matrices show serious temperature depen- 
dency in their stiffness and CTE. An improvement of 
this fundamental defect is the goal of the present 
work. 

This goal is achieved by an easy-to-use graphical 
procedure for the specification of the CTE in a wide 
range of temperatures. The concept of the lamination 
parameters developed by one of the authors (HF) [4] 
is an essential basis for the present theory. The 
concept of lamination parameters stems from a 
manipulation of stiffness invariants slightly differ- 
ent from the Tsai's [5] established description. The 
present formulation is based on cos 20, sin 20 and 
their square, whereas the Tsai's formulation uses 
cos 20, sin 20, cos 40 and sin 40 and so on. The 
utilization of the square terms is a key-point for an 
easier graphical presentation and a visual optimiz- 
ation procedure. 

2.2. Thermoelastic invariants 
Another key concept of the present work is an intro- 
duction of thermoelastic invariants consistent with 
the above-mentioned formulation in order to incor- 
porate the thermal expansion behaviour into the 
classical laminate theory. Hence, the present definition 
of the invariants is different from that of Miller [6] 
who was, to the authors' knowledge, the first to treat 
this problem. The thermoelastic invariants denoted by 
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Figure 1 Effect of an off-axis angle, 0, upon the CTE's of unidirec- 
tional and angle-ply graphite-epoxy materials reported in [2]. 
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q* and q* can be defined as follows 

q* = QIIaL + Q12(C~T + C~L) + Qz2ctz 

q* = QllC~L + Q12(eT -- CtL) -- Q22C~T (1) 

where Q~j are on-axis components of two-dimensional 
reduced stiffness of unidirectional composites [7], and 
eL and ~T are the longitudinal and transverse CTE's of 
U D  materials. With the introduction of  these quanti- 
ties, we can now describe a transformation formula of  
a thermoelastic vector of  the mth lamina denoted by 
q}~)(0) under an off-axis angle, 0, as follows 

• f 20} q* + q* cos 
1 q}m)(o) = ~ ~ q* -- q'COS20 (2) 

q* sin 20 

where q}m)(0) = Q}7')(O)a}")(0), and where a}")(0) is a 
vector description of  the CTE of the ruth lamina. A 
constitutive equation of  a laminate with a small tem- 
perature increment ATcan be written in the following 
form [8] 

{MN} = [A  DJ(xJB]'fe°'~--AT{~} (3) 

~m=l hm_l where (Ai, Bi) N ~h~ (1, z)q}m)dz (i = 1, 2, 6) 

and where q}m) = t)(~)~!,,) or in the inverted form :~'U -7 

where 

d * J ( M J  AT {~..} (4) 

E* = b* d * j ( B j  (5) 
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It should be noted that a* in Equation 4 denotes 
an in-plane CTE of the laminate. By substituting 
Equation 2 into Equation 5 and considering that q* 
and q* are invariants with respect to 0, we have the 
following results of  integration for .d~ 

h f q* + q* Y2 c°s 2O du ] 

Ai = ~ q *  - q * I ~ c o s 2 0 d u {  (6) 

/ ] [' sin 20 du q* 
do 

2.3. Laminat ion  pa rame te r s  
If we define the above integrations of  circular func- 

, tions of off-axis angles as the parameters related to the 
lamination construction, we can systematically treat 
some problems of composite laminates. Hence, these 
quantities will henceforth be referred to as lamination 
parameters. As stated earlier, this concept was 
proposed and used for some optimization problems 
by Fukunaga [4]. All the definitions of  ~1 to ~4 are 
described below. 

~, = f l c o s 2 0 d u ,  ~2 = ;~ cos220du 

~3 = f~ sin 20 du, ~4 = f2 sin 20 cos 20 du (7) 

In the case of a practical laminate, the total amounts 
of the + 0 and - 0 layers are the same, and the stacking 
sequence is symmetric with respect to the geometrical 
midplane. The laminates with the former condition 
are referred to as balanced laminates, and 43 and ~4 
vanish for these laminates. Thus, the design of  the 
laminate construction in the two-dimensional space of 
4~ and ~2 is essential. 

The ranges of integrands of ~1 and 42 are as follows 

- 1  ~< cos 20 ~< 1, 0 ~< cos 220 ~< 1 (8) 

It is understood that a region above a parabola of  
42 = ~ is feasible. Fig. 2 depicts the resulting shape of  
the feasible region. Note that the parabola corre- 
sponds to angle-ply laminates consisting of  + 0 layers, 
and that the upper straight line corresponds to cross- 
ply laminates. The right and left apexes indicate 0 ° and 
90 ° U D  materials, respectively. The bold lines denote 
iso-stiffness conditions in one principal direction 
explained later in Equation 12. 

2.4. Formulation of an explicit description of 
a CTE 

We can take an advantage of the idea of the lamination 
parameters in the present problem. The condition of 
balanced and symmetrical laminates renders the formu- 
lation much simpler, Two lamination parameters, 43 
and 44, vanish as do/~i and B~j in Equations 3 and 4. 
Hence, Equation 4 is reduced to 

a* = a*Aj (9) 

wh~e  a* = Ai~ ~. Then, we have an explicit expression 
of A~ in this equation by substituting the lamination 
parameters into Equation 6 

.d~ = ½h(q~ + q*~l, q* - q]¢l, q'43) (10) 

The next step of the analysis is an explicit description 
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Figure  2 Feasible region of the lamination 
p a r a m e t e r s ,  ~1 and ¢2. 

of a* in Equation 9 in the consistent manner with the 
above formulation. In-plane stiffness invariants can be 
written as follows [9] 

U, = [Q,I 

U2 = (QH 

U3 = [QI1 

U4 = {Q,1 

U5 = (Q,,  

+ 2(Q,2 + 2Q66) -k- Q22]/4 

- Q22)/2 

- 2(Q,2 + 2Q66) -k- Q221/4 

+ 2(Q~2 - 2Q66) + Q22}/4 

+ Q22 - 2Q,2)/4 

(11) 

By using these invariants, we have the following 
expressions of the components of the in-plane stiffness 
matrix of a balanced laminate, Aij, with 4j and ~2 

A12 = h ( U 4 -  U342) 
(12) 

A=2 = h(U1 - U241 + U342) 

A66 = h ( U 5 -  U3~=) 

The first equation of Equation 12 gives the iso-stiffness 
lines of Fig. 2. Equations 9 and 10 can be rewritten for 
an explicit expression of a CTE in the 1 direction, as 

[A22(q* + q*4~) - Alz(q~ - q * ~ ) ] h  
t~* = [2(AI1A22 _ A~2) ] (13) 

By substituting Equation 12 into Equation 13, we 
have 

The most practically important target is a null CTE 
laminate. By substituting ~s = 0 into Equation 15, we 
have the following form 

~2 = { U 2 ( q * / q * ) 4 ~ -  4~[(U~ + U4)q* - U2q*]/q* 

~- U 4 - -  U,} /2Us  (16) 

It should be noted that these equations are graphically 
expressed as segments of para_bolae in the feasible 
region of the lamination parameters. Thus, we can 
obtain a laminate with a controlled CTE in one direc- 
tion by using certain combinations of 41 and 42 on 
such a parabola. An application of this procedure with 
temperature dependent material properties is the 
point of the next section. 

3. Numer ica l  results based on actual  
mater ia l  data 

3.1. Basic material properties 
Temperature dependent material properties of the 
constituent unidirectional graphite-epoxy composites 
have a serious influence upon the present CTE-control 
problem. The most dominant material property on the 
tailored laminate is an axial CTE of the UD lamina. 
The experimental results for a wide range of tempera- 
tures given by Yates et al. [11] are employed for a high 
strength graphite-epoxy composite. Fig. 3 is repro- 
duced from reference [11] and some experimental data 
obtained by one of the authors (T1) 1 are additionally 

a* (U1 - -  U2~l -~- U3~2)(q* + q*4~) -- (U, - U3~z)(q* - q*~1) 
2[(U, + U24, + U342)(U, - U2~, + U3~2) - (U4 - U342) 2] 

(14) 

This explicit description of the CTE of a balanced 
symmetric laminate with thermoelastic invariants, 
elastic invariants and lamination parameters is a 
milestone of the present technique. 

2.5. Cond i t i on  for specified va lue of CTE 
The goal of the present paper is to control a CTE at 

a specified value, cq. This goal is simply reached by 
substituting as to the left-hand side of Equation 14. 
After some manipulations, equation 14 can be rewritten 
into the following quadratic function of ~1 

U2(q* - 2~U2){ 2 - [(gl ---[- g 4 ) q ~  - -  U2q*]{, 
~2 = 

2U3[q* - 2cq(U~ + U4)] 

indicated by full squares. It can be observed that there 
exists serious scatter in eL along with a temperature 
change. Three straight lines represent the highest, 
middle and the lowest scatter of the data, respectively. 

Among other factors governing the CTE of poly- 
meric composites, moisture has a certain effect upon 
~L and ~x as pointed out by Ishikawa et al. [1]. Hygro- 
scopically stabilized CTE values, therefore, should be 
employed here. Some precautions are required at 

experimental verification in order to avoid the hygro- 
scopic effect. 

+ (U4 - U,)/2U3 (15) 
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Figure 3 Detailed experimental results of longitudinal 
CTE's of the UD lamina quoted from references [1] (il,) 
and [1 I]. 

3.2. In te rsec t ion  of  z e r o - C T E  c o n d i t i o n  at 
va r ious  t empera tu res  

On the basis of the temperature dependent data of the 
six properties, a calculation of  Equation 16 is con- 
ducted for some levels of  temperature. Three tempera- 
tures, 123, 300 and 423 K, are chosen and the values 
of the six properties are given in Table I. Three values 
of eL are assigned correspondingly to the scatter indi- 
cated in Fig. 3. 

Fig. 4 depicts the results based on the middle line. 
Note that only the right-hand half of  the feasible 
region of  the lamination parameters explained in Fig. 
2 is indicated for simplicity. It is clearly shown that 
segments of the parabola obtained by Equation 16 
cross each other almost at one point, (~], ~2)= 
(0.337, 0.406). Although the results at other tempera- 
ture levels are not indicated here, they fall between the 
plotted curves and meet almost at one point in the 
4~-42 plane. This fact demonstrates that the laminate 
with an intersectional combination of  41 and 42 will 
exhibit an approximately null CTE in one direction in 
the wide range of temperatures. 

As stated earlier, an angle-ply laminate with 00 = 
42 ° does not expand only around room temperature. 
This property is easily understood through Fig. 4. The 
intersection point of  the parabola of  42 = 4~ and the 
CTE free curve at 300 K corresponds to the above- 
mentioned angle-ply material. At higher or lower tern- 
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~1~ 
Figure 4 CTE free curves in the feasible region of the lamination 
parameters based on the middle scatter of the data of c~ L. 
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peratures, this material system will expand to some 
extent. It  is also important that the intersectional set 
of 41 and 42 in Fig. 4 provides much higher in-plane 
stiffness than the angle-ply laminate with 00 = 42 °. 

It should be noted that a similar conclusion is 
derived based on the longitudinal CTE data expressed 
by the highest line. Moreover, the fibre volume frac- 
tion denoted by Vr also seriously affects the present 
technique because the six basic material properties are 
susceptible to Vf. 

3.2. A lamina te  c o n s t r u c t i o n  fo r  t he  spec i f i ed  
l am ina t i on  parameters  

A determination of a laminate construction for the 
specified set of the lamination parameters is an inverse 
problem of the procedures of Equation 7. Although a 
general consideration like the recent work of one of 
the authors (HF) [12] is possible, it seems to be outside 
the content of  the present paper. If  the construction is 
confined to symmetric laminates of  (0 °, + 0), this 
inverse problem is easily solved. Let us denote ratios 
of 0 ° and + 0 layers to a total thickness by ~ and ~/, 
respectively. Thus, we have 

+ I/ = I (17) 

The problem is interpreted as the determination of 
or t/, and 0 to obtain a specified set of  (41, 4z). From 

o 

3 
o 3  

+0 
0 ~ 

- 0  
........... OO 

+0 
0 o 

- 0  
0 o 

+0 
- 0  

+0 
0 o 

-0  
0 o 

+0 
0 o 

- 0  
0 o 

+0 

0 = 48 ° 

Figure 5 An example of a symmetric laminate construction for a set 
of lamination parameters (0.337, 0.406). 
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a consideration of Equation 7, we have the following 
equations 

+ 1/cos 20 = ~j 

+ I/cos220 = 42 (18) 

The simultaneous Equations 17 and 18 are manipu- 
lated into 

c o s  20 = ( 4 1 -  4 2 ) / (  l - ~ 1 )  

r/ = (1 - 4,)/(1 - cos 20) (19) 

The first equation of Equation 19 gives 0 and then r/ 
or ~ is obtained. From a practical point of  view, the 
values of t /o r  ~ are not arbitrary because the number 
of thicknesses of commercially supplied prepreg is 
limited. Hence, some adjustments of Equation 19 are 
always required and thick laminates are advantageous 
for precise tailoring. 

An example of  the laminate construction which 
gives a set of (41, ~2) = (0.337, 0.406) corresponding 

to the intersection in Fig. 4 is shown in Fig. 5. It 
should be noted that the value of t /or  ~ determines the 
quantity of the layers but does not provide any infor- 
mation about lamination sequence. Therefore, the 
sequence in Fig. 5 is determined based on some prac- 
tical experience within the restriction of symmetry. As 
stated earlier, the lamination angle, 0, is dependent 
upon the fibre volume fraction. 

3.3. Resul ts  for  high m o d u l u s  g r a p h i t e - e p o x y  
Fig. 4 only gives the results for high strength graphite- 
epoxy composites. In common spacecraft structures, 
high modulus graphite-epoxy composites are more 
widely employed. Hence, it is worthwhile examining 
the solution of  the present technique for this material 
system. The basic properties of the unidirectional 
high-modulus graphite-epoxy composites are shown 
in Fig. 6. Behaviour of C~L distinct from that of  the 
high-strength graphite-epoxy composite can be clearly 
seen. Fig. 7 depicts the segments of the null CTE 
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Figure 7 CTE free curves in the feasible region of the 
lamination parameters for high-modulus graphite-epoxy 
material. 
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parabolae at four temperatures. They cross each other 
almost on the edge of  the feasible region which corre- 
sponds to an angle-ply laminate with an angle of  
44.4 ° . This result implies that the present technique 
does not provide a practical material system for the 
high-modulus graphite-epoxy composites because such 
an angle-ply laminate has quite low axial stiffness 
coefficient. 

3.4. A l l o w a n c e  for  very  smal l  CTE 
The present technique can be easily expanded to the 
case where a very small CTE is allowed in one direction. 
A parabola for the specified CTE, a~, is determined 
from Equation 15 and the six material properties at a 
level of temperature. If  we set an allowance of a CTE 
within _+ as, we have a feasible region of lamination 
parameters bounded by two parabolae. By repeating 
this procedure for many temperatures, we can obtain 
a meeting of  the regions which the CTE is limited to 
a small value within a~. The result based on a~ = 
1 x 10-v°C -1 and the material properties for the 
middle scatter in Table I is shown in Fig. 8. A central 
lenticular region represents the solution and inclined 

lines denote iso-axiat-stiffness conditions. Thus, we 
can find the set of  the lamination parameters of  the 
highest axial stiffness within the allowance of  a small 
CTE. 

4. Results of experimental  verif ication 
in a higher temperature  range 

Some preliminary measurements of  the CTE in one 
principal direction are conducted for the tailored lami- 
nate. Due to the inhomogeneity and the finite width of 
the specimens, a certain influence of the edge effect 
may be inevitable. Hence, the larger ratio of the width 
to the thickness is strongly recommended, or thin 
tubes may be ideal. In the present experiments, plate 
specimens of 25 mm in width and 1 mm i n  thickness 
are used. A laminate construction indicated in Fig. 5 
is adopted here. The fibre angle 0 is determined to 
46.4 ° based upon an average fibre volume fraction of  
the specimens of  60%. The length of specimens is 
50 mm corresponding to a conventional thermal exten- 
someter using standard quartz pieces. 

Seven specimens are tested and the detailed results 
of  pieces 1 and 7 for a temperature increment of 5 ° C 
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Figure 9 Examples of near-zero CTE data measured by a thermal extensometer. 
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T A B L E  I Six independent material properties of unidirectional 
graphite-epoxy lamina at 123,300 and 423 K 

123 K 300 K 423 K 

E L (GPa) 137 135 133 
Er (GPa) 20 11 2 
GLT (GPa) 10 5.5 0.5 
v L 0.29 0.3 0.35 
~ (°C 1) 1.9 3.2 4.1 
~L ( ° C - l )  - 0 . 5  -0 .01  0.33 
Highest ( X 10 -6 ) 
~L (° C - t )  - 0.75 - 0.26 0.08 
Middle ( > 10 -6 ) 
~L(°C I) --1.01 --0.52 --0.18 
Lowest ( × 10 -6 ) 

are shown in Fig. 9. The data fall around the zero CTE 
although slight deviations are found. Simple averages 
ofe are values of minus eighth order of 10 as indicated. 
Scatters of the results among seven specimens are 
trivial. Such results demonstrate that an initial attempt 
of the present technique is fairly successful at least in 
a range of temperature higher than room temperature. 
Verifications in the lower range of temperature will be 
conducted in the quite near future. 

5. Concluding remarks 
A lamination tailoring technique for the control of a 
CTE in one principal direction is proposed. This 
technique consists of two theoretical concepts; the 
thermoelastic invariants and the lamination par- 
ameters. The CTE free condition yields to a parabola 
in the feasible region of the lamination parameters. 
The segments of the parabola calculated for a wide 
range of temperature intersect almost at a point. A 
laminate with the construction corresponding to this 
point provides an approximately zero CTE in one 
direction in this temperature range. This technique is 
easily expanded to the optimization procedure under 

the restriction of a small allowance of the CTE. 
Experimental verifications demonstrate that the present 
scheme is practically possible. If graphiteyepoxy tubes 
tailored so as to suppress the CTE are adopted for the 
structure of the space station, its thermal deformation 
will vanish almost completely. 
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