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Due their various applications the fabric reinforced polymer composites are subject of a large number of
researches especially for aero- and automotive industry. Regarding the last domain there are huge interests
in designing and forming composites with controllable strengthens for car bodies able to protect both the
driver and passengers inside and pedestrians in case of unfortunate events. In this regard, based on previous
studies developed at the Research and Development Centre for Thermoset Matrix Composites, our proposal
is to design the bending behaviour of a fabric reinforced materials by means of changing the bending
strength of the polymer matrix using a solvent. 1-Methyl, 2- pyrrolidinone is a well-known polymer solvent
that had been used in previous studies as vector to transfer various organic agents into epoxy resins. During
those studies it had been noticed that the presence of above mentioned solvent is changing the bending
behaviour of polymer samples and induces some properties that are belonging to memory-shape materials.
The present study is related to mechanical analysis of a multi-layered material (fabric layers) immersed into
an epoxy resin having a graded bending strength.
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The current industrial orientation toward sustainable
development and environment protection leads to an
increase in using of alternative sources of energy especially
for automotive industry starting with motorization and
ending with car bodies. If the motorization is no longer a
problem the car bodies are still representing a challenge
because they have to fit two general classes of
requirements: on one hand the auto vehicles have to be
light enough to ensure a suitable ratio between the engine
power and the car weight and, on the other hand
requirements regarding safety of driver, passengers and
pedestrians. Of course, in the case of electric auto vehicles,
there are some issues regarding the autonomy i.e. issues
regarding batteries recharging but it seems that is solvable
by using photovoltaic elements integrated into car bodies.
During the last two decades the use of composites was
spreading over almost all the industrial applications starting
with aero-spatial and ending with sports especially due
the fact that their properties are designable from the matrix
and immersed elements properties and ending with
forming technique. Of course composite elements involves
some disadvantages such as difficult (or impossible)
reparation and hard neutralization after the life period
(waste management for environment protection) but these
disadvantages are compensated by major advantages as
reduced specific weight, higher strengthens and, of course
the fact that a composite part do not need special
technologic interventions after formation.
The present study was determined by a research project
presented at the Sicomp Conference 2015, Composites in
Automotive Applications , regarding composites with
controllable strength for car bodies applications.
Since the main activity of Research and Development
Centre for Thermoset Matrix Composites of Dunãrea de
Jos University is to design, to form and to test composites,
during last decade many research subjects had been
purposed especially as doctoral studies and a few as
research projects this is why the idea of designing a

material with controllable strength was challenging enough
to start a research based on the experience of fabric
reinforced composites and diluted epoxy resins. The main
principle is to form a material with epoxy matrix and fibre
fabric reinforcement but providing the matrix with a
gradient of strength.
The functional graded composites are not a new subject
since they were studied for past decades but generally
these materials are regarded as graded at structural level
and are seen as applicable for various purposes with a
large class of loadings – mechanical, thermal, thermomechanical, electromagnetic based on their particular
response. In this regard it is about gradation, both on surface
layers or on volume and an excellent review of obtaining
techniques and properties of such materials is presented
in [1]. Many researchers had developed various models to
study the properties of functionally graded materials
especially for polymer matrix materials [2-14]. Of course
many of these studies are punctual but some of them are
containing useful information in understanding the way
these materials are responding to various loadings in various
conditions.
As a general tendency regarding fibre reinforced
composites the use of carbon fibre might be noticed
especially because they are electrical conductors together
with their excellent mechanical properties. In this direction
the carbon fibre could be used to offer suitable information
regarding the state of the material [15-23].
The use of fabrics together with the possibility of
changing the basic properties of epoxy systems lead to an
opportunity to design the properties of a polymer matrix
composite by both alternating various types of fabrics and
modifying the properties of matrix at different levels on the
depth of the composite plate. Based on previous studies
regarding mechanical response of fabric reinforced
composites [24-27] and properties of modified epoxy
systems [28-31] the actual study is oriented toward analysis
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of mechanical properties of fabric reinforced plates with
graded polymer matrix.
Experimental part
Materials and method
The analysed materials were obtained by wet lay-up
technique with each layer of reinforcement being imbued
with pre-polymer mixture of the epoxy system and being
placed into a glass mould. Each plate of material, having
approximate dimensions of 280x210x4mm, consists of
15 layers of reinforcement made of five different types of
fabrics as it may be seen in table 1 – the orientation angle
is measured from the longest edge of the plate (mould).
All the fabrics are of simple type (simple alternation of
weft and warp tows of untwisted fibres) but the last three
layers that are made of special fabric obtained by a special
technique of spreading a 1k tow of carbon fibres (TEXtrem)
as it can be seen in table 2 and figure 1.
Priory to formation, adhesion test were performed and
the results were enough good to decide to form the plates
without a special treatment applied to the fabrics (even
this decision was wrong as it will be seen). Each fabric
was cut in pieces to fit the mould dimensions and each

piece of fabric was imbued with the pre-polymer mixture
before being placed into the mould. As matrix for materials
four epoxy systems were used, namely: Epiphen RE 4020/
DE4020 (Resoltech), Epoxy resin HT 2, Epoxy resin C and
Epoxy resin L (all the last three from R&G Faserverbundwerkstoffe GmbH). For all these resins the right
amount of 1-Methyl, 2- pyrrolidinone was mixed for 15 min
into the main component of epoxy system (the resin) and
after that the other component (hardener) was added and
the stirring was continued for another ten minutes.
Due to the way of formation the concentration of 1Methyl, 2- pyrrolidinone is graded, there is an approximate
linear variations from 0 to 20% from the first moulded
reinforcement layer to the last moulded reinforcement
layer. The presence of 1-Methyl, 2- pyrrolidinone is
introducing some special properties of epoxy resin such
as memory shape and it is modifying the mechanical
response of the material from the bending and tensile point
of view (i.e. the bending modulus and the tensile modulus
have modified values from the ones corresponding to the
epoxy systems). After formation all the plates were
thermally cured to reach the best mechanical
performances of polymers (according to polymers
producers’ recommendations).
Table 1
THE STRUCTURE OF
COMPOSITE PLATES

Table 2
FABRICS MAIN
CHARACTERISTICS

Fig. 1. Images of the five
fabrics used as
reinforcement

Fig. 2. Bending curves for
Epoxy Resin C matrix
composites (seven
samples for each loading
sense)

Fig. 3. Bending curves for
Epiphen system matrix
composites (seven
samples for each loading
sense)
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Fig. 4. Bending curves for
Epoxy Resin HT-2 matrix
composites (seven samples
for each loading sense)

Fig. 5. Bending curves
for Epoxy Resin L
matrix composites
(seven samples for
each loading sense)

Finally samples for bending and tensile tests were
extracted by high pressure water jet cutting machine were
extracted. Meantime small parts of plates were prepared
for thermal tests (thermal expansion and DSC analysis).
The tensile samples were used also (priory the tensile test)
to analyse the electromagnetic properties of materials.
Results and discussions
Firstly, in order to prove the controllable strength, bending
tests were performed according to ISO 178/2001 but loading
the samples from both faces of material (from the layer
with the lower concentration of 1-Methyl, 2- pyrrolidinone
to the layer with the higher concentration and vice versa).
The tests were performed on an Instron 8802 machine
that had been set to stop test if there is value of loading
drops more than 70% from the actual value. The results
are presented in figure 2-5 and it is easily observable that
the bending curves (force vs. displacement) are different
depending on the loading sense. The next notations had
been used in the bending graphs: 1 for the case of loading
from the layer with 0% 1-Methyl, 2- pyrrolidinone to the one
with 20% and 2 from the layer with 20% 1-Methyl, 2pyrrolidinone to the one with 0%.
Because of the machine settings no sample was broken
during the tests and the presented curves allow one
important conclusion – the hardest layer is failing first no
matter the matrix when it is directly exposed to bending

load. Analysing also the average results presented in figure
6 other conclusions are pointed out: the Epiphen system
leads to best bending response while the Epoxy Resin HT2 leads to the lowest response. For each type of matrix it is
noticeable the fact that on the 2-sense of bending there
are critical points almost on the same displacement as in
the case of 1-sense of bending the tests are automatically
stopped. In figure 6 there had been used the following
notations: C for Epoxy resin C, E for Epiphen epoxy system,
H for Epoxy resin HT-2 and L for Epoxy resin L.
Tensile tests were also performed according DIN EN
ISO 527 with rectangular samples 250x10x4mm with
25mm at each end as gripped zones and engaged length
of 200mm. The machine was also set to stop tests at any
variation (drop off) of 70% from actual value of loading. For
the tensile tests there were tested two types of samples:
first type denoted as 0 are cut out such as their length is
parallel with the warp direction of external layers, the
second type denoted as 45 are cut such as their length is
inclined at 45o reported at the warp direction of external
layers. The tensile curves (force vs. elongation) are shown
in figure 7-10. In these figures are also presented pictures
of some tested samples were are observable fractures of
external layers (with low concentration of 1-Methyl, 2pyrrolidinone) and massive debonding at the level of A61
layers meaning that the interphase is of poor quality due

Fig. 6. Bending average
curves
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the presence of 1-Methyl, 2- pyrrolidinone. In this respect
perhaps the critical points visible on the bending curves
(for the 2-sense) might be associated with massive fracture
of matrix between A61 layers and the adjacent ones. If in
the case of bonding the best response was observed for
Epiphen epoxy system, in the case of tensile tests the best
response is achieved for Epoxy resin L.
In the case of 45-type samples it is noticeable the fact
there are not appearing debondings (as in the case of 0type samples) perhaps because, in this case there are not
appearing inter-layer interactions because the loading
effort is applied mainly on the layers containing aramid
fibres. Another effect (also observable in pictures – in this
case the pictures from the right side of figures 7-10) is that
all the samples are twisted as a consequence of sharing
and torsion. The effect is not observable in the pictures
from the left side of figures 7-10.
Figure 11 shows the averaged tensile curved for tested
materials both for 0-type and 45-type samples. For the 0type samples it can be seen that the materials with matrix
of Epoxy resin C, HT-2 and L are failing almost at the same
elongation meaning that not the matrix is the one that fails
but the reinforcement all the three resins being rigid. In the
case of Epiphen epoxy system (with low rigidity) the failing

elongation is lower. It had been reported a flow of fabric
reinforced thermoset polymers and this flow is
corresponding to inclined loading i.e. for samples that are
not cut along the warp or the weft of the fabric. In this
study the 0-type samples are containing more fibres on
the loading direction (carbon fibres mainly) while the 45type samples are containing more fibres oriented at 45o
(again mainly carbon fibres) that is why in the case of 45types samples it might be noticed the flow of material
(mostly for Epoxy resin HT-2 and Epiphen RE4020/DE4020).
There is another fact that is possible to have a strong
influence in bending and tensile behaviour of studied
materials namely the forming technique. The A61 fabric is
very thin and since the forming technique impose its
impregnation with pre-polymer mixture when it is placed
into the mould, in this case above the C160 fabric, it will be
affected not only by its own waviness but also by adjacent
fabric waviness (it is not the case of contact between A61
layer and CT60 because last one has almost zero
waviness). This interpretation might explain also the
twisted aspect of 45-type samples after tests.
Regarding the bending modulus and tensile modulus
(fig. 12) it is easily observable that in the case of the bending
tests the values are closed without respect for loading

Fig. 7. Tensile
curves for Epoxy
Resin C matrix
materials (left 0o,
right 45o)

Fig. 8. Tensile
curves for Epiphen
system matrix
materials (left 0o,
right 45o)

Fig. 9. Tensile
curves for Epoxy
Resin HT-2 matrix
materials (left 0o,
right 45o)

Fig. 10. Tensile curves
for Epoxy Resin L
matrix materials (left
0o, right 45o)
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Fig. 11. Averaged tensile curves of
studied materials

Fig. 12. Bending modulus and
tensile modulus of studied
materials

sense (even if there are some differences that can be put
on measurement errors) – and this conclusion might be
taken just analysing the averaged bending curves in which
the first segments of curves are superposed. In the case of
tensile modulus in the case of 0-type samples the
parameter depends on matrix (with best response for
Epoxy resin L) while for the 45-type samples might be said
that the tensile modulus is not depending on matrix but on
reinforcement.
Conclusions
The aim of this study was to design and from a composite
material with controllable strength and it was achieved
since the bending response of formed materials depends
on the loading sense. The achievement was possible due
to the use of 1-Methyl, 2- pyrrolidinone (a well-known
solvent) that allow control over polymer strength. The
forming technique – wet lay-up – had permitted obtaining
a linear gradient of concentration for 1-Methyl, 2pyrrolidinone and, as a consequence, a graduated strength
material (from the matrix point of view).
In the case of bending tests there were not observed
debondigs but they appeared during the tensile test (for
the samples with high concentration of fibres along the
loading direction). It is possible that those debonding
appeared even during the bending tests (the critical points
on the averaged curves) but their effects are not decidable
at a visual inspection.
The forming technique might explain the twisted aspect
of tensile tested 45-type samples due to the double
waviness of A61 fabric layers (its own one and the one of
adjacent layer of C160 fabric). The flow of 45-types samples
(during tensile tests) might be explained by the massive
presence of 45o oriented fibres with respect to the loading
direction.
The bending modulus does not depend on the sense of
loading (with respect for each matrix) but the bending
behaviour of materials strongly depends on the loading
sense. The tensile modulus depends on the nature of matrix
366

(for the 0-type samples) but seems to be independent of
matrix nature and strongly depends on the reinforcement.
Electromagnetic properties of materials had been
investigated and their thermal properties are under
investigation together with absorption properties in order
to completely characterize the formed materials. Also is
necessary to form other materials – with other fabric
reinforcement structures such as to avoid debonding and
in this case special treatment should be applied to each
type of fabric prior to formation.
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