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The analysis of reinforced polymers is one of the most important sources of information for materials properties designers.
In this regard, due to their intrinsic properties, the fabrics play an essential role when they are used as reinforcement
elements. The composites properties can be designed by alternating various types of fabrics, by modifying the orientation
of every reinforcement layer, by modifying the matrix properties or by choosing the matrix. This study regards the tensile
behavior of four fabric reinforced composites with four different epoxy resins as matrix. All the materials have the same
reinforcement structure but the matrix is, in each case, another epoxy resin and more two classes of materials had been
studied one is containing the natural polymerized matrix materials and the other one the materials that had been thermally
treated according to technical sheet of each polymer. The tests were done one year after the materials formation.
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New materials design will always be in development for the industry of aeronautics, automotive, shipbuilding, military
and aerospace. The increasingly widespread use of heterogeneous materials, obtained by macroscopically combining two
or more homogeneous materials, justifies the interest in finding the most suitable combinations to satisfy certain
requirements, as well as in characterizing the behavior of the resulting composite materials [1].

By designing such materials, the combinations of constituents that can achieve the physical and mechanical
characteristics necessary for a certain use can be chosen and have, under given operating conditions, a predetermined
lifetime. The constituents of a composite material remain separate solid homogeneous phases, but with interfaces that work
together [1, 2].

Because during the research carried out over a long period of time it was determined that the polymeric composites
reinforced with fabrics and epoxy resins showed very good mechanical results [2-5], this paper aims to analyses the behavior
of the composite materials reinforced with carbon fibers [6], aramid fibers, glass fibers [7], and homogeneous epoxy matrix.
Considering the advantages and disadvantages of chosen fabrics, laminates (pseudo-laminates plates) were formed. These
laminates were created with the aim to obtain materials with a low degree of flexibility. Prior to forming these materials, it
had been established the type of the polymeric matrix and the types of fabrics which will be used to improve the degree of
flexibility [8], the coefficient of thermal expansion [9] and the electrical conductivity [10-12].

For the formation of the materials, bidirectional fabrics with simple netting were chosen, as they provide structural
stability [13-15], ensuring mechanical resistance in both directions [16-18] and resistance to delamination [19], presenting
considerable advantages. Glass fabrics have high corrosion resistance, good mechanical properties, dielectric properties,
lower impact energy absorption capacity compared to aramid fabric and low cost [7, 20].

Aramid fibers have a unique combination of high strength, high modulus, tenacity and thermal stability. The non-linear
behavior at compression of the aramid fabric fiber, combined with high capacity of deforming under tension, represent an
important advantage of its use in applications which requires resistance to severe mechanical stresses. The aramid fabric
has excellent impact and fatigue resistance, low thermal expansion, excellent tensile strength, high energy absorption
capacity, but is sensitive to UV rays, shows high moisture absorption capacity, low resistance to compression and low
adhesion to resins impregnation. Aramid fibers also exhibit fire resistance what is an important property, as the mechanical
performance of composites in fire degrades [4].

By using different types of fibers in reinforced composites it is possible to get a material which presents the combination
of the advantages of each fibrous constituent and the reduction (to some extent) of the disadvantages [21-24].

During the fabric manufacturing process, the manufacturer uses silane lubricant (silicon hydride) to facilitate processing
technology because the fibers are unstable, decreasing the adhesion of the fibers to epoxy resins, and because of this, the
fabrics must be treated to remove the lubricant and increasing the adhesion of the fabrics, especially the aramid fabric, to
the epoxy impregnation resin, improving the quality of the matrix-fabric interfaces, by dust cleaning, reducing the risk of
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causing chemical reactions on the large surfaces of the fabrics. Prior to material formation adhesion tests were done for each
pair epoxy resin — fibers fabric and the results showed that all the polymers ensures high quality interface with each of the
fabrics.

Experimental part
Materials and methods

The mechanical functions of the matrix are to ensure the connection between fibers, to create the rigidity and cohesion
of the material and to transmit to the reinforcement the effort exerted on the structure [4, 25-30]. Epoxy resins have superior
mechanical and electrical properties compared to other resins and have good chemical and thermal resistance, but having
high cross-linking sometimes suffer from brittleness and exhibit low impact properties, which can be improved by fabric
reinforcement [31-35]. The use of fabrics also leads to a decrease of the mechanical response of the material because the
alternation up-down of the fibers threads in the fabric structure that generates, on one hand, so called polymer pockets
(nesting effect) and, on another hand, fibers deformations (undulations) with consequences at the macroscopic behavior of
material.

The wet lay-up method of forming is the most suitable when is about forming particular fabric reinforced polymer
composites especially when the pot-time of the polymer is long enough to ensure a good penetration of the pre-polymer in-
between the fiber threads. The epoxy resins are generally polymers that in the solid phase are obtained by chemical reactions
developed into a mixture of two liquids — the pre-polymer mixture. The brittleness of the polymer is higher when the pot-
life (gel time) is shorter. Also, in our experience, a short gel time of the pre-polymer mixture does not ensure the necessary
guality of the polymer-reinforcement interphase.

The present study was designed to identify the differences between materials with the same reinforcement structure but
with different types of epoxy resins as matrix. For the materials forming [8, 36-38], the epoxy polymer matrix was chosen,
due to the chemical resistance, mechanical strength, high adhesion and dimensional stability, these advantages contributing
to the use of epoxy resins for high performance composites.

The four epoxy resins that had been chosen for the study are casting or coating polymers with a gel time longer than 20
minutes. The first epoxy system is Epiphen RE4020 — DE4020 (RE4020 being the so called resin, the main component, and
DE4020 being the hardener) [49]. The other three resins are from the same producer, R&G Gmbh Waldenbuch, and their
commercial names are Epoxy Resin C, Epoxy Resin HT2 and Epoxy Resin L [50-52] and as well as the Epiphen system
they consist of a main component (resin) and a hardener. Generally the producers are giving information regarding the
natural polymerization at room temperature during 14 days but to reach the best quality of the polymer they also recommend
thermal treatments. For the formed materials thermal treatment was the same and consists of 90 minutes at 70°C, 60 minutes
at 80°C and 30 minutes at 90°C after the natural polymerization of polymer matrix of reinforced composites. In order to
facilitate the presentation each material will be nominated C, E, H, L with reference to the commercial name of the polymer
and, because two classes of materials had been studied (thermally treated and not thermally treated) the thermally treated
ones are denoted as CT, ET, HT and LT.

All the four fabrics that had been used as reinforcement elements are of simple type (one step under-above alternation
of warp and weft threads) and they are made of carbon fibers threads (C240), aramid and carbon fibers threads (C/A68),
aramid fibers threads (A61) and glass fibers threads (G163). The number in parenthesis represents the specific weight of
the fabric in g/m?. The reinforcement is realized as described in table 1. and it is easy to notice that the reinforcement was
designed with carbon fiber in the outer layers and glass fibers in the inner layers and each composite is reinforced with 35
sheets of fabrics. The C/A68 fabric is realized by alternating threads of carbon fibers and aramid fibers both on warp and
on the weft of the fabric, leading to a balanced material with equals (50%) structural contents of aramid and carbon fibers.

The wet lay-up method [4, 39-40] was used ensuring the total impregnation of each reinforcement layer with pre-polymer
mixture. The wet lay-up method was used on a modified version that is designed to ensure the material economy, on one
hand and the repeatability, on another hand. A seal of EPDM (ethylene-propylene-diene modified) synthetic rubber seal
with D 8x10mm profile is realized on a glass plate of 250x340mm as it can be observed in fig. 1a. The glass plate is covered
with a sheet of polypropylene (because polypropylene is one of the few materials at the epoxy resins do not adhere and
facilitates the material extraction after polymerization). The reinforcement layers are placed one after another inside the seal
as in fig. 1b. and, at the end, the excess of polymer is removed, another polypropylene sheet is applied and in top of it
another glass plate of the same dimensions is placed. In this way a mold is formed and it is left in vertical position for
polymerization — fig. 1c.
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Table 1

REINFORCEMENT STRUCTURE

45°

Carbon fibers C240

Textile i . .
i Layers orientation
cam}a?::nuin type and Fabric specific weight (z/m?) {the cutting angle of the fabric)

Carbon fibers C240 240 ooe el 45° -30° s

Ihxed fibers C/AGS 63 i e 45° 300 g

Aramid fibers AL 61 ooe Elid 45° -30F s

Glass fibers G163 163 ooe kNl 45° -30F s

Ihxed fibers C/AGS 63 oo 30° 45° -30° [i§

Aramid fibers AL 6l ooe kT 45° -50° s
240 ooe -30° 5

The main advantage of laminates is that based on formlng technlque they aIIow a free distribution of fibers arrangement
[41-44]. To meet the objectives of the study, eight laminates with reinforcement and homogeneous matrix were formed.
The first aim of the study is to identify the role of the matrix on the tensile behavior of laminates (as long as all of them
have the same reinforcement structure) and the second aim is to identify the influence of the thermal treatment on the tensile
behavior of materials (since for the each type of matrix one formed laminate was thermally treated and the other one was
not).

In other studies, the behavior of laminates had been analyzed under tensile conditions [26, 40, 45], as well as the effect
of the modification of the epoxy resin, the effect of the type of fabric used in the reinforcement of the layers, but also the
influence of the variation of the number of layers of each fabric (carbon, aramid, glass) as well as the influence of changing
the fibers orientation in the laminates reinforcement [46-48].

The standard tensile samples were extracted from the formed plates at one year after their formation using a high pressure
water jet cutting machine fig. 2a. The tensile tests were done on an Instron machine with maximum loading capacity of
100kN. The tests were set for a loading speed of 5mm/minute and the stop condition was set at 50% drop of force or 50mm
displacement of grips. Al tests were video recorded (with two video cameras) in order to point out the precise moment of
the failure. Also the testing segment of each sample was monitored using thermo-vision Fluke Ti400 video camera in order
to identify eventual heating of samples during the tests. More than that, it was ensured the identification of each sample
position (fig. 2b) into the original plate (fig. 2¢c) with the aim of explaining possible different behaviors of certain samples
(the ones extracted from the edges of original plates or the ones affected of invisible defects such as matrix discontinuities).

[: ”" "'
t e len s

Fig. 2. Water jet cuttlng 2a (Ieft) The entlre materlal with cut samples 2b (center) The tensile tests samples 2c (right)

Results and discussions

All the samples for a certain material had been tested during one day period (in fact three to four hours) to ensure,
practically, the same value of the laboratory air temperature. One video camera was positioned such as to record one face
of the sample while the second one was positioned such au to record one of the lateral edges of the sample. The decision to
do that was made on the basis of the necessity to correlate various critical points on the loading curves with recorded
moments on sample evolution but because of the low resolutions of the two cameras the only success was to extract images
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of the samples at the very moment they failed. The thermos vision camera was laced such as to record both a face and an
edge.

In order to realize a the best analysis of the results all the results were statistically analyzed end for each material the
averaged curve was realized using three to five partial results, corresponding respectively to three to five tested samples
their numerical marks being mentioned on the general curves graphs.

On the right corner of general graphs there are presented two images (a front one and a lateral one) of the samples with
the lowest response on the respective series. On another hand, on the graphs presenting the averaged curves there are
presented, together with front and lateral images, the images of the highest value of temperature reached by a sample selected
— by statistical means — as part as averaging process.

In the case of C matrix materials — fig. 3. — it is easily to notice that in the case of natural polymerized materials the
dispersion data of individual results is larger than the dispersion data of thermally treated materials but the differences are
not too significant. It is interesting that the samples with the lowest response for both series are the ones numbered with 8
viz. the ones at the edge of composite plate and because of that perhaps their structure was affected by the high pressure
water jet tacking into account the fact the penetration of the plate by the water jet started with these samples. After the 8
samples are detached the composite plate rigidity is lowered and it is less probable to affect the next future samples.

It has to be said that regarding the samples with approximately same behavior the sample numbered as 5 was the one
having the highest increase of temperature value for both natural polymerized and thermally treated materials. The
difference between the highest (sample 5) and lowest (sample 6) values of temperatures for natural polymerized composite
material is of 18.64°C while the other two samples recorded values of temperature around the average of the extremes. On
the graphs of C materials is observable the fact that the heating of sample 5 is extended between the two fracture points. On
the graph of averaged curve for CT materials (thermally treated) the differences between extreme values of temperature is
of 5.74°C (48,49°C for sample 5 and 42.75°C for sample 6). In this case for the sample 1 was recorded a value of 48.47°C
(practical the same as for sample 5) and for the last sample the recorded value was 45.09°C.

o't curves for C matrix samples ' o/t curves for CT matrix samples
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Analyzmg Just the thermal aspects it might be said that the thermal treatment contrlbute to the comp03|te material
consolidation leading to better quality interfaces. There is something else namely the fact that the CT materials (selected
after statistical analysis) are failing by fracture of the external block of carbon fibers on one face of the sample while the
natural polymerized materials are failing by fracture of both blocks of carbon fiber fabric reinforcement. Generally, for the
C materials and CT materials the core of the reinforcement is not affected for the case of all averaged samples.

In fig. 4. there are presented the curves for individual samples and the pictures in the right corner corresponds to the
samples with the lowest recorded tensile response. In the case of E materials, the sample number 6, and in the case of ET
materials, again, the sample number 8. Regarding the poor response of the sample 6 perhaps its behavior is due to some
internal defects (lack of polymer between two or more reinforcement sheets) and the fracture of the sample affected both
packets of external reinforcement layers with their displacement from the core of reinforcement. The difference of heating
temperature values for E materials is of 17.97°C (between sample 1 - and sample 8) the other two values being around the
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ole curves for E matrix samples ole curves for ET matrix samples
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average of extremes. In the case of ET materials (sample 6 and sample 3, respectively) the temperature difference is o
3.31°C but the highest value is reached in the case of sample 4 and is of 51.68°C. From the mechanic point of view it is
easily to notice that the dispersion of sample responses is higher in the case of natural polymerized materials than the case
of thermally treated material.

Regarding the H matrix materials, the results are shown in fig. 5. As in the case of other presented materials the dispersion
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of tensile testing results are more dispersed in the case of naturally polymerized material (H materials) and, also as in the
already presented results, for these materials the fracture affected both blocks of external layers of reinforcement (the ones
made of carbon fiber fabric C240) but in some cases (the ones there are presented as having the lowest response — H matrix
sample number 4 and, HT matrix sample number 8 — the core of the material is also affected. The averaged curves for these
materials are made over five samples in the case of H material and over four samples in the case of HT material. The heating
effect at the break is present also and it is of highest value of 12.4°C (57.48°C for sample 1 and 45.08°C for sample 5 and
sample 6) for the H matrix material and is of highest value of 5.77°C (sample number 7 and sample number 5) for the HT
matrix material. The low dispersion of the results denotes that in the case of H matrix materials the matrix-reinforcement
interphase could be of better quality.

The last two materials — just because we assumed to present them alphabetically — are presented in fig. 6. In this case it
easily to notice that the dispersion of the naturally polymerized samples did not allowed an average over more than three
samples. In the case of L matrix material the lowest response is, again, the one of sample number 8 while in the case of HT
matrix material the lowest response was considered the one of sample number 7. For these composite materials it was
noticed that the core of the reinforcement is affected by tensile tests (in both cases of naturally polymerized matrix — L and,
thermally consolidated matrix — LT). Regarding the increase of temperature value there were recorded a difference of
8.07°C, for the L matrix material and, of 13.02, for the LT matrix material (which seems to be opposite from the other three
materials). It has to be mentioned the fact that the highest temperature values reached during these materials testing were
62.20°C for E material, sample number 7 and, 65.09°C for ET material sample number 2.

ole curves for L matrix samples i ole curves for LT matrix samples
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Regarding the heatmg of the samples at break it might be assumed that the fmal vaIue of the temperature is connected
both with the quality of the matrix-reinforcement interphase and with the amount of energy released when the carbon fibers
are breaking. It is possible to see that the high temperature zones are corresponding mainly to the external reinforcement
layers (carbon fibers ones) for all the studied materials. In Table 2 the values of temperature at break are presented for all
the tested samples and these values should interpreted as mechanical effects but at this moment the values of specific heat
capacity of materials are not available. On dark background are presented the temperature values at break for the samples
that were used to build up the averaged curve for each material. The average temperature values had been evaluated both
for the entire set of samples and just for the samples with closed mechanical responses and the values are given in Table 3.
These values are corresponding not to highest temperature values but for the increase of the temperatures and they had been
obtained after the initial temperature value of the sample was removed.
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Tahle 2

EMPERATURE VALUE [°C] AT BREAK FOR EACH TESTED SAMPLE

Material | Sample 1 Sample 2 Sample 3 Sample 4 Sample 3 Sample & Sample 7 Sample 8

 matrx 41,89 42,88 4441 46,83 34,14 35,51 44.20 38,78

CT 3040 4847 45,00 36,00 4840 42,73 4153 J1.86
mafrx

E matrx 33,06 51,33 4404 43,43 40,58 48.42 435,82 35,63

ET 48,36 4830 43,59 31,68 4708 4630 149 40,98
mafrx

Hmatrmx 67,10 45,30 37,13 4542 43,83 2023 57,72 5527

HT 53,717 4728 37,48 46,33 43,08 45,08 50,83 4517
mafrix

L matrmx 30,62 16,72 34,34 33,63 48,33 43,36 62,20 40,34

LT 4333 63,00 48,61 3442 4452 3920 30,10 52,31
Imafrix

The assumption that there it is possible to connect the increase in temperature value and some mechanical effects induced
by tensile loading, fails when analyzing the results presented in Table 3. It is possible to notice that, generally, the average
increase in temperature is slightly larger in the case of thermally consolidated materials excepting the L material when the
average value of temperature value increase is higher for the naturally polymerized material. Also it is possible to notice
that the average temperature value for C and E materials in the case of selected samples (it is about the statistic selection)
is higher than in the case of naturally polymerized correspondents and it is reversed for the case of H and L materials. From
previous studies it is known that H and L polymers (Epoxy Resin HT and Epoxy Resin L) are more brittle than the other
two resins and an explanation could be found on this, meaning that micro-fractures of matrix lead to local heating of
materials residing in a higher temperature at the end.

Tahle 3
INCEEASE IN TEMPERATURE VALUES [FC]
C matrx CT E mafrix ET H mafrix HT L mafrmx LT
all 16,6 1733 194 223 184 22 23,24 2273
zelacted 16,59 16.2 19.02 213 14.06 2022 2223 13,39

Passages of averaged curves

Slopa B |

I 1 Shope § ]

|
1 Shepa 3

Fig. 7. Passages of all the averaged curves for studied matenals
and the marks for their slopes

Analyzing the averaged curves in fig. 3. to fig. 6. It is possible to identify some passages of the mechanical behavior of
all the samples as in fig. 7. The first passage is very short and almost horizontal and it might correspond to the clamping of
the sample between pneumatic grips together with the start of the loading (this first passage is not marked in fig. 7.). The
second passage corresponds to the elastic response of the material while the passages three, four and five, could correspond
to failures of certain interphases like passage four that could be associated to the detachment of carbon fiber layers from the
others from the core. The last passage for each material correspond to the linear response of carbon fibers fabrics out of
matrix even in this case it is difficult to analyze all the mechanical loadings because the aspect of the fractures of the carbon
fiber reinforcement packets at external layers look mainly as bending induced fractures and, for some samples after fracture
they are rotate relatively to the core (which is maintained in loading position by the grips) signalizing that some shear efforts
are appearing. In Table 4. the values of all the slopes are presented for each averaged curve and, of course, just the second
MATERIALE PLASTICE 56 no. 4 2019 http:///www.revmaterialeplastice.ro

711



could be considered elastic modulus. The elastic modulus seems to be higher for the thermally treated materials excepting
the H matrix material. For the last three materials (E matrix, H matrix and L matrix) the final passages (the fifth and the
sixth) are merged so the same values of correspondent slopes are presented. The final passage shows almost the same value
confirming the fact that the final response of the material is a fiber response. The higher value of the elastic modulus is
reached for the E matrix materials (de Epiphen resin is the less brittle one).

Table 4
VALUES OF THE SLOPES OF DIFFERENT PASSAGES ON AVERAGED CURVES [MPa)

Slope 1 Slope 2 Slope 3 Slope 4 Slope 3 Slope 6
C matrix 718,46 4047 73 119099 1539.19 2048 26 4038,69
CT matrix 431,97 3802.05 1213 .27 163341 246340 4077 43
E matrix 460,34 463596 870,23 1811.18 463520 468529
ET matrix 260,63 6286.14 1095.36 201551 474578 474878
H matnx 480,79 201,33 181814 2347 48 421393 4213,93
HT matnx 513,38 6038.32 1262 83 243772 476394 476304
L matrix 401,80 4042 58 716,80 224062 4615.30 4613,30
LT matrix 47940 5875.85 1515.10 2584 20 462244 462244

Conclusions

Eight materials with four different epoxy resins (commercially available) were formed by to analyze the effect of
consolidating the matrix on the tensile properties of materials. Each material is reinforced with 35 layers of fiber fabrics
with five sheets of glass fibers at the very core, that are protected by aramid fiber fabrics (another five sheets each side)
covered by mixed fabrics made of aramid fibers and carbon fibers (another five sheets each side) and at the end (as external
layers) carbon fibers fabric (another five sheets each side).

Two plates of 250x340mm were formed for each matrix and one of the plates was thermally consolidated while the other
one was not. The mechanical tests were developed one year after the materials formation. The sample were extracted from
the original plates by using a high pressure water jet machine and the position of each sample was marked in order to
associate eventual mechanical effects with the sample position.

The experimental fixture included two video cameras (one to record a face of the sample and, one to record an edge of
the sample) in order to associate the mechanical tests events with the visual effects (breaking mostly). A thermos-vision
camera was used to monitor the increase of temperature during tests and the results concern mostly with a release of energy
(identifiable by increase of temperature value) at break.

Statistical analysis of partial results leads to the conclusion that only few of the samples can be used to characterize the
materials and with these results the averaged curves o/ were evaluated. Each time the samples that were used to average
are mentioned on graphs together with two imagines of the fractured sample (frontal and lateral) that had presented the
highest increase in temperature value. Also on the general graphs of all the samples for a given material two imagines
(frontal and lateral) were presented for the sample that showed the lowest response.

The thermal measurement shows that there are differences between the consolidated materials and the one that are
naturally polymerized but this values (averaged bot for the entire lot of samples or just for the similar mechanical behavior
samples) are not too different and they cannot be used to interpret the mechanical results.

The mechanical behavior of materials, given by the averaged curves, presents for each material six passages. From these
passages, the second corresponds to elastic response of the composite material while the sixth one represents the elastic
response of the fibers. The highest value of the elastic modulus is reached for Epiphen RE4020-De40202 epoxy system
(around 5Gpa) and it corresponds to the less brittle matrix (for both materials — the one consolidated by thermal treatment
and the one that is naturally polymerized).
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