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Abstract
A viscoelastically prestressed polymeric matrix composite (VPPMC) is produced
by applying a tensile creep load to polymeric fibres, the load being released before the
fibres are moulded into a polymeric matrix. The viscoelastically recovering fibres
induce compressive stresses within the matrix, which can improve mechanical
properties by up to 50%. This study investigates the feasibility of reducing the creep
loading period for VPPMC production. By using nylon 6,6 fibres, we have
demonstrated that the previously adopted viscoelastic creep strain, requiring 330 MPa
for 24 h, can be achieved over a shorter duration, tn, using increased creep stress. Thus
tn was 92 min at 460 MPa and 37 min at 590 MPa. Subject to avoiding fibre damage
however, it may be possible to reduce tn further. From the three creep settings, elapsed
recovery strain values were similar, as were the Charpy impact test data from
corresponding VPPMC samples; i.e. there were no significant differences in impact
energy absorption, these being ~56% greater than their control (unstresssed)
counterparts.
Keywords: A. Fibres; A. Polymer-matrix composites (PMCs); B. Impact behaviour; D.
Mechanical testing; Viscoelasticity.
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1.

Introduction

Previous publications have demonstrated that viscoelastically prestressed
polymeric matrix composites (VPPMCs) provide improved mechanical performance
relative to counterparts without the prestress. These improvements are most evident for
Charpy impact toughness [1-8] and flexural moduli [8-10], in which increases of
typically 30-50% have been obtained; also tensile tests have demonstrated modest
increases in strength (≥15%) [11]. The VPPMC production process involves two
stages: (i) polymeric fibres are stretched under a constant load for a period of time so
that they undergo viscoelastic creep; (ii) the fibres are released from the load and
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subsequently moulded into a resin matrix (e.g. polyester or epoxy). The previously
strained fibres continue to attempt viscoelastic recovery after the matrix has solidified,
and this produces compressive stresses in the matrix, which are counterbalanced by
residual tension within the fibres. It has been suggested that four mechanisms, resulting
from prestress effects, may contribute towards the observed improvements in
mechanical properties [5]; i.e. (i) matrix compression impedes crack propagation from
external tensile forces; (ii) matrix compression attenuates dynamic overstress effects,
reducing probability of fibre fracture outside the immediate area of impact; (iii) residual
fibre tension causes the fibres to respond more collectively and thus more effectively to
external loads; (iv) residual shear stresses at the fibre–matrix interface regions promote
(energy absorbing) debonding over transverse fracture.
A more conventional approach to producing prestressed PMCs is to exploit elastic
recovery. Here, fibres (e.g. glass or carbon) are stretched elastically within a mould
whilst the surrounding resin matrix solidifies. The resulting elastically prestressed
PMCs (EPPMCs) can provide similar mechanical property improvements to those
offered by the VPPMC approach, in the form of laminates [12-14] and unidirectional
fibre-reinforced composites [15-19]. VPPMC methodology requires the use of
polymeric fibres with appropriate viscoelastic properties and most of the research to
date has involved nylon 6,6 fibres [1-6,9,11]. Clearly, these fibres are, in terms of
strength and stiffness, mechanically inferior to the fibres that can be used for EPPMCs,
although performance enhancement has been recently demonstrated with nylon 6,6
fibres (for prestress) commingled with Kevlar fibres [8]. Moreover, VPPMCs using
viscoelastically generated prestress from other reinforcements have been successfully
demonstrated, i.e. UHMWPE fibres [7,10] and bamboo [20].
Since the fibre stretching and moulding operations are de-coupled, the two-stage
approach used in VPPMC production offers great flexibility. A creep load can be
applied to a fibre tow with relatively simple equipment. Also, following release of the
load, the fibres can be chopped to any length and placed in any orientation within any
mould geometry that can be filled with a matrix resin. To date however, all VPPMCbased studies within our laboratory have utilised a creep loading period of 24 h [1-11].
Although this is a convenient period for research purposes, such a lengthy duration
would be less practical for VPPMC production in a commercial environment. The
purpose of this paper is to consider the first steps towards process optimisation by
significantly reducing the creep loading period for VPPMC production. As nylon 6,6 is
the most established fibre reinforcement for VPPMCs, this will be the material under
investigation.

2.

Background

Fig. 1 shows schematically, the strain-time characteristics of a polymeric creeprecovery cycle, with time-dependent components represented by functions based on the
Weibull or Kohlrausch-Williams-Watts function [21]. For creep, ctot(t) is the total
strain at time t, under an applied constant stress:
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Here, i is the instantaneous strain from initial application of the stress and the c
function is the time dependent creep strain where ηc is the characteristic life and βc is the
shape parameter. Following removal of the creep stress and the instantaneous recovery
e, the remaining recovery strain, rvis(t) is:

 rvist  
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t
 r exp        f
    r  

 

(2)

The r function is the time dependent recovery strain with ηr and βr being the Weibull
parameters analogous to Eq. (1). The (non-recoverable) strain from viscous flow is
represented by f.

Fig. 1. Schematic tensile creep-recovery strain cycle for a polymeric material.

Clearly, in order to reduce the creep time applied to polymeric fibres for VPPMC
production, the applied stress must be increased from the ‘standard’ 24 h creep stress of
~340 MPa [4-9,11] applied to nylon 6,6 fibres. Using published creep data [22], nylon
6,6 fibre has shown approximately linear viscoelastic properties up to ~50 MPa creep
stress over a period exceeding 1000 h but there is increasing deviation from linear
viscoelasticity below 100 h [21]. Thus attempting to predict the required creep stress to
achieve similar results in a much shorter time than the 24 h creep cycle may be
unreliable. Other factors to consider are whether a much higher creep stress (i)
increases the risk of failure from fibre fracture during the creep cycle and (ii) causes
unwanted changes to the fibre properties. In terms of (ii), the standard 24 h creep stress
has been demonstrated to show no adverse effects on the fibres, such as surface damage
or changes in short-term tensile test parameters [11].
By considering the above points, an empirical approach is adopted and Fig. 2
illustrates the basic principle. Eq. (1) is used to fit a curve to strain data from the
standard run at 24 h, so that after instantaneous strain i1, the time-dependent strain
value, c(24)std, can be found. Subsequent runs, performed at stress values, n, higher
than the standard run, will also provide from Eq. (1), strain values c(tn) equal to
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c(24)std, where tn < 24 h. Again, c(tn) excludes the corresponding instantaneous strain,
i2. Therefore, a value for tn which approaches the shortest practical creep time, tmin, can
be determined, consistent with other factors (no fibre damage) outlined above.
The next step is to compare measurements of recovery strain as a function of time from
a run subjected to creep up to tn, with those obtained from a standard creep run. It may
be expected that fitting the data to Eq. (2) should reveal similar parameter values from
both runs.

Fig. 2.

Reducing the fibre creep time from 24 h to tn by equalising the creep strain from a higher stress,
c(tn), with c(24)std.

The final step is to validate the effectiveness of VPPMCs produced under the tn
creep conditions. Since Charpy impact testing has been used for the majority of
investigations into the performance of nylon fibre-based VPPMCs [1-6,8], this is the
most appropriate evaluation method. Thus batches of VPPMC samples using tn can be
compared with similar batches produced under standard (24 h) creep conditions.

3.

Experimental

3.1

Fibre evaluation

In contrast with previous VPPMC studies using nylon 6,6 fibre [1-6,8,9,11], the
fibre used in this study was obtained from an industrial supplier, Ogden Fibres Ltd, UK.
Both new and old (i.e. previously studied) fibre materials were continuous untwisted
multifilament yarns of ~94 tex; however, scanning electron microscopy (SEM) was
used to compare samples of new and old yarns, in terms of fibre topography, filament
diameter and number of filaments per yarn.
To obtain long-term viscoelastic recovery and remove manufacturing-induced
residual stresses, annealing of the yarn at 150°C for 0.5 h was an essential requirement
[4,5]. Here, samples of yarn were placed, unconstrained, in a fan-assisted oven.

© 2016, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/

5

Following annealing, further examination of the new and old yarn samples was made by
SEM.
3.2

Creep-recovery experiments

Experimental procedures for creep-recovery studies have been previously reported
[2]. Briefly, a sample of yarn was annealed as described in Section 3.1. The yarn was
then attached to a simple (force-calibrated) loading rig with counterbalanced platform to
support weights for the creep cycle; however, at least 0.5 h was allowed to elapse
between completing the annealing cycle and starting the creep cycle, for the yarn to
regain its equilibrium moisture content. In situ evaluation of creep and (following load
removal) recovery strain could be made by measuring the distance between two inked
marks on the yarn (typically 300-400 mm apart). A digital cursor with a precision of
±0.01 mm was used for this purpose and all strain measurements were made under
ambient conditions of 20.0-21.5°C and 30-40% RH.
Following initial trials, three 24 h creep loads were selected for detailed
assessment, providing stress values of 330, 460 and 590 MPa. Here, 330 MPa
represented a standard creep stress and the highest value (590 MPa) was found to be
consistent with avoiding the risks of fibre damage outlined in Section 2. For
repeatability, three samples of annealed yarn were subjected to creep at each of the three
stress values and recovery strain was subsequently monitored after each 24 h creep run.
By using Eq. (1) with these results, c(24)std was determined from the 330 MPa creep
data and data from 460 MPa and 590 MPa enabled the corresponding c(tn) values to be
obtained. Eq. (1) was fitted to the creep data using commercially available software
(CurveExpert 1.4); this provided all the equation parameter values and the correlation
coefficient to indicate quality of curve fitting. Although the standard applied stress was
~340 MPa in previous work (Section 2), the slightly lower stress of 330 MPa for
c(24)std resulted from minor changes in stretching rig calibration (using the same
loading conditions) and the small difference in cross-sectional area between new and
old yarns (Section 4.1).
Two further sets of three creep runs were performed, one at 460 MPa and the
other at 590 MPa, over creep times equal to tn in each case, to compare the recovery
strain-time characteristics with those from the standard 24 h, 330 MPa creep data. Eq.
(2) was used with the software for this purpose. Since the recovery characteristics
might be expected to be similar, any significant deviation between the three data sets
may indicate differences in viscoelastic creep-recovery mechanisms.
3.3

Production of composite samples

As with previous studies involving Charpy impact testing [1-6,8], open casting of
composite samples in batches provided the simplest production method and mechanical
evaluation required VPPMC ‘test’ samples to be compared with unstressed ‘control’
counterparts. To ensure no differences between test and control samples (other than
prestress effects), each batch required the simultaneous production of test and control
samples.
To produce one batch, two lengths of yarn (designated test and control) were
simultaneously annealed as described in Section 3.1. The stretching rig (Section 3.2)
was then used to subject the test yarn to the designated creep stress (330, 460 or 590
MPa) and duration (24 h for 330 MPa or tn for 460 and 590 MPa), whilst the control
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yarn was positioned (unconstrained) in close proximity for exposure to the same
ambient conditions (20.0-21.5°C, 30-40% RH). On releasing the creep load, both yarns
were cut to appropriate lengths and brushed into flat ribbons (for fibre separation) ready
for moulding.
A clear-casting polyester resin was used for the matrix, i.e. Reichhold Polylite
32032, mixed with 2% MEKP catalyst, supplied by MB Fibreglass, UK. Room
temperature gel-time was ~20 min. Unidirectional continuous fibre composite samples
were produced by open casting from two aluminium moulds. Each mould had a 460
mm long, 10 mm wide channel, so that a strip of test and control materials could be cast
simultaneously from the same resin mix. The process was completed within 0.5 h of the
stretching operation and demoulding took place ~2 h after casting. The two composite
strips were then each cut into five equal lengths, to produce a batch of five test and five
control samples, the sample dimensions being 80 × 10 × 3.2 mm. All samples were
held under a weighted steel strip for 24 h to prevent any sample distortion from residual
stresses. Each batch of composite samples was then stored (in polyethylene bags) for
336 h (i.e. two weeks) prior to impact testing. A total of 15 batches were produced, all
with a fibre volume fraction, Vf, of ~2.0%.
3.4

Charpy impact tests

Impact testing was achieved with a Ceast Resil 25 Charpy machine using a 7.5 J
hammer at 3.8 ms-1, operating in accordance with BS EN ISO 179. In previous work
where low Vf open-cast polyester matrix composite samples have been studied, nylon
6,6 and polyethylene fibres [1-8,10] tended to settle towards the bottom of the mould
before the resin cured. Therefore, impact testing was performed by mounting the
samples with the fibre-rich side facing away from the pendulum hammer and a diagram
showing this configuration has been previously published [1-3]. In accordance with
earlier Charpy-based studies on low Vf nylon 6,6 fibre composite samples [1-5], a 24
mm span was adopted for this work.

4.

Results and discussion

4.1

Fibre evaluation

Fig. 3. SEM micrographs from the new yarn (annealed), showing test (24 h creep at 590 MPa) and control
(no creep) fibre samples, 72 h after releasing the creep load for the test sample.
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Examination of the new and old yarns in as-received and annealed forms by SEM
revealed similar fibre topography. Following annealing, there were ~140 filaments of
26.0  0.1 µm filament diameter in the new yarn, compared with ~135 filaments of 26.4
 0.1 µm filament diameter in the previously studied material. These small differences
resulted in the cross-sectional area of the new yarn being marginally greater (<1%) than
the old material, contributing to the slight reduction in applied stress for the standard
creep run (Section 3.2). Fig. 3 shows samples of test and control fibres from the new
yarn, the test fibres being previously subjected to 590 MPa creep stress for 24 h. There
appear to be no differences in fibre topography, thus it may be inferred that there is no
damage from the maximum (24 h) exposure to the highest stress value.
4.2

Fibre creep and recovery

Fig. 4(a) shows the creep strain-time data for the three loading values and the
associated curve-fits using Eq. (1). The parameter values from Eq. (1) are listed in
Table 1 and from Eq. (1), the c(24)std value (330 MPa) was found to be 3.4%. Thus for
c(tn) equal to c(24)std, the tn values from the 460 MPa and 590 MPa creep data were
found to be 92 min and 37 min respectively.
The resulting recovery data from the 24 h creep runs in Fig. 4(a) are shown in Fig.
4(b) and the corresponding parameter values from Eq. (2) are also given in Table 1.
Clearly, there is greater scatter within the recovery strain measurements in Fig. 4(b),
compared with the creep strain data of Fig. 4(a) and this can be attributed to the yarns
being held in a high state of tension for the latter case, which facilitated measurement.
Nevertheless, the recovery parameters for 24 h creep at 330 MPa in Table 1 are
comparable to those previously obtained with the old yarn material [4]. Of particular
importance is that values for f in Table 1, even from 24 h creep runs at the highest
stress (590 MPa) are less than 10-4 %, i.e. (unwanted) viscous flow effects are predicted
by Eq. (2) to be negligible.

Fig. 4. Strain-time data for (a) 24 h creep and (b) recovery at the three stress values with curve-fits from
Eq. (1) and Eq. (2).
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Table 1. Summary of the creep and recovery parameters from data in Fig. 4 using Eq. (1) and Eq. (2); r is
the correlation coefficient.

Creep strain-time data at 460 MPa and 590 MPa for the corresponding tn values
(92 min and 37 min) are shown in Fig. 5, with the resulting recovery strain data. Again,
it is encouraging to note that f is less than 10-4 % in both cases. By comparing the
recovery data from 330 MPa in Fig. 4(b) with the results in Fig. 5(b) and (d), it can be
seen that higher creep stress values applied over shorter times increase the resulting
recovery strain as a function of time.

Fig. 5. Plots of creep strain to values of tn for 460 MPa and 590 MPa, and the corresponding recovery
strain-time data, with curve-fit parameters.
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Fig. 6. Recovery curves from Figs. 4 and 5, using Eq. (2), plotted on common axes to show their offset.
The e result for each stress value was calculated by subtracting r (Table 1 and Fig. 5) from the
final creep strain value predicted by Eq. (1).

The effect is clarified by Fig. 6, which shows the curves from Eq. (2) plotted on
common axes, over a much longer timescale. As suggested in Section 3.2, the recovery
characteristics might be expected to be similar. Since the curves in Fig. 6 represent
recovery data in which viscoelastic creep strain was equalised (Fig. 2), only the elastic
strain components differed between the three creep stress levels. Although i, the elastic
strain at the onset of creep, increases with applied stress, the resulting elastic recovery
strain, e, should also increase and this is demonstrated by the calculated e values in
Fig. 6 corresponding with the i data in Table 1 and Fig. 5 to within <1% strain.
The viscoelastic response during creep and recovery can be described by the
action of sites triggered, through spring-dashpot time constants, by mechanical latches.
On a molecular level, this can be envisaged as segments of molecules jumping between
positions of relative stability [21,23]. Thus for a higher applied stress, more sites could
be triggered earlier during creep, compared with creep applied at 330 MPa over the
same timescale, and this enables tn to be reduced accordingly to achieve the same level
of viscoelastic creep strain. It is also possible that some of these sites are activated only
at higher creep stress levels (i.e. >330 MPa) and, during recovery, their time-dependent
triggering characteristics may differ in comparison with sites activated at 330 MPa. We
suggest that this effect could provide an explanation for the offset between the three
recovery curves in Fig. 6.
4.3

Charpy impact data

Data from the Charpy impact tests are summarised in Table 2 and Fig. 7. The
results show little difference in impact energy absorption, either in relative or absolute
terms. In fact, two-sided hypothesis testing has shown no difference between test
sample means for the three prestressing conditions (5% significance level). The overall
mean increase in impact energy, at ~56%, is higher than that from recent published
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work (30–40%) with nylon 6,6 fibre VPPMCs [5,6] and this may be attributed to slight
differences between the yarns (Section 4.1), polyester resin formulations and Vf.
Table 2. Charpy impact results. Five sample batches were tested for each prestressing condition (5 test
and 5 control samples in each batch); SE is the standard error.

Fig. 7. Charpy impact test results from Table 2; error bars represent the standard error.
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Fig. 8 shows typical test and control samples following impact testing. In
correspondence with the data, there appear to be no discernible differences in the
fracture characteristics between the three conditions. The greater area of fibre-matrix
debonding observed in the test samples is consistent with findings from previous studies
of VPPMCs based on nylon 6,6 fibre [1-6]. Although all four mechanisms for
mechanical property improvements cited in Section 1 may contribute towards increased
impact energy absorption in the test samples, mechanism (iv) is the main factor [6].
This mechanism, i.e. residual shear stresses at the fibre–matrix interface regions
promoting (energy absorbing) debonding over transverse fracture, explains the larger
area of debonding (hence increased energy absorption) seen in the test samples in Fig. 8.

Fig. 8. Representative test and control samples following Charpy impact testing, showing similar
debonding and fracture characteristics from the three creep conditions; note the larger area of
fibre-matrix debonding in the test samples.

Since all impact tests were performed on samples at 336 h, the results can be
compared with viscoelastic recovery strain data at the same age. From Fig. 6, the
recovery strains at 336 h are approximately 1.3%, 1.7% and 2.1% from creep at the 330
MPa, 460 MPa and 590 MPa runs respectively and these differences may be attributed
to possible changes in triggering sites (Section 4.2). Nevertheless, when these recovery
strains are subtracted from their respective εr (at t = 0) values in Table 1 and Fig. 5, the
resulting elapsed viscoelastic recovery strains (at 336 h) are approximately 1.8% (330
MPa), 2.2% (460 MPa) and 2.0% (590 MPa); i.e. they are similar. Since these strain
values can be expected to relate directly to prestress levels in the VPPMC samples at
336 h, there is concurrence with the Charpy impact test data. Previous studies into the
force output–time characteristics of viscoelastically recovering fibres [7,10,24] have
provided useful insights into fibre behaviour and future work with this technique should
facilitate a further understanding of the findings from this study.
4.4

Towards process optimisation: further considerations

As a consequence of the findings from this work, the possibility of a general
relationship between applied creep stress and tn can be considered, as shown in Fig. 9.
Although only three data points are available, Fig. 9 indicates a simple logarithmic
trend, thus it may be possible to predict the required stress for a designated tn value.
Clearly, more experimental runs would be required for the plot in Fig. 9 to provide
reliable predictions; however, the current line-fit suggests that an increase in applied
stress to, for example, 1 GPa could reduce tn to within 6 min.
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Fig. 9. Plot showing relationship between applied creep stress σ and tn.

Although the current work has demonstrated that VPPMC performance from
fibres subjected to 37 minutes of creep at 590 MPa is equivalent to 24 h at 330 MPa, it
is clear from Fig. 4 that these fibres can sustain 24 h at 590 MPa without creep-induced
fracture. Thus a longer exposure to 590 MPa may provide increased prestress
generation, thereby offering possibilities for further improvements to VPPMC
performance. This aspect will be investigated in a future study.

5.

Conclusions

This study has taken the first steps towards process optimisation by investigating
the feasibility of reducing the creep loading period for VPPMC production. By using
nylon 6,6 fibres, our main findings are:
(i)

The previously adopted viscoelastic creep strain, which requires a tensile stress of
330 MPa for 24 h, can be achieved over a shorter duration, tn, using increased
creep stress. Thus tn was 92 min at 460 MPa and 37 min at 590 MPa. Subject to
avoiding fibre damage however, it may be possible to reduce tn further.

(ii)

Although there was some offset between viscoelastic recovery strain–time curves
from the three creep settings, elapsed recovery strain values were similar. The
latter concurred with Charpy impact test data from VPPMC samples
corresponding to the three creep settings, as there were no significant differences
in impact energy absorption, these being ~56% greater than their control
(unstressed) counterparts.

Future work will focus on producing a generalised relationship between tn, creep stress
and fibre viscoelastic recovery characteristics (strain and force output).
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