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Abstract: The thermoset polymers and the thermoplastic polymers matrix composites require different
forming techniques due to the different properties of two classes of polymers. While the forming
technique for thermoset polymer matrix composites does not require the use of special equipment, the
thermoplastic polymer matrix composites imposes the rigorous control of temperature and pressure
values. Each type of polymer transfers to the composite a set of properties that may be required for a
certain application. It is difficult to design a composite with commonly brittle thermoset polymer matrix
showing properties of a viscoelastic thermoplastic polymer matrix composite. One solution may consist
in mixing a thermoset and a thermoplastic polymer getting a polymer blend that can be used as matrix
to form a composite. This study is about using PMMA solutions to obtain thermoset-thermoplastic blends
and to mechanically characterize the obtained materials. Three well known organic solvents were used
to obtain the PMMA solutions, based on a previous study concerning with the effect of solvents presence
into the epoxy structure.
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1. Introduction

The nowadays life is depending more and more on the characteristics of materials that are used to
produce high quality goods. In this regard, in automotive industry, it is well known the fact that the use
of composites leads to lowering of fossil fuels consumption along with an improvement of its efficiency
due to the simple fact that the composites are generally showing lower specific weight. The needs for
environmental protection will determine perhaps a huge spreading of composites employment in many
applications even they are more expensive than the traditional materials (wood, metal, etc.). However,
according to the economic laws, sooner or later, the price of composites will lower once the technologies
and raw materials will become cheaper.

The thermoplastic polymers are processed at relatively elevated values of the temperatures and
require special equipment with a high level of parameters control in order to obtain quality materials. In
this case the raw materials are cheaper and their waste is recyclable — as is the case of polyethylene
terephthalate but, not only. The technology — mainly injection molding — to obtain high quality materials
refers to the bulk materials and the high control of processing parameters is imposed by the need to avoid
the voids into the material volume. To form composites with thermoplastic polymer matrix is more
difficult because the presence of a structure (what will become the reinforcement of the composite)
inside the mold is increasing the need of parameters control.

On another hand, the thermoset polymers are brittle solids but their formation implies less technology
and equipment since they are resulting from chemical reactions of two liquid components (as the
simplest method). The thermoset polymer composites are also easy to be formed using the well-known
wet lay-up technique that requires only patience and attention from the manufacturer. Of course handling
of the reinforcements had been replaced by automat machines what are cutting and placing the materials
and even are ensuring the pre-polymer spraying on the surfaces of the reinforcement sheets.
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In a prior study we have developed an investigation regarding the possibility to change the basic
properties of an epoxy resin using well-known organic solvents (the ones that are used in polymer
industry) [1]. It was proven that the presence of various amounts of solvents leads to a plasticization of
the epoxy matrix reducing its brittleness but also lowering its strength. Depending on the solvent type
and solvent ratio into the matrix even very soft materials were obtained. Along the last decade many
studies are concerning with polymer blends especially the ones of a thermoset with a thermoplastic.
Often the obtained materials are showing shape memory properties. There are some references dealing
with the design of shape memory polymer materials based on the assumption that the mixture of a
thermoset polymer and of a thermoplastic polymer leads to a shape memory materials. The properties of
such materials are observable in the vicinity of glass transition point of the thermoplastic polymer [2,3].

The advances in nanotechnology and nano-science determined new approaches regarding the shape
polymer materials due to their perspectives in medical applications [4-7]. Also, the need for recycling
materials marked an important influence on the evolution of shape memory polymers since the engineers
and researches tried to promote new ways of waste valorisation. Various theoretical approaches were
presented as designing solution regarding the forming technique, the properties and final utilisation of
such materials [8-14]

Of course, one important issue is to find the way leading to the mixture between a thermoset polymer
and a thermoplastic polymer and in this regard there are some strategies proposed by various researchers
[15-19]. As per epoxy resins (as the most versatile thermoset polymers) a review regarding their use in
forming shape memory materials is provided in [20]. The use of various solvents is reported in attempts
aiming to change the propertis of epoxy resins [21-23], to ensure a higher quality bond between a
thermoplastic polymer matrix composite and a thermoset polymer matrix composite [14,24,25].

The polymer blends between a thermoplastic polymer and a thermoset polymer are seen as future
path to form nanostructures and there exist some studies regarding this approach [13,26-28]. Other
researches are oriented toward finding ways to neutralize the epoxy resins after their normal lifetime due
to some interventions that could favour special responses at various external loadings. Since the epoxies
are special for many industries increase in their production it is expected and therefore in their waste
management [29-32]. Also attention is given to other thermoset polymers [33]. Special attention is also
accorded to various interventions that are required to repair composites structures [34].

Present study was designed in order to investigate the effect on mechanical properties of an epoxy
resin when it is modified with PMMA solutions. The three solvents effect on mechanical properties of
epoxy resins, were studied before and that study represents a starting point regarding control over
epoxies brittleness and forming composite plates with graded elasticity across their thickness [35,36].

2. Materials and methods

During a previous study the effect of solvents presence inside the epoxy resins was evaluated by
mechanically analyzing samples of three different commercial epoxy resins modified with solvents. The
three solvents were 1-methyl 2-pyrrolidone, 1,4 dioxane and, N,N dimethylformamide and their
presence into the final material was of 10%(vc). One of the epoxy resins was Epiphen RE4020-DE4020
(where RE4020 is the resin and DE4020 is the hardener) which was also used for the present study. That
study revealed that the mechanical properties of the epoxy resin might be controlled by using the solvents
(namely reducing the brittleness) without changing the high adhesion of the polymer to other materials.
That is why the present study concerning with the mechanical properties of the named epoxy resin when
some quantities of PMMA solution in the three solvents are used as modifying agents is connected to
the previous study. In order to offer an image regarding the effect of PMMA solution in the Epiphen
epoxy system, three reference materials are also presented. These three materials, formed during the
previous mentioned study, represent diluted Epiphen epoxy system materials each of them being formed
by adding calculated volumes of above listed solvents. The three reference materials are denoted as ME
— Epiphen diluted with 10%(vc) 1-methyl 2-pyrrolidone, DE — Epiphen diluted with 10%(vc) 1,4
dioxane, and NE — Epiphen diluted with 10%(vc) N,N dimethylformamide.
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The primary tests regarding the PMMA solubility into the three named solvents were made under
normal conditions and the solutions were obtained at the highest achievable concentrations. The highest
concentration was obtained in the case of N,N dimethylformamide (20%) while for the other two
solvents the PMMA solutions the concentration was 15%, where the concentration, in this case, is weight
concentration.

Certain amounts of these solutions were mixed with the resin (Epiphen RE4020) in order to form
samples with volume concentration of 10%, 15%, and 20% for each solution in the final material. Each
mixture of resin and solution was stirred for one hour on a magnetic stirrer in order to ensure a good
homogenization. After that, the necessary amount of hardener (DE4020) was added and the new mixture
was homogenized for 15 min by means of a mechanical mixer. The obtained pre-polymer mixture was
casted into PPE cylindrical dies of 8mm diameter and 200mm height.

The dies containing the modified polymer were kept at normal conditions for seven days so that the
polymerization occurred allowing the eventual gaseous emissions through the open end of each die.
Finally the dies were removed and the polymer cylinders were thermally consolidated following the next
scheme: eight hours at 60°C, six hours at 80°C, and two hours at 90°C. This scheme is recommended by
the epoxy system producer to reach the best properties of the epoxy resin (as they are presented in the
technical sheet).

The present study is just a part of a larger one containing other thermoplastic polymers, other epoxy
systems but the same solvents and that is why the tested materials are named using a four digits system
were the first represents the thermoset polymer (PMMA-P), the second represents the solvent (M for 1-
methyl 2-pyrrolidone, N for N,N dimethylformamide, and D for 1,4 dioxane), the third represents the
epoxy system (in this case Epiphen — E), and the last one, the forth, represents the concentration of
thermoplastic polymer solution into the epoxy in the final material (1 for 10%, 2 for 15%, and 3 for
20%).

The tensile tests were carried out on an Instron machine on the cylindrical samples, using a pneumatic
grip system with the maxim load of 100kN. The BlueHill software allowed determination of some
parameters of interest. The tests on the reference materials were made four years ago on standard samples
(ASTM D638-03).

3. Results and discussions

When the material behavior understanding is intended it is very important to get information about
each tested sample. That is because each sample is cut out from a different part of formed material (when
the formed material is a plate) or each sample is individually formed. In the first case it is possible to get
a concentration gradient depending on die position during polymerization. In the second case because
the sample properties depend on the moment of casting due to the fact that, during the casting, the pre-
polymer gelation is continuous and, of course, there are differences between the first casted sample
(lowest viscosity of pre-polymer mixture) and the last casted one (highest viscosity of pre-polymer
mixture). In this regard a study effectuated also at CCDCOMT revealed the importance of knowing the
position on original material of each cut sample [33]. Of course, in the cited case was about fibre fabric
reinforced composite plates and the tensile test results were different for different samples cut out from
the same plate.

As it has been mentioned, the diluted Epiphen materials (reference materials) were studied before
and the stress/strain curves for analysed sample are presented in Figure 1. It is obvious that, from the
mechanical point of view, the 1,4 Dioxane modified materials are the most unstable (large dispersion of
experimental results) while the most stable is the N,N dimethylformamide modified material. In the case
of DE material the data corresponding to the third sample was removed out when averaged. For each
material five samples were tested but for the current presentation just the significant ones were chosen
(excepting the case of DE materials where the decision was to present the third sample inclusive).

The PMMA/epoxy materials were formed starting with 10%(vc) presence of PMMA solution in
named solvents (to allow the comparison with the solvent modified epoxy materials) and the presence
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of solution was then increased. In Figure 2. the PMMA/1,4 Dioxane modified epoxy responses at tensile
tests are presented. It is not difficult to notice that the material response depends on the modifying agent
presence (concentration) both from amplitude point of view and from the response uniformity point of
view. The most stable response (the lowest dispersion of individual curves) appears for the highest
concentration and, in this case it is normal to reason that the solvent concentration is important.
Continuing the presentation, the results for PMMA/1-methyl 2-pyrrolidone and PMMA/N,N
dimethylformamide are presented in Figure 3 and Figure 4. It seems that increasing the solvent amount
the materials response if more uniform. During the mechanical tests it was noticed a tendency of super
elasticity (in fact, it was noticed that during those tests even the gripped parts of the samples were
engaged and because of diameter reduction they were released form grips). At the end, all the samples
recovered initial form. Also, it has to be noticed that the modified materials response evolved from brittle
(lowest concentrations) to visco-elastic behaviour (higher concentrations).

1.4 Dioxane diluted epoxy resin (10%wc) - DE 1-methyl 2-pyrrolidinone déuted epoxy resin (10%wc) - ME
Sampie 1 Sampie 2 Sample 3 Sampie 4 Average Sample 1 Sample 2 Sample 3 Average
&0
x —p —
-
=] 5 E
g 0 & /
® °
d

10 /
3 l' lnﬁ'm!}lv 2 © [mmimm]

NN Dimethyltormamide diluted epoxy resin (10%wc) < NE
Sample 1 Sample 2 Sample 3 Samplo 4 Average

“ @

o (WP
v awa

01 02 03 04 05 ae o7 08
© Immimm]

Figure 1. o/e curves for individual samples and the averaged curves
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Figure 2. o/e curves for PMMA/1,4 Dioxane modified epoxy materials
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Figure 3. o/e curves for PMMA/1-methyl 2-pyrrolidinone modified epoxy materials
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Figure 4. o/e curves for PMMA/N, N Dimethylformamide modified epoxy materials

Perhaps, a better image could be formed analysing the curves in Figure 5. These curves are composed
considering the DE, ME and, NE materials as references to compare the PMMA/respective solvents
averaged responses of materials. It seems that the presence of the PMMA repairs some damages induced
by the solvent presence. The effect is major in the case of 1,4 Dioxane but it is also important in the case
of the other two solvents for the lowest concentration of PMMA/solvent into the epoxy resin. At
concentrations over 10% the effect of PMMA/solvent solution is damaging the material response but, of

course, with different importance.

During the mechanical tests a software application is controlling the machine and it is able to provide
some interesting parameters. In this case the elastic modulus value was set as output parameter. The
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software application is not programmed to recognize a critical moment as elastic limit, for instance, if
the changes are not too high, therefore the earliest response, coincides with the ultimate response during
the automatic analysis. In Figure 6 the values of elastic modulus are presented as they are automatically
evaluated during tests. As expected the solvent presence into the epoxy resin lowers the elastic modulus
value of the polymer (evaluated at 2.83GPa) as all the three solvents act as plasticizers. All the materials
obtained by epoxy modification with PMMA solutions are formed at 10%, 15%, 20%(vc). One
conclusion is obvious — the PMMA presence in the epoxy resin (via solution) at 10%(vc) leads to an
increase of the elastic modulus value with respect to the solvent modified epoxy. The highest increase
is in the case of N, N Dimethylformamide and the lowest in the case of 1-Methyl 2-pyrrolidinone.
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Figure 5. Averaged o/¢ curves for studied materials
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Figure 7. Comparative analysis of elastic modulus values

As expected, for all the solvents, the rise in solution concentrations leads to lowering of the elastic
modulus values. A significant aspect is presented in Figure 7 and is about a comparative analysis
regarding the elastic modulus values of formed materials at the same amount of modifying agent. N, N
Dimethylformamide and PMMA/N, N Dimethylformamide solutions lead to materials with the lowest
values of elastic modulus while 1,4 Dioxane and PMMA/1,4 Dioxane solutions lead to materials with
the highest values of elastic modulus with respect to epoxy resin.

Such materials could be used as intermediate matrix for fabric reinforced materials because their
presence reduces the epoxy brittleness protecting the reinforcement for sharing failure when the epoxy
matrix is fractured at various impact mechanisms.

4. Conclusions

This study was designed to investigate the effect of PMMA solutions (in three different solvents) on
the mechanical properties of an epoxy resin. Due to other studies the properties of the mentioned epoxy
resins are known and also it is known the effect of solvents on the resin mechanical properties. The three
solvents are 1,4 Dioxane, 1-Methyl 2-pyrrolidinone and, N, N Dimethylformamide and all of them have
a plasticizing effect on epoxy resin meaning that mechanical behaviour changed from brittle to elastic-
plastic.

Al the materials modified with PMMA solution at 10%, 15% and, 20%(vc) show memory shape
behaviour. More than that, it was noticed that during tests even the gripped part of samples was engaged
such as the sample was released from de grips and recovered their initial form.

For further studies an analysis regarding the effect of such solutions have to be done for a more fine
scale of concentrations together, perhaps, with other thermoplastic polymers solutions. This approach is
not unknown since there are published studies regarding memory shape materials obtained from
thermoset-thermoplastic blends and also studies regarding the vitrimers as a solution to thermosets
neutralization.
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