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Abstract

In the present paper a computer pro-
gramme has been developed which simulates
the creep behaviour of continuous carbon
fibre reinforced composites and by using
a repetative procedure finds the most
appropriate combination of spring-dashpots
elements for describing this behaviour.
The programme is also capable to find the
retardation as well as the relaxation
spectrum of the material under investiga-
tion. The method is illustrated by appli-
cation to experimental data on a [+45]s
continuous carbon fibre reinforced Polya-
mide composite.

l. Introduction

Advanced engineering thermoplastic
composites employing carbon fibre reinfor-
cement form the basis for many contempora-
ry engineering structural designs, especi-
ally designs related to aerospace applica-
tions such as rocket motor cases, military
and commercial aircraft, space vehicles
and other as well as, designs related to
automobile components and pressure vessels.

The carbon fibre reinforced compounds
also offer a reduced coefficient of thermal
increased

expansion, lower mold shrinkage,

thermal conductivity, increased tensile

strength, improved creep resistance, supe-
rior wear resistance, outstanding toughriess
and high strength-to-weight ratios. Appart
from these attractive properties, FRPs
offer improved resistance to fatigue fai-
lure, improved corrosion resistance, while

their properties can be "tailored" to meet
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the desired properties for a specific
design application.

These structural composites are often
subjected to sustained loads at ambient
and higher temperatures and hence for long
-time design situations it is important to
understand their creep behaviour. Polymeric
matrices of these materials impart a visco-
elastic type of behaviour to the composite.

The viscoelasticity of polymeric com-
posites is often described by models consi-
sting of springs and dashpots connected in
series and/or in parallel. The elasticity
is represented by the springs, the viscosi-
ty by the dashpots. In this way, an arbi-
trary, stress-strain-time relation can be
represented by increasing the number of
spring-dashpots elements. Although it is
possible to simulate the viscoelastic beha-
viour of polymeric composites by various
combinations of spring and dashpots, the
number and complexity of these combinations
is usually too great. The least amount of
complexity is introduced if the material
is linearly viscoelastic which implies
that, at any instant, the magnitude of a
time-dependent response is directly pro-
pertional to the magnitude of the applied
time-dependent input. Often this concept
is discarded in favour of using a simple
model, but with the assumption that the
retardation or relaxation time is not the
same for all parts of the material. There
is a spread, or distribution, of relaxation
times which can be measured and which can
sometimes be associated with physical
effects in the material such as stretching
or rotation of primary bonds and displace-
ment or entanglement of molecular chains.



Also,
taken of the time-dependent variables to

Laplace transformation can be

obtain an associated elasticity probiem
in the transformed variables the solution
of which when transformed back to the real
time variables, gives the desired results.
However, this technique includes several
difficulties suéh as, the basic necessity
of having to solve the associated elasti-
city problem, as well as, the manner in
which the viscoelastic stress-strain law
is to be introduced into the associated
problem.

That viscoelastic properties are impo-
rtant for carbon-fibre polymeric composi-
tes has been previously demonstrated and

1-9

reported Also, creep behaviour of

other reinforced plastics has been studied
; 10-16

in .

The class of materials investigated
in this paper are [+45]s carbon fibre
laminates with a time-dependent polvyamide
matrix.

2. Background

If we consider n Voigt elements con-
nected in series plus an equilibrium spring
then we have the so called '"Generalized
Voigt Model".

Figure 1. If we now consider this model

This model is shown in

subjected to a constant stress test (Creer),
then the total strain £ is equal to the
sum of strains developed on the individual

elements.
That is:
n
€ = e_ + X, (1)
e =11
where:
€, = GO/ES (2)

—t/Ti

€ oo/Ei(l—e ) (3}

i
e; is the strain developed on each indivi-
dual Voigt element and T the retardation

time given by:

T = ni/Ei Y
Combining equatins (1) (2) and (3),

the total strain 1s obtained:
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n
{(1/EiJ+;:jl—e’t/Ti)/Ei} o, (5)

1=1

e(t) =

Thus, one can associate or postulate
a function of the form:

E, = Ei(nj) = Ei(Tj) (6)

that becomes continuous as the number of
elements increase without bound. A conve-
nient form is found to be:

1/Ei = L(ri) Air/ti (7)

where Ait is the ith increament in retarda-

g
3 !
E, )
i; i3
;0‘.

The Generalized Voigt Model

tion time.

Fig. 1

Assuming an infinite array of Voigt
elements {(i.e. n—= and Ait‘-—>0),equa—

tion (5) becomes:

[e)s]
e(t)={(1/Es+j"L(r)(1—e‘t/T)/T dT} o, (8)
0

in which L(t) is known as the "Retardation
Thus,
termine an infinite number of experimental

Spectrum". instead of having to de-

constants Ei and ni, the problem has been



traded for one of determining a suitable
function L(T). In the present case, the

assumed form for L(T) is:

L(t) = c (1 /0)" e To/T (9)
so that upon substitution into (8), there
results

s(t)=[(1/E )+ SC(TO/T)ne_T°/T(l—e-t/T)
: -t late, (10

The result of the above integration

is:
D -D
e g
elt) =[D = ———=—_ ]O (11)
€ (14 (¢/x)P 7 °
and
D, - D

L(t) = g (TO/T)n e"H /T (12)

I'(n)

where To depends on the temperature of the
experiment.

In all the above relations the follo
wing definitions must be considered:

T, = is the overall retardation time
of the model which can be deter
mined through a repetative com
puter procedure which minimize
the sum of differences between
experimental values and theore
tical predictions.

c = is a constant which can be deter
mined from the boundary conditi
ons of the problem.

n = is a parameter which can be de-
termined from the slope of the
strain-time curve through the
transition region between ¢glassy
and rubbery behaviour.

I'(n)= is the Gamma functiocn.

D. , D = are the Creep Compliances in the
glassy and rubbery phase respec
tively.

3. Experimental

Specimens of rectangular shape cut
from the Carbon-Polyamide (C/PA) plates.
were used for the tests. The specimens
were 24.7 mm in width and 1.65 mm in thick
ness. The length of the specimens was ta-
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ken long enough to assure a uniform tensile
field along the gauge area of the specimen.
Tensile tests in creep were carried out at

various steps of temperature (i.e. 80° 90°,
100°, 1109 1207 1309 14®, 150° 160°nd 165

°cy,
well as,

to obtain the extension modulus as
the lateral contraction ratio.

The test equipment contained a simple
lever loading frame with dead weights for
the creep test which assured an instantane-
ous, but not hammering, loading and unloa-
ding of the specimen. The load applied was
small enough so that it did not produce
excessing deformations. Since the lateral
contraction of the specimen for this loa-
ding is insignificant it may be assumed
that, by keeping the applied load constant,
the applied stress to the specimen is inde-
pendent of time. This stress, then, was
calculated from the applied load and the
cross-sectional area in the unstretched
specimen. Strains, in both longitudinal
and transverse direction were measured as
functions of time at equal intervals in
a logarithmic scale. The time was measured
from the instant when the load was applied.
Inertia effects were avoided by not taking
reading until 15 seconds after application
of the load.

4. Results and Discussion

From what we have already presented,
and taking into account the boundary condi-
tions of the problem, it may be easily de-
rived that the creep compliance m(t) is gi

ven by the following relation.

1
Dg+(De Dg)(l )

m(t) =
(1+t/7 )"

(13)

The above relation, as well as, rela-
tion (12) are the basic relations for the
present application.

A characteristic curve showing the va-
riation of m(t) with time is shown in Fig.
2. In the same Figure, the technique appli-
ed for the determination of the exponent
n = tand, is also shown.

The same variation for different tempe
3-5.

ratures is shown in Figs. From these
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Fig.5 Variation of m(t) with time for
T = 165°C.

tigures it becomes clear that there is a
very good agreement between experimental
resuits and theoretical predictions. Also,
with increasing temperature, a steeper
transition from lower to higher values is
observed.

The variation of the viscoelastic be-
haviour with temperature is better shown
in Figs. 6-7 where the retardation spectra
L(t) as derived from the computer program-
me are plotted as a function of time for

various temperatures.
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Fig.6 Variation of retardation spectra
as derived from the computer pro-
gramme as a function of time for
various temperatures in the range
80-120°C.
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Fig.7 Variation of retardation spectra as
derived from the computer program-
me as a function of time for vari-
ous temperatures in the range 130
to 165°C.

In the temperature range 80-120°C, an

increase in temperature is accompanied by

a shift of the respective spectra to higher
values, while the time corresponding to
the peak-value of the spectral function L
remains almost unchanged (see fig.6). This
means that in this temperature range, the
relation between the elastic and viscous
component of the material remains unaffe-
cted. The same conclusion may be derived
from Fig.8 where the characteristic re-
tardation times are plotted against tempe
rature. From this Figure, it may be obser-
ved that in the range 80° - 120°C the cha-
racteristic time remains almost constant,
while for higher temperatures, 130 -
165°C, an increase of 1T is observed which

i.e.

is reflected to a simultaneous shift to
higher values and to the right of the res-
pective spectra, as shown in Fig.7.
Finally, the variation of the exten-
sion modulus as it was calculated during
the creep experiments of the C/PA materi-
als, is shown in Fig. 9. As it was expect
ed, a decreasing variation of E with temp

erature is observed.

-3
P
=

-
=
=4

°

~
=3
P=
q

Characteristic Retardation Time (sec)

00

50 80 Jdoo 0 o 169 180 208
Temperature °¢

Variation of the characteristic re-
tardation time as a function of
temperature.

L\

Fig.8

40

e

Young’s Modulus ( gpa)
~
b

60 80 100 120 150 15¢ 180
Temperature O¢

Variation of the extension modulus
with temperature.

Fig.9

5. Conclusions

In the present paper, a theoretical
viscoelastic model based on a computer pro-
gramme which simulates the creep behaviour
of continuous fibre-reinforced polymers
has been developed. A carbon-polyamide
[145]S laminate was chosen to illustrate
the application of the method. A good agre
ement between experimental results and the
oretical predictions is observed. Also,the
method may be applied for the derivation
of the retardation spéctra of the material
under investigation.
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