Viscoelastic Characterization of a Glass - epoxy Composite
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The aim of the present work is to investigate the effect of different stress levels on the creep and recovery
behaviour of polymer-matrix composites. Four hours creep followed by two hours recovery tests were
performed to woven GFRP specimens at five different stress levels corresponding to five different percentages
of ulfimate static strength. Since the behaviour was linear viscoelastic, a four element viscoelastic model
was applied. In addition, the viscoelastic behaviour observed was correlated with the degree of damage
generated due fo creep and its variation with the applied stress levels.
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Glass fibers reinforced polymer composites [1, 2] are
widely used in aeronautical applications and due to the
polymer matrix, they exhibit significant viscoelastic
behaviour. As a result, it is advisable to consider time
dependent degradation of composite materials when
dealing with engineering designs.

The time-dependent change in the dimensions of a
polymer when subjected to a constant stress is called
creep. As a result of this phenomenon the modulus of a
polymer is not a constant, but provided its variation is
known then the creep behaviour of polymers can be
allowed for using accurate and well established design
procedures.

For most traditional materials, the objective of the design
method is to determine stress values which will not cause
fracture. However, for polymers it is more likely that
excessive deformation will be the limiting factor in the
selection of working stresses, [3-12].

The mechanism of creep is not completely understood
but some aspects can be explained based on structural
considerations. For example, in a glassy polymer a
particular polymer chain is restricted from changing its
position as a result of attractions and repulsions of adjacent
chains. Itis generally considered that for a chain to change
its position it must overcome an energy barrier and the
probability of it achieving the necessary energy is improved
when a stress is applied.

If the stress is removed, either partially or entirely, the
strain decreases or “recovers” as a function of time, in other
words, there is a delayed recovery. Polymers also have the
ability to recover when the applied stress is removed and
to a first approximation this can often be considered as a
reversal of creep. The amount of the time-dependent
recoverable strain during recovery is generally a very small
part of the time-dependent creep strain for metals, whereas
for polymers it may be a large portion of the time-
dependent creep strain which occurred. Some polymers
may exhibit full recovery if sufficient time is allowed for
recovery. The strain recovery is also called delayed
elasticity.

Stresses can be applied in both the linear and nonlinear
viscoelastic regions. Data obtained in the linear viscoelastic
region can be treated by the Boltzmann Superposition
Principle; one of the simplest and most powerful principles
of polymer physics. Creep recovery tests, which directly
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follow the creep test, also give insight into the processing
behaviour of polymer melts. Recovery tests following
simple-extension creep tests were used in the past in many
cases for the study of validity of the superposition principle.

Creep recovery tests have been underutilized by the
polymer processing industry. This is very unfortunate
because these tests can produce material functions that
are fast, accurate, precise and relevant to polymer
processing. Creep stresses can be applied within the elastic
limit and above the elastic limit to determine yield stress
of polymer melts more accurately than any other
rheological test.

If a cross-linked polymer is subjected to a loading cycle
composed by a creep deformation up to a time t , where
an equilibrium compliance is established, followed by a
recovery deformation curve, follows a mirror image of the
creep curve and no permanent flow phenomena appear.
If the creep curve did not attain a steady state, the recovery
curve will be derived from the subtraction of the
corresponding values taken from the extended creep curve
attimest and t + t where t is the recovery time and t
the final time of creep loading.

When the stress is removed a continuously decreasing
strain follows an initial elastic recovery. If the stress is too
high, then the strain that does not disappear after removal
of the stress is called the inelastic strain or plastic strain.
Plastic strain is defined as time independent although some
time dependent strain is often observed to accompany
plastic strain.

In the present study, creep and recovery behaviour of
glass-epoxy composite reinforced with glass fibers are
investigated, (4 h creep followed by 2 hours recovery tests
were performed to specimens at five different stress levels
corresponding to five different percentages of ultimate
strength). It was found that the variation of the reduced
creep modulus of the materials considered with applied
load follows an exponential decay law.

Since the observed viscoelastic behaviour was linear, a
four-element viscoelastic model was used for the
description of the viscoelastic behaviour and the variation
of all the four elements with applied load gave a better
insight into the observed behaviour.

A polymeric matrix composite can develop time -
dependent damage such as debonding at the fiber-matrix
interface or permanent set, which can reflect on the
intrinsic creep resistance of the composite.



Table 1
MECHANICAL PROPERTIES OF GRP-SHEETS

Flexural strength 340 MPa
Flexural Modulus 22 GPa

Tensile strength 240 MPa
Density 2.0 g/lem’

In the present investigation, the observed viscoelastic
behaviour was correlated with the degree of damage and
its variation with applied load. It was found that damage
rapidly increases with the increase of the applied load
reaching a plateau where saturation of micro-damage is
attained.

Experimental part
Materials

The material tested was a glass-fiber polymer matrix
composite, supplied in the form plates (fig. 1). The GRP-
plate was 2 mm in thickness having 40 layers of glass fabric
80gsm with a layer thickness of 0.05 mm in a 0°/90° fiber
orientation. Fiber volume fraction was 60%. The main
mechanical properties of GRP-sheets are presented in table
1.

Fig. 1. Glass-fiber plate

Creep tests

Creep tests were performed in an arm lever creep test
machine that has a ratio of load capacity ranging from 1:1
up to 5:1. Strain measurements were obtained using an
LVDT displacement transducer of RDP Electronic Ltd. An
A/D converter of National instruments Co was used to
acquire the measurements while the treatment of signals
was performed with LabView v.6.0 commercial software
package.
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Fig. 2. Creep and recovery curves at four different stress levels
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Creep tests (4 h creep followed by a 2 h recovery time)
were performed on specimen’s with dimensions 130mm
. 10mm . 2mm, at five different stress levels; namely 27.2,
30.6, 34, 37.4, and 40.8 MPa, corresponding to 8§, 9, 10, 11
and 12 % of the static strength, respectively.

Results and discussions

The results presented herein represent average values
from at least three specimens. Figure 2, shows a family of
creep-recovery curves at five different stress levels. It can
be seen that strains are increasing with the increase of
applied load, as expected.

Next, based on the creep curves shown in figure 2, five
different isochronous curves, corresponding to five
different creep times are plotted in figure 3.
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Fig. 3. Construction of isochronous curves from creep curves

From this figure, it is observed, that all isochronous
curves are linear, meaning that the material behaves in a
linear viscoelastic manner. Creep modulus is calculated
from the inclination of the isochronous curves, and its
variation with creep time is shown in figure 4. As expected,
a general decrease of the modulus with time was found.
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Fig. 4. Creep Modulus variation with time
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Creep Damage:

The observed modulus decrease implies the gradual
development of structural damage in the material and a
measure of this damage is the damage factor, D(t), defined
as:

D()=1-2

0

where E(t) is the creep modulus at time t and E is the
creep modulus at t = 0.
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Fig. 5. Variation of the damage factor with creep time

The compound of the intrinsic damage is the influence
of extrinsic damage, which refers to the matrix cracks that
develop in the weaker laminae in a multidirectional
laminate. A weaker lamina in a multidirectional laminate
would fail when its load carrying limit is exceeded, but the
failure would be constrained to this weaker lamina by the
outlying stronger laminae, thus preventing the crack from
spanning the entire laminate. These constrained cracks in
the weaker laminae in a given lay-up are denoted as matrix
cracks, since they are observed in the matrix running
parallel to the reinforcing fibers. This damage can develop
with time, since the weak laminae continue to share the
applied stress even after fracturing due to the constraint of
the strong laminae preventing the laminate from the total
separation [11].

Figure 5 shows the variation of the damage factor with
time. From this figure it is clear that the damage factor
increases with time at a decreasing rate. More precisely,
at the initial stages of application of the constant load the
highest amount of intrinsic damage develops within the
material and this is reflected through an almost abrupt
increase in the damage factor. In the sequence, damage
factor increases with time at a decreasing rate up to a time
where damage saturation is attained and no further
increase in the damage factor is observed.

The Equilibrium Recoverable Compliance (ERC)

On removing the load at the end of a test, the polymeric
material can recover most if not all the strain, provided it
has not yielded, but the recovery process takes time.
Recovery can be rapid and complete under short-term
creep, but is over delayed and may not realize completion
under long-term creep or high-stress creep (or both).

Experimental recovery data can be expressed using two
concepts; fractional recovery strain, FRS = strain recovered
/ maximum preceding creep strain, i.e. unity represents
complete recovery; and reduced time, t, = recovery time
/ preceding creep time, i.e. unity means equal creep and
recovery times.
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A measure of elasticity that can be obtained from a
creep-recovery experiment is the Equilibrium Recoverable
Compliance (ERC), Jer. When all reversible deformation
is recovered, the ERC can be calculated as:

Jer — (80 — & (t))

(9

where ¢_represents the strain at final time of creep loading
ande represents the strain at the recovery time. The lower
is the ERC, the higher will be the elasticity.
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Fig. 6. Variation of the Equilibrium Recoverable Compliance (ERC)
at the time of unloading, t = tr , with applied load

Equilibrium Recoverable Compliance

The variation of (ERC) as measured at the time of
unloading t, with applied load is shown in figure 6. From
this figure a general decrease of ERC with the applied load
is observed. This is due to the fact that as the applied load
is increased, the abrupt jump of the strain exhibited upon
unloading, which represents the elastic part of the
viscoelastic behaviour of the material, is increased.

Modelling

To describe the viscoelastic response of a material, a
constitutive model is required [13, 14]. There is a variety
of equations that have been used to model the viscoelastic
behaviour of polymeric materials. A simple model, known
as the Burgers or four-element model consists of a Maxwell
and a Kelvin model in series, as shown in figure 7. The
model can be applied under the condition of linear
viscoelastic behaviour. The characteristic equations for the
prediction of creep behaviour are given below.

Burgers or Four Element model

The Burgers model is shown in figure 7a where a
Maxwell and a Kelvin model are connected in series. The
constitutive equation for a Burgers model can be derived
by considering the strain response under constant stress
of each of the elements coupled in series as shown in figure
7a.

The total strain at time t will be the sum of the strain in
the three elements, where the spring and dashpot in the
Maxwell model are considered as two elements:

£=¢,+€, +¢,, m
Where € , is the strain of the spring:

g = E s (2)
1
€, is the strain in the dashpot:
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Fig. 7. Behaviour of a Burgers Model
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and &, is the strain in the Kelvin unit:

* R, o
g +—& =— )
n, n,

Equations 1-4 contain five unknowns ¢, o, €, €, €,
where ¢ and o are external variables and €, e €, “are
internal variables. In principle, €, €,, €,can be 'eliminated
from these four equations to yleid a constltutlve equation
between ¢ and € for the Burgers model with the following
result:

n, n, nn, ** ° nn, *
G+ 42 0+—c=nls+ € ()
R R R, RR, R,

The creep behaviour of the Burgers model under
constant stress ¢_can be obtained from (5) by solving this
second order differential equation with two initial

conditions:
. _5 e _
s—s,——Rl,sz—83~0,t—0 (6)
S _Gy , 0y
=040 t=0
Il1 Il2 (7)

The creep behaviour may be found to be as follows and
as illustrated in figure 7b:

Ryt t
= 0 n =90, 900 _o 7|, 90
S(t) nlt+Rz[1 e J R1+R2[1 e J+nlt (8)
where 6 _ is the initially applied stress and T =n, /R, is the
retardation time taken to produce 63.2% or (1-eh *of the
total deformation in the Kelvin unit.

The creep characteristics of Burgers model as described
by relation 83) can be depicted as follows. The first term is
constant and describes the instantaneous elastic
deformation; the second one is delayed elasticity of the
Kelvin unit and dominant in the earliest stage of creep, but
soon goes to a saturation value close to t /R,; the viscous
flow then increases nearly linearly in the third term after a
long enough period of loading.
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Differentiating (8) yields the creep rate € of the Burgers
model:

. Ryt ;1
G G, (o} o
g=20,20am =20 90, 1 ©)

Ill n, Il] n2

Thus the creep rate starts at t = 0* with a finite value:

é(O*):(i+ijcoztana, (10)

n,.

(fig. 7b) and approaches asymptotically to the value:

8(00):&=tan[3, (1)

n,

It may also be observed from figure 7b, that

ﬁ:% and E—%. Thus in theory the material

2
constants R, R,, n, and n,may be determined from a creep
experiment by measuring o, B, OA and AA' as in figure

If the stress o is removed at time t, the recover
behaviour of the B’urgers model can be obtamed from (8 g
and the superposition principle by considering that at t =
t,a constant stress 6=—c_is added. According to the
superposmon principle the recovery strain e(t).t>t, is
the sum of these two independent actions:

Sy

_Ryt
D01 % 40 e
R, n R,
G s o Ry (-t
- =2 (-t + =% 1-e ™ -t
R, n R,

or p . Ryt _Ryt
S(t) = ﬁotl + R—O(e "2 )e n, , (12)

n, 2

e(t) =

Recovery is also illustrated in figure 7b. The recovery
has an instantaneous elastic recovery followed by creep
recovery at a decreasing rate, as shown in (12). The second
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term of (12) decreases toward zero for large times, while
the first term represents a permanent strain due to viscous
flow of n,. Thus the recovery approaches asymptotically

=% e
to 1© () =—"1 as approaches infinite.
1

Calculation of constants

Ry, Ry, ny xouny parameters are calculated as it is
described below:

Constant R,: The spring element constant, R, for the
Maxwell model may be obtamed from the instantaneous
strain, €,. Thus, R, = =% where ©, = applied stress,

sl OA
and € = instantaneous strain, (fig. 7).

Variation of R, versus applled load is shown in figure 8.
Asmall increase of R, with applied load is observed until it
reaches a saturated level and then it remains almost
constant. The observed increase reflects a small stiffness
increase with applied load.
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Fig. 8. Variation of R, with applied load / strength(%)

Constant n,: The dashpot constant, n,, for the Maxwell
element is obtamed from equation (3) as it is described
in figure 7.

Variation of n, versus applied load is shown in figure 9.
First, for lower values of applied load, n increases until it
reaches its maximum value and then decreases with

applied load. Since s(oo) =—=tanB,and a high variation

of the applied load does not exists, an initial decrease in

( ) followed by a subsequent increase will appear. This
fall starts exactly at 6 = 10% o, a value at which all the
three parameters; namely R , R and n, attain a constant
value (figs. 8, 10 and 11)

Constant R The spring constant, R,, for the Kelvin -
Voigt element is obtained from the equatlon R, AG_,

'

Variation of R, versus applied load is shown in figure 10.
As it is clear, R, is decreasing constantly with the applied
load.

Constant n,; The dashpot constant, n,, for the Kelvin -
Voigt element’ may be determined by selectmg a time and
corresponding strain from the creep curve in a region
where the retarded elasticity dominates (i.e., the knee of
the curve in fig. 7) and substituting into equation (9). Itis
calculated from equation (9) for a point in the curve.

Variation of n, versus applied load is shown in figure 11
and it is decreasmg continuously with the increase of
applied load.

Results showed that both R, and n, were considerably
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decreased with increasing load, showing high stress
dependency. This indicated the fact that the materials with
high bulk modulus deformed very small under low stress,
which showed the Kelvin unit behaved with extremely high
modulus and very difficult viscous flow. With increasing
stress, the orientation movement of amorphous chains
including elastic deformation and viscous flow became
exaggerate, resulting in areduced R, and n,. The consistent
change of R, and n, with stress led to a nearly constant
retardation time, 1 for each specimen (t =400s).
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Comparison befween predicted values and experimental
results

Having thus determined the constants for the model,
the strain may be predicted at any selected time or stress
level assuming that these are within the linear viscoelastic
region where the model is applicable.

Figures 12-16 show experimental and predicted creep
curves for all the stress levels applied (8,9, 10, 11 and 12 %
of maximum strength). It is clear that there is a fair
agreement between experimental and predicted values
from the application of four parameter model.
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Fig. 12. Comparison between experimental and predicted values
from the application of the parameter model at 8% of ultimate
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Conclusions

In the present work the effect of creep and recovery
behaviour of a polymer-matrix composite was investigated.
For this purpose, 4 h creep followed by 2 h recovery tests
were performed to specimens for five different stress levels,
(8,9, 10, 11 and 12 % of the static ultimate strength).

The variation of the reduced creep modulus of the
material considered with the different applied stress levels
follows an exponential decay law.

In order to better understand such a behaviour, a four
parameter viscoelastic model was applied and the variation
of all the four parameters with the five different applied
stress levels gave a better insight into the observed
behavior.

A very good agreement between experimental and
analytical results for all stress levels was observed, testifying
that we are in the linear viscoelastic region and that the
experimental procedure was almost perfect.

A general decrease of the Equilibrium Recoverable
Compliance, ERC, with the applied load is observed. This
is due to the fact that as the applied load is increased, the
abrupt jump of the strain exhibited upon unloading, which
represents the elastic part of the viscoelastic behaviour of
the material, is increased.

In addition, the viscoelastic behaviour observed was
correlated with the value of the degree of damage and its
variation with the applied stresses.
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It was found that damage increases rapidly with applied
stress reaching a plateau where saturation of micro-
damage is attained.

Results showed that both R, and n, were considerably
decreased with increasing load, showing high stress
dependency. The consistent change of R, and n, with stress
led to a nearly constant retardation time, T for each
specimen (T = 400s).
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