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The thermal expansion behaviour of several fibre-reinforced PEEK composites is assessed. It is
shown that thermal expansion behaviour is consistent, and changes in a predictable manner
with changes in fibre type. Using a composite manufactured such that no interfacial bonding
took place, it is demonstrated that compressive forces caused by differential thermal
contraction of fibre and matrix are sufficiently large to dominate behaviour in a direction
parallel to the fibres. This suggests that PEEK composites should be resistant to changes in
thermal expansion behaviour with repeated thermal cycling, and such resistance is
demonstrated for AS4/PEEK (APC-2/AS4). It is shown that conventional models for
predicting laminate response from unidirectional composite properties are valid for such
materials, but it is also shown that the common analytical models for calculating transverse
fibre behaviour from composite properties are inaccurate.

1. Introduction

The thermal expansion behaviour of continuous-fibre-
reinforced polymeric composite materials was extens-
ively characterized in the late 1960s and early 1970s.
Those studies focused exclusively on the first genera-
tion of brittle matrix materials. Today there is a new
generation of thermoplastic matrix composites which
have dramatically different characteristics in respect of
toughness, and may be expected to be subtly different
in their thermal expansion behaviour. For example,
the designed strong interface and inherent resistance
to microcracking in some of these materials may
improve the resistance to thermal cycling-induced
changes in properties. Tough thermoplastics such as
poly-aryl-ether-ether-ketone (PEEK) are typically re-
inforced with carbon or graphite fibres, which have a
negative coefficient of thermal expansion (CTE) along
their length. Hence we have a polymeric phase, which
has a high, positive CTE, and a stiff reinforcement
which exert forces in opposite directions as the tem-
perature changes.

Calculation of CTE values for unidirectionally re-
inforced materials is difficult due to the fact that the
expansion behaviour of the fibres is always inferred
from composite properties: hence we can never obtain
an independent assessment. Measurement of behavi-
our in such materials is also difficult because of the
small dimensional changes involved, requiring the
use of highly specialized and relatively uncommon
apparatus.

The data presented here are the results of combined
projects at the University of Salford and at ICI

0022-2461/91 $03.00 + .12 © 1991 Chapman and Hall Ltd.

Wilton. Work at the University of Salford was concen-
trated on the measurement of behaviour parallel to
the fibre direction in unidirectional samples over the
temperature range 83393 K: ICI work addressed the
behaviour of unidirectional composites in directions
away from that of the reinforcement, and also the
response of cross-plied laminates.

2. Theory

The linear coefficient of thermal expansion (CTE) of a
fibre reinforced composite is controlled by the behavi-
our of the individual constituents. Parallel to the
reinforcement direction in a unidirectional composite,
it is the fibre which dominates behaviour due to the
stiffness differential between fibre and matrix. The
behaviour of materials in this direction can be model-
led using a simple stiffness-modified rule of mixtures
equation of the form [1]
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where a is the CTE, E is Young’s modulus, V is the
volume fraction, m denotes matrix, f denotes fibre, and
11 denotes the direction parallel to the fibres. Equa-
tion 1 was obtained for isotropic constituents having
equal Poisson’s ratios. Schapery [2] showed that the
relationship also gives a good approximation of ther-
mal expansion when the Poisson’s ratios of the consti-
tuents differ.

Behaviour transverse to the fibre direction is more
difficult to predict from basic constituent per-
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formance, a factor which is usually attributed to
changes in phase geometry and distribution in the
radial direction. Chamberlain [3] produced a rather
complex relationship based on consideration of each
fibre as being surrounded by matrix in the form of a
thick-walled cylinder

2(&2 - me) Vf

C

oy =

I; = E;1Gy(0 — ay)(vas — vyy) ©

and 8 is the interply angle. Further, there is likely to be
a slight variation in coefficients of thermal expan-
sion transverse to the fibres in the in-plane and out-
of-plane directions due to changes in fibre/resin dis-

I TN F — V) +(F 1 V) + (Ea/Ep(

where F represents the packing fraction of the fibres,
equal to 0.9609 for hexagonal close packing, and
0.7854 for square packing, and v is Poisson’s ratio. In
a rather neater analysis, Shapery [2] obtained, for an
upper bound value, the relationship

a; = (I + vV

+ (U + ve)oe Ve — o (Ve Ve + v Vi) (3)

in which the behaviour of the composite parallel to the
fibres is also included. The Schapery relationship is
applicable to the case of isotropic components in an
orthotropic composite, though other workers have
argued that the expression is not self-consistent and
requires the addition of a second fibre term to allow
extension to fibre anisotropy thus [4]

af = (1 + Vi) %y Va0 Vs + a3 Vi, Wy
— ol (Ve Ve + Vi Vi) “)

which was shown to give accurate results for Kevlar/
epoxy composites. The relationships above give
reasonable approximations for the behaviour of uni-
directional materials in the principal orientation dir-
ections. The CTE at any angle 8 to the fibre direction
in a unidirectional composite has been shown by
Pirgon et al. [5] to be given by

op = afcos?f + ofsin?0 (5)

which has been verified by a number of workers [6].

Calculation of the behaviour of bidirectional lamin-
ates of the form (+ 0) is rather more complex, re-
quiring the use of classical laminate theory. For a full
exposition the reader is referred to Ashton et al.
[7]. The calculations included in this report were
carried out using the ICI laminate analysis program
“COMLAN”. .

Through-thickness coefficients of thermal expan-
sion are also briefly assessed in this study, because this
is_ the one thermal expansion parameter which is
almost universally ignored in similar work. The com-
mon perception that through-thickness CTE is the
same for all laminates made using the same material is
actually seriously flawed: this should be far from the
case, because the assumption of similarity fails to take
into account the Poisson’s effect of the in-plane strains
in each ply. It is possible to develop an expression for
the through-thickness CTE which allows for the in-
plane strains thus [§]

I, sin220
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where I,
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tribution. In most composite materials there is a thin
resin-rich layer between neighbouring plies, which is
necessary for interply bonding. The change in behavi-
our induced by this inhomogeneity is typically smaller
than that due to laminate restraints described above,
but the effect is nonetheless measurable in thermo-
plastic composites.

3. Materials

A number of continuous-fibre-reinforced thermo-
plastic composites were manufactured by ICI using a
proprietary impregnation process. In all cases the
matrix used was poly(aryl-ether-cther-ketone) (PEEK),
and the fibre types examined are shown in Table 1.
Three of the fibres are carbon, derived from poly-
acrylonitrile (PAN): Hercules AS4, a similar experi-
mental fibre and Hercules IM7. The AS4 and IM7
reinforced materials are commercially available com-
posites, designated APC-2/AS4 and APC-2/IM7, re-
spectively. The AS4 and experimental fibres are
essentially identical, but the experimental type can be
used to produce a composite in which no interfacial
bonding is present. Types P75 and P100 are graphitic
fibres produced by Amoco using a different precursor,
mesophase pitch. Such fibres are significantly stiffer
than the PAN types, but are extremely brittle. Finally,
S-2 glass fibres are far less stiff than the graphite or
carbon, and possess a positive CTE.

In each case standard processing conditions [9]
were followed to allow production of 3 mm thick
unidirectional samples and 2 mm thick angle-ply lam-
inates for examination. Specimens approximately
3 mm wide and 15 mm long were cut from the centre
of each laminate and prepared for testing. In the case
of materials tested at Salford University this involved
grinding the end faces of each rod to a slight dome
shape, whilst the ICI-tested specimens were ground to
ensure that the end-faces were parallel. Through-
thickness CTE measurements were carried out on the
laminates described above, using samples 2 and 3 mm
thick.

TABLE I Composite reinforcements

Fibre type Fibre tensile Fibre volume
modulus fraction (%)
(GPa)

$2-Glass 76 62

Hercules AS4 234 62

Experimental 234 62

Hercules IM7 303 62

Thornel P75 524 55

Thornel P100 724 45




4. Experimental details
The absolute values of linear coefficient of thermal
expansion parallel to the fibre direction in carbon
fibre-reinforced composites of the types examined is
extremely low, and in consequence, sensitive methods
are required for their accurate determination. In this
study a Fizeau interferometer at the University of
Salford was used for measurements in this direction.
The principal benefits of this method are two-fold;
firstly, it provides a direct measurement of the linear
CTE of the material under examination without re-
course to a comparative standard, and is therefore free
from the problems of calibration; and secondly very
small changes in dimension (of the order of 3 nm, [5])
can be resolved.

The apparatus used in this part of the work has
been described in detail elsewhere [10], and hence
only brief details are given here. Two separate Fizeau
interferometers were employed, covering the temper-
ature ranges 83-296 K and 296-393 K, respectively.
The equipment consists of an optical system with
associated support structure of temperature mon-
itoring and control, and vacuum equipment. In each
case three of the columnar samples previously de-
scribed were placed in position in a supporting ring,
and used to separate the two optical flats of an
interferometer such that a relative inclination between
the flats of around 107> rad was produced. Fizeau
fringes were thus produced in the wedge by the inter-
ference of light rays reflected from the aluminized
upper surface of the bottom flat and the lower surface
-of the top flat. Collimated monochromatic light from a
helium neon laser was used as the light source, and
low-pressure helium was bled through the equipment
during measurement. In all cases, low-temperature
runs were carried out prior to heating above room
temperature, and at least 45 min was allowed for the
apparatus and specimens to stabilize at each temper-
ature before readings were taken. To determine speci-
men expansion, the fringe position relative to a tem-
perature invariant reference mark was determined,
and therefore any change in specimen length could be
determined. A schematic representation of the equip-
ment is shown in Fig. 1.

Determination of CTE for directions away from
that parallel to the fibres was carried out on a Perkin—
Elmer TMA push-rod dilatometer apparatus using a

Gas inlet

Heating/ cooling chamber |7]

Semi-silvered mirror

Prism /

He/Ne laser
Upper optical flat \ D
Window
Lower optical flat Specimens B Closed circuit
TV camera
Figure 1 Schematic illustration of the laser interferometric

measuring equipment.

heating rate of 5°C min~'. Sample cooling was car-
ried out by means of liquid nitrogen, and data were
gathered over the total range 223-573 K. Owing to the
fact that the dilatometric apparatus relies on transient
heating, it is difficult to quote precise accuracy limits
on the equipment. However, the absolute resolution of
the dilatometer is approximately 0.5 um, and hence for
measurements transverse to the fibre direction in com-
posites examined in this study an accuracy of + 2.5%
is assumed in all cases.

A number of unidirectional specimens was ther-
mally cycled over the range 113-393 K by Composite
Optics Inc., San Diego, in order to test the effects of
thermal fatigue on the material. Sets of AS4/PEEK
composite were subject to 10 and 100 cycles over this
range.

5. Results

For ease of analysis the coefficients of thermal ex-
pansion of the samples tested are shown in Tables
II-V; in order to facilitate discussion of the results,
primary data are presented in Figs 2-7.

5.1. Unidirectional samples

The change in linear coefficient of thermal expansion
of composites measured in the direction parallel to the
fibres are shown in Figs 2-7: although best fit poly-
nomials to the raw data were calculated, these are not
plotted. The form of the curves is quite complex, and it
was found that a single polynomial expressions could
not be found which expressed relationships between
thermal expansion coefficient and temperature ad-
equately for the carbon fibre-reinforced samples.
However, best fit expressions between the temperature
limits 80 and 300 K are noted under each curve.
Figs 2-6 represent the behaviour of PEEK composites
reinforced with graphitic fibres, whilst Fig. 7 shows the
change in CTE of glass/PEEK with temperature. The
expansion of the graphite fibre-reinforced materials is
largely similar and self-consistent, with increasing
fibre modulus leading generally to decreasing CTE
values. In all cases except that for the glass-reinforced
material the curves follow a characteristic U-shape,
with the data from each successive experimental run
being coincident. However, note that in all cases the
first excursion to high temperature (i.e. above 370 K)
resulted in a slightly lower CTE value than succeeding
experiments. This effect was found to be more pro-
nounced in off-axis measurements, and will be dis-
cussed more completely later. Unlike graphitic fibres,
glass fibres have a positive CTE, and therefore the
behaviour of their composites may be expected to
differ significantly from PAN-based or pitch-based
carbon fibre-reinforced materials.

Values of CTE for each sample at 296 K were
calculated by fitting polynomials to the raw data and
solving to find an instantaneous result; data are shown
in Table II. The values shown can only be approxi-
mate due to the degree of scatter; upper and lower
95% confidence limits on the data are also shown.

Using the push-rod dilatometric equipment at ICI
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Figure 2 Change in linear CTE parallel to the fibre direction, AS4/PEEK. Best fit curve, 80-300 K: o = (3.15 x 107° 72~ 0.0132T + 1.3921)
x 1079 K ~!. Low-temperature runs: ((J) 1, (A) 2, (O) 3, (x) 4, (M) 5; high-temperature runs: (A) 1, (@) 2.
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Figure 3 Change in linear CTE parallel to the fibre direction, IM7/PEEK. Best fit curve, 80-300 K: o = (2.837° T2 — 0.01217 + 0.935)
x 1076 K ™1, For key, see Fig. 2.

Wilton, a number of unidirectional composites were ~ AS4/PEEK laminate at 90° to the fibre direction. The
examined in directions away from that of the  absolute value of CTE undergoes little change until
reinforcement. A typical CTE/temperature plot is  the glass transition of the polymer is approached,
shown in Fig. 8, which illustrates the behaviour of an ~ which suggests that the influence of the reinforcement
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Figure 5 Change in linear CTE parallel to the fibre direction, P100/PEEK. Best fit curve, 80-300 K: o = (291 x 1075 72— 0.01343T
+ 0.481) x 1076 K~ L. Low-temperature runs: (1) 1, (A) 2, (O) 3, (*) 4; high-temperature runs: (B) 1, (A) 2.

is less in such laminates. Interestingly, an identical
sample examined using the interferometric method
displayed a large reduction in CTE on its first high-
temperature excursion, as may be seen in Fig. 9.

Because this effect was absent in all of the dilatometer-
examined specimens, the phenomenon has been at-
tributed to an artifact of the test method. In the case of
the interferometric results, each sample was held at
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high temperatures for several hours during thermal
stabilization; holding at temperatures just below the
T, results in the process of free-volume annealing,
where the free volume associated with ends of mole-
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cules in the polymer is reduced. This has been shown
to cause matrix densification and therefore apparent
shrinkage [117]. Prolonged high-temperature soaking
of material in the dilatometric apparatus reproduced



TABLE II CTE parallel to the fibre direction at 296 K, calculated
from best-fit curves through data. 95% confidence limits shown in

the effect, which serves to underline one of the primary
differences between the two techniques: commercial

parentheses dilatometry relies on non-equilibriated thermal fields
Reinforcement Linear CTE (x 10 K1) during measurement, whilst the interferometric re-
at 296 K search tool allows true equilibcium to occur.
$2.Glass 418(+ 0.136, — 0.190) A summary of the Qﬂ"-a)qs measurements for each of
Hercules AS4 0.24( + 0.090, — 0.078) the composites examined is shown in Tables III and
Experimental 0.24( + 0.094, — 0.097) 1V: the predictability of behaviour is such that graphi-
Hercules IM7 —0.17(+0.148, —0.177) cal presentation of raw data is unnecessary.
Thornel P75 —1.01( 4+ 0.146, — 0.167)
Thornel P100 —094(+0.162, —0.119)
Hercules AS4, 10 thermal cycles 0.27(+ 0.110, — 0.064)
Hercules AS4, 100 thermal cycles  0.25( + 0.089, — 0.100) 5.2. Angle-ply samples
A series of laminates of the form [+ 6],5 were pro-
duced using AS4/PEEK composite in order to test
that classical laminate theory may be used to predict
the thermal expansion behaviour of the material. In all
cases the coefficient of thermal expansion showed a
—~ 50 ' slight increase over the temperature range examined,
L .. within the limits of accuracy of the push-rod dilato-
A 404 . metric equipment. A summary of the instantancous
< data collected at 296 K is shown in Table V.
g o * * 0 - * *
230— ..,....-’
g
£ 20+
s TABLE III CTE transverse to the fibre direction at 296 K
< 10+
E Reinforcement Linear CTE (x 107K ™1
% at 296 K
§ 0 _'L ] | { ] 1
5 200 250 300 350 400 450  S2-Glass 19.50
Temperature (K) Hercules AS4 30.19
. L L Hercules IM7 30.10
Figure 8 Change in linear CTE ot 90° to the fibre direction, Thornel P75 30.60
AS4/PEEK. :
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Figure 9 Variation with temperature of linear CTE at 90° to the fibre direction due to free volume annealing, AS4/PEEK. Best fit curve,
80-300 K: o = (— 1.41 x 107° T2 + 0.01727 + 0.317) x 10~ *K !, Low-temperature runs: ((1) 1, (A) 2; high-temperature runs: (O) 1, () 2,

() 3.
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TABLE IV Measured change in linear CTE with relative fibre orientation, AS4/PEEK

Angle relative to fibre orientation (deg)

10 20 30 40 50 80 90
Linear CTE
(x 107 K"1)
at 296 K 135 3.00 715 13.43 16.03 30.40 30.19

TABLE V Change in linear CTE with relative fibre orientation, two-directional laminates; AS4/PEEK

Included angle between plies (deg)

0 20 40 80 100 120 160
CTE

(x1076 K™Y

at 296K 0.24 —082 —242 - 227 0.73 5.36 9.77 27.26

5.3. Through-thickness experiments
Owing to the small size of many of the samples used in
this series of tests the data collected were found to be

subject to significant scatter. Within the limits of

accuracy of the experiment an increase of approxi-
mately 10%-15% was observed in [+ 40/ — 40] 4
laminates over unidirectional material.
measurements were carried out on two laminates,
unidirectional and [— 45/45/0/90]s¢ quasi-isotropic.
This allowed for an assessment of both the change in
behaviour caused by small differences in fibre/resin
distribution through the thickness of a laminate, and
that due to in-plane restraint effects. A summary of
results for these laminates is presented in Table VI.

In order that the data produced from the series of
experiments described above can be interpreted, it is
necessary to examine them both in relation to each
other and in comparison with theoretical models of
behaviour. In all cases composite behaviour was con-
sistent, and logical comparison of different material
types is possible. For the case of AS4/PEEK com-
posite, a body of data was produced which allowed
comparison of experiment and theory, and this is
discussed in the next section.

6. Discussion

It is most convenient to break the discussion into two
discrete sections, one covering measurements carried
out parailel to the fibre direction, and a second
considering the performance of laminates in other
directions.

6.1. Measurements parallel to the fibre
direction

The behaviour of graphite fibre-reinforced composites
shown in Figs 2-6 illustrates the constraining effect
that negative CTE reinforcements have upon a posi-
tive CTE matrix. In all cases the basic shape of the
curve is similar: at low temperatures the response of
the fibres is predominant, with increasing temperature
resulting in a reduction in the absolute value of CTE.
As the temperature rises above approximately 200 K
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TABLE VI Change in through-thickness thermal expansion be-
haviour with laminate type

Sample Through-thickness
Linear CTE (x 1076 K™Y)
at 296 K

Unidirectional 32.13

(Unidirectional, in plane) (30.19)

[+ 40/ — 40] ¢ 35.32

[— 45/45/0/90] 55 42.57

the thermal expansion of the composite begins to
increase, suggesting that the matrix is beginning to
affect more significantly the response of the material.
The composite CTE continues to increase as the
temperature approaches 7T, for the polymer (416 K),
although measurement ceased before this point was
reached. The results of an earlier study [11] showed
that beyond T, the composite CTE falls and becomes
negative as the resin softens, and therefore is less able
to restrain fibre shrinkage; however, interpretation of
results above the glass transition temperature of the
polymer is difficult, because it is possible that the
material is then affected by the mass of the experi-
mental apparatus.

Figs 2-5 show the behaviour of composites contain-
ing reinforcing fibres of increasing stiffness: it is appar-
ent that in moving from AS4 to P100 composite the
CTE becomes increasingly negative, with IM7 fibres
producing an expansion coefficient which hovers
around zero. The response of the two pitch-fibre-
reinforced composites is at all times negative (Figs 4
and 5) and very similar, due to the differing fibre
contents: that of P75/PEEK was 55% by volume,
whilst that of the P100/PEEK was 45%.

Using Equation 1 it is possible to estimate the linear
coefficients of thermal expansion of the fibres them-
selves, and these are presented in Table VII: the values
shown are in reasonable agreement with those in the
manufacturer’s data sheets, though the AS4 value is
possibly a little low. This allows us to plot the change
in fibre CTE with axial stiffness as shown in Fig. 10.
The implication of the relationship shown is that
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significant increases in fibre modulus above 724 GPa
will have little effect upon CTE of the fibre, reflecting
the purity of the graphitic structure in Thornel P100
fibre.

The behaviour of a composite in which no fibre/
matrix bonding exists is shown in Fig. 6. The experi-
mental fibre used in this material is essentially identi-
cal to AS4 in mechanical properties, but is treated
such that no interfacial bonding occurs. The result
shown in Fig. 6 is rather surprising, in that it is
identical to that for the AS4/PEEK composite shown
in Fig. 2. The implication of this result is that the
thermal expansion behaviour of a unidirectional car-
bon-fibre composite parallel to the reinforcement does
not depend solely upon interfacial bonding, but may
be controlled simply by the shrinkage stresses and
interfacial friction forces which are inherent in the
material. The magnitude of normal pressure on fibres
produced by thermal effects in carbon fibre/thermo-
plastic composites has been examined by Di Landro
[13]. For a single cylindrical inclusion in a body of
material, the normal stresses generated during cooling
are given by the relation

(o — A)ATE,,
(I + vy) + (1 = ve) (En/Ey)

where the superscript t denotes transverse fibre prop-
erties and AT is the temperature difference from the
‘stress free’ temperature.

Using the properties in Tables I, VIII and IX, we
may deduce a normal pressure of the order of 10 MPa.
This is smaller than the values quoted for polyether-
sulphone and polyetherimide in [13], due to the rather
low value for transverse CTE of fibres quoted in that

(10)

TABLE VII Calculated fibre CTE at 296 K

Reinforcement Calculated
linear CTE (x 107 K™Y
at 296 K

S-Glass 315

Hercules AS4 —-0.22

Experimental fibre —-022

Hercules IM7 —0.46

Thornet P75 —1.21

Thornel P100 - 122

TABLE VIII Calculated fibre transverse CTE at 296 K

Reinforcement Calculated

linear CTE (x 107K~ 1) at 296 K

Chamberlain [2] Shapery [3]

Square packing Hexagonal

model packing

model

S-Glass 14.0 10.0 16.8
Hercules AS4 26.6 24.1 36.3
Hercules IM7 26.0 234 38.7
Thornel P75 253 214 40.7

TABLE IX PEEK mechanical properties at 296-353 K

E Vis CTE {17]
(GNm~2) (x10"S K1)
38 04 47-55
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work. However, surface roughness of carbon fibres is
such that this is likely to result in efficient pinning of
fibres [13], and hence prevent changes in CTE of
bonded and unbonded fibre composites. Note that
this does not automatically imply that high 7, com-
posites will have high resistance to thermal expansion
hysteresis, because shear stresses set up at the fibre—
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matrix interface may work against the compressive
forces.

Although the low-hysteresis result may not follow
for multidirectional laminates in which interply
stresses will exist, it does indicate that AS4/PEEK
composites with a well-bonded interface are likely to
be highly resistant to the effects of repeated thermal



cycling. In order to test this assertion a number of
AS4/PEEK samples were cycled repeatedly over the
temperature range 113-393 K by Composite Optics
Inc., San Diego. The interferometrically determined
CTE response of specimens cycled 10 and 100 times is
shown in Figs 11 and 12. Comparison with the behavi-
our of virgin material in Fig. 2 reveals that within the
limits of accuracy of the experiment the behaviour is
invariant. This is a powerful result and parallels early
work done on similar developmental materials, which
showed the composite to be hysteresis-free in thermal
expansion behaviour between 296 and 373 K [14]. It
is intended that a similar study will be carried out
using cross-plied laminates, in order to assess the
effects of internal residual macroscopic stress on ther-
mal expansion hysteresis.

6.2. Measurements away from the fibre
direction
6.2.1. Unidirectional laminates
In order to allow for a complete characterization
of the materials involved in this study which are
commercially available, measurements were taken at
angles away from the primary reinforcement, as de-
scribed above. Laminate behaviour was in all cases
smooth and reproducible, with little change in CTE
with temperature being noted: numerical data are
presented in Tables I1T and 1V. Measurements carried
out at 90° to the fibre direction allow calculation of
apparent CTE values for the fibres in the transverse
direction; the results calculated using Equations 2 and
3 are presented in Table VIII. Using Equation 2 due to
Chamberlain, reasonable agreement with the results of
other workers has been achieved, but note that the
results calculated using the Shapery and Chamberlain
relationships differ by between 50% and 100%, de-
pending upon initial assumptions. Because these rela-
tionships are those usually used for back-calculation
of fibre transverse CTE, it is impossible to ascertain
which is “correct”; one would usually expect to ob-
serve better agreement, and one possible conclusion is
that one of the data required for the calculations is in
error. However, it is interesting to note that both of
the approaches give values for the transverse coeffi-
cient of thermal expansion of glass fibres which are
significantly greater than those calculated parallel to
the reinforcement direction (Tables VII and IX). Be-
cause glass fibres are usually assumed to be isotropic
in terms of their mechanical and thermal properties,
the implication is that the analyses are inaccurate.
This observation is confirmed in part by the work of
Sheaffer [15], who carried out direct measurements of
transverse fibre behaviour by means of laser diffrac-
tion, and observed coefficients of thermal expansion
for Hercules PAN fibre approximately 50% smaller
than those calculated here. Because this discrepancy is
typical for other carbon fibre-reinforced composites, it
is clear that this is an area worthy of further study.
The results shown in Table VI for comparative
properties of unidirectional laminates in-plane and
out-of-plane indicate that within the level of accuracy
of the apparatus an increase in expansion of the

laminate through the thickness can be detected. This
small change (less than 10%) is due to a variation in
fibre-resin distribution through the thickness of the
laminate. During fabrication, neighbouring plies of
composite do not interpenetrate, but rather form sep-
arate layers bounded by thin (typically 3 pm) regions
of pure resin. The value of CTE measured in the range
293-303 K is close to that predicted for an uncon-
strained hybrid material consisting of thin layers of
PEEXK and layers of reinforced polymer with slightly
raised fibre content.

Using the results in Table III and the data gener-
ated for laminate behaviour in the fibre direction, it is
possible to predict the response of a unidirectional
laminate at any angle to the fibres using Equation 5.
The upper curves in Figs 13-15 show the predicted
response of the AS4, IM7 and glass-reinforced PEEK
composites involved in this study. Fig. 13 also includes
the experimental data generated for off-axis behaviour
of the AS4/PEEK. Good agreement is achieved be-
tween experiment and theory. Based on this observa-
tion, it is reasonable to assume that glass and IM7
composites will also exhibit good agreement with
theory.

-5 Points denote actual data

10 20 30 40 50 60 70 80 90
Ply angle, 8

Linear coefficient of thermal expansion (108K

Figure 13 Linear CTE of AS4/PEEK laminates at 296 K (predicted
and measured).
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Figure 14 Linear laminates at 296 K
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6.2.2. Bidirectional laminates

Using classical laminate theory the thermal expansion
behaviour of multidirectional composite laminates
can be predicted given mechanical property data and
the thermal expansion coefficients of unidirectional
laminates. The predicted behaviour of bidirectional
laminates in the direction bisecting the angle between
the fibres is shown in the lower curves in Figs 13-15.

The response shown is characteristic of angle ply
laminates, where the combination of two plies with
positive CTE in both directions may result in a nega-
tive CTE in a laminate with small angular ply separa-
tion. This result is due to the fact that the fibres are
essentially inextensible, and the large CTE which re-
sults in such a laminate in the Y-direction forces a
reduction in length in the X-direction. It is important
to note that the laminate behaviour is dependent upon
the CTE values of unidirectional material, and upon
the mechanical properties of the composite: hence the
CTE of a multidirectional specimen is likely to change
with temperature. This is a fact often missed when
“zero CTE” laminates are produced, and it is import-
ant to specify the temperature range over which this
“zero CTE” occurs.

The expansion behaviour of AS4/PEEK laminates
of the form [ 4+ 6],5 was examined in order to test that
the theoretical predictions of behaviour were accurate.
In all cases the response was consistent and repro-
ducible, with a small increase in absolute value with
increasing temperature in most cases; properties at
296 K are shown in Table V. These data are compared
with the predicted values for this material in Fig. 13,
and once again excellent agreement is apparent. It is
likely that most of the other thermoplastic laminates
studied in this work will also behave in a similar
manner, and hence detailed experimental examination
of their behaviour is probably unnecessary. This asser-
tion does not hold for PEEK composites produced
using Thornel P75 and P100 fibre, because such ma-
terials are likely to exhibit transverse microcracking
when the included angle between the plies approaches
90° [16], and further study would be required to
explore fully the magnitude of any effects.
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The through thickness behaviour of off-axis lamin-
ates summarized in Table VI indicates that multi-
directional composite laminates have a coefficient of
thermal expansion greater than that of unidirectional
composite. Using Equation 6 it is possible to show
that the through thickness CTE of a [ + 40]
AS4/PEEK laminate should be approximately 38
x107®K~! at room temperature, which compares
reasonably with the measured property. This meas-
urement was carried out on a laminate with a thick-
ness of only 1 mm, which is inherently unsatisfactory
given the small magnitude of the dimensional changes
involved. The only thicker non-unidirectional lamina-
tes available at the time of this study were quasi-
isotropic of the form [ — 45/45/0/907]5s, and in conse-
quence Equation 6 cannot strictly apply. However, the
expression will provide a lower bound for the
through-thickness CTE value, which for AS4/PEEK
can be shown to be 38.7 x 107® K~ ! at room temper-
ature; hence the value for the thick quasi-isotropic
laminate quoted in Table VI appears reasonable. This
section of the study is incomplete, and further work is
required to elucidate fully the behaviour of these
materials in the through-thickness direction.

7. Conclusions
From the results presented in this study the following
conclusions may be drawn.

1. The thermal expansion behaviour of unidirec-
tionally reinforced PEEK composites is heavily de-
pendent upon that of the fibres.

2. Calculated values of fibre CTE based on the
performance of unidirectional PEEK laminates are in
satisfactory agreement with data form other workers.

3. In the case of graphitic (carbon or pitch) fibre,
increasing fibre modulus results in increasingly nega-
tive CTE for the composite.

4. Parallel to the fibre direction, AS4/PEEK has a
positive, near-zero CTE in the temperature range
83-393 K: IM7-reinforced material displays negative
CTE in the centre of this range. '

5. Pitch fibre/PEEK composites display negative
CTE parallel to the fibre direction in the temperature
range 83-393 K.

6. The behaviour of glass-reinforced PEEK differs
significantly from that of polymer with graphitic re-
inforcement, and is positive at all times over the
temperature range examined.

7. The shrinkage stresses which are set up during
production of AS4/PEEK composite are sufficiently
large to overcome the interfacial shear stresses due to
the difference in coeflicient of thermal expansion of
fibre and matrix.

8. The predicted CTE behaviour of both unidirec-
tional and multidirectional AS4/PEEK composites
shows good agreement with experimental data: it is
expected that glass- and IM7-reinforced material will
also behave as predicted.

9. The models of Shapery and Chamberlain, com-
monly used for the calculation of fibre behaviour from
composite performance, are significantly in error.
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