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The significance of composite materials and their applications are mainly due to their
good properties. This imposes the need for their recycling, thus extending their lifetime.
Once used composite material will be disposed as a waste at the end of it service life.
After recycling, this kind of waste can be used as raw materials for the production of
same material, which raises their applicability. This indicates a great importance of
recycling as a method of the renowal of composite materials. This study represents a
contribution to the field of mechanical properties of the recycled composite materials.
The tension mechanical properties (tensile strength and modulus of elasticity) of once
used and disposed glass-epoxy composite material were compared before and after the
recycling. The obtained results from mechanical tests confirmed that the applied recyc-
ling method was suitable for glass—epoxy composite materials. In respect to the tensile
strength and modulus of elasticity it can be further assessed the possibility of use of
recycled glass-epoxy composite materials.

KEY WORDS: recycling, glass-epoxy composite materials, tension mechanical
properties

INTRODUCTION

Modern constructions require materials with special properties and forms that can res-
pond to difficult working conditions (increased load, pressure, speed, impacts, vibration).
These conditions are the field for the applications of composite materials (CMs), and the
last thirty years has been a period of their intensive development. The former is not only
due to their good mechanical properties and light weight of produced components, but
also due to the following factors [1, 2]: easy tailoring of desired properties such as high
strength and modulus of elasticity, low density, relatively good impact strength, good
dynamic strength and cracks growth resistance, good oxidative and corrosion resistance,
and freedom in design and shaping and forming that facilitate easy integration of parts,
reducing the consumption of materials and tools, along with the favorable total cost of
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production. The use of CMs is growing every day and for that reason their adequate dis-
posal and subsequent recycling must be carried out after the completion of their service
life. Otherwise, these materials will end up on a landfill in the form of waste, which furt-
her pollutes and distorts the environment [3].

The industrial CM waste is usually used as a raw material for the same CM produc-
tion. The quantity of obtained waste is low compared to the production volume. If the
CM waste recycling is necessary, additional processing can be required, such as gradual
warming up before grinding. The fiber reinforced thermoplastic polymers can be recycled
by melting and casting. This is not case with the fiber reinforced thermoset polymers
which are dominant in the market. One of the possibilities for their recycling is grinding
and the use as fillers in a new material. A second method is the treatment with suitable
chemicals which abstract the reinforcing fibers from the thermoset matrix by dissolution
of the polymer matrix. Thermal treatment at high temperatures of both components can
be a third method for recycling of fibers reinforced thermoset composites, where the fi-
bers are separated from the polymer matrix [4, 5].

The primary method for the recycling of composites is grinding to the desired particle
size and further use as filler in a new composite material production. The better strength
and thermal properties with ground glass-epoxy composite as filler in the epoxy-resin-
based composites can be achieved in comparison with the same epoxy resin composites
with common fillers. Also, many pyrolytic methods have been developed for recycling of
composites. Combustion of composite materials gives energy and other useful bypro-
ducts. The solvent method for glass fibers (GFs) recycling from polymer matrix was also
developed [6].

There are many possibilities for application of recycled components from composite
materials. Recycled components from composite materials can be used as the reinforcing
for lumber (reinforced thermoplastics substituting even wood). Recycled fibers can be
used as reinforcing for asphalt (i.e. asphalt for bridges), as interlayer between two pure
glass layers in special cast boards and in the process of stirring of volume cast mixtures
which provide increased reinforcing due to the remaining recycled fibers [7].

The significance of recycling, based on wide spectrum of applications of recycled
components from CMs is undeniable. In this study, glass-epoxy composite material
(GECM) reinforced with non-andrecycled glass mats (from the lab-scale performed re-
cycling) was firstly molded by handcrafted mold and mechanical properties were tested.
The aim was to investigate the mechanical properties of recycled glass-epoxy composite
materials (RGECM), compare their mechanical properties with those of GECM, and to
validate the applied recycling method.

EXPERIMENTAL
Molding and Composition of GECM with non-recycled GFs
GECM with non-recycled GFs was molded by handcrafted mold. The mold consisted

of two metal plates screwed with screw bolts to ensure adequate pressure force [8]. Once
placed in a mold, CM was left 24 h at room temperature to cure and harden. After 24 h
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the mold was opened and hardened CM without any significant defects was taken out of
the mold and left to cure completely in air during 7 days at room temperature. The spe-
cimens for mechanical testing were cut from the prepared CM.

The reinforcing for CM preparation were 20 mm long “E”-glass-fibers based on low-
alkali (wt<1%) silicate glass with surface density 550 g/m” and volume fraction 60%. E-
glass-fibers have good mechanical, hydro-thermal and electrical properties (Tables 1 and
2).

Table 1. Composition of ,,E“-glass

Structural component Fraction (wt%)
SiO, 52-56

Al O3 12-16
B,0; 5-10
Na,O and K,0 0-2
MgO 0-5

CaO 16 —25
TiO, 0-1.5
FCQO:; 0-0.8

Fe 0-1

Table 2. Physical properties of "E"-glass

Property Value
Specific weight, g/m’ 2.6
Tensile strength, MPa 2400
Modulus of elasticity, GPa 73
Elongation at break, % 33
Thermal elongation, 10° K

Thermal conductivity, W/mK 1
Dielectric constant, & 6.7
Electrical resistivity, Qcm 10"
Moisture absorption, at 20°C — 65% wt 0.1

The polymer matrix used in this study was epoxy resin. The properties of used epoxy
resin are given in Table 3.

The CM with non-recycled GFs (Tables 1 and 2) and epoxy resin polymer matrix
(Table 3) was prepared by previously described method. The GFs as structural compo-
nents in a form of glass mat were obtained by cutting into 2 cm long continual fibers
(Figure 1). The polymer matrix was synthesized from 2,2-bis(4-hydroxyphenyl)propane,
bisphenol A and epichlorohydrin. 3-Aminomethyl-3,5,5-trimethylcyclohexylamine (mo-
dified cycloaliphatic amine) was used as hardener in the epoxy resin system. The molded
GECM contained 47 wt% of GFs regularly dispersed (in the form of a glass mat) in the
epoxy matrix.
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Table 3. Properties of epoxy resin

. Analysis

Property Unit Reference results

Appearance Yelloyv V.iscous Yellqw Yiscous
liquid liquid

Epoxy number n/100 g 0.51 -0.54 0.52
Epoxy equivalent 196 — 185 192
Density g/em’ 1.26
Viscosity at 25°C mPas 10000 — 15000 13700
Color (Gardner color scale) 3 Less than 3
Non-volatile components content % min 99 99.5
Organic chlorine content % max 0.3 0.17

Figure 1. Appearance of cut glass fibers
Recycling of GECM

The obtained and tested CMs were recycled and this resulted in the recycled GFs.
Once obtained recycled GFs were used for GECM preparation with recycled GFs.

In order to obtain GFs from CM, epoxy resin must be completely removed with a sui-
table reagent. The 50-g CM samples were immersed firstly in concentrated sulfuric acid
(98 wt%), where small amount of epoxy resin was removed. To remove the remained
epoxy resin, the samples were further kept in 200 cm® solution of nitric acid (68.5 wt%)
at 90°C during 5 h. After that, the epoxy resin was completely removed and recycled GFs
(RGFs) were obtained. The RGFs were separated from nitric acid by filtration, rinsed
with distilled water and neutralized with ammonium hydroxide solution (25 wt%) and
again with distilled water till pH 7 was attained. The neutralized and rinsed RGFs were
dried in an oven for 24 h at 110°C, cooled, and made ready for the preparation of
RGECM. The loss of GFs during the recycling process was 5.8 wt%, which is negligible
amount since the process consists of several phases. Figure 2 compares the appearances
of non-recycled and recycled GFs.
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Figure 2. Appearance of non-recycled (left) and recycled (right) GFs
Molding and Components of RGECM with recycled GFs

After recycling and obtaining RGFs, the CM was molded with RGFs by the same
method as in the preparation of GECM with non-recycled GFs. The structural compo-
nents of RGECM with RGFs were the glass mat (reinforcing) obtained from RGFs and
epoxy resin as the matrix. The standard specimens for mechanical testing were cut from
the prepared RGECM.

Tensile testing

Five specimens for mechanical testing of GECM (N-1, N-2, N-3, N-4, N-5) and
RGECM (R-1, R-2, R-3, R4, R-5) were prepared The specimen dimensions were
250x25x2.5 mm. Before testing, the specimen's thickness and width were precisely mea-
sured (£1%). Further machine processing of specimens was performed with a diamond
tool tip moving at a speed that reduces generation of heat in the specimen. Cutting was
carried with a not ched cutter thickness of 1 m/min on the machine ALG-100. Testing
was performed according to the standard test method ASTM D3039 [9].

The testing was carried out on the tensile tester SCHENCK TREBEL RM 100 with
the use of hydraulic jaws, and the deformations (¢;) in the longitudinal direction were
continuously recorded.

The incorporated load was registered by the measuring cell (capacity of 100 kN). The
elongation was measured by using dual extensimeter Hottinger DD1. There were two
parallelly connected extensimeter related to the measure elongationon on the both sides
of the specimen, and the parallel connection to the extensimeter facilitated the averaging
of the measured values. The measuring range of the extensimeter was + 2.50 mm, and it
worked on the principle of measuring tape with accuracy of 0.05.

The cross-sectional dimension, the values of tensile strength, and the modulus of elas-
ticity of the samples were calculated by using th eequations (1-3) [10].

The cross-section of the specimens was calculated with the following equation:

A,=b-d [1]
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Tensile strength was calculated with equation (2) as follows:
Rm | Pmax [2]
" b-d

where: R, |- tensile strength in longitudinal direction, MPa; P,,,.- maximal force at break,
N; A4, - cross-section of specimen, mmz; b - specimen wideness, mm; d - specimen, thick-
ness, mm

The modulus of elasticity (£,s) was calculated from equation (3) where ratio AP/Ag;
was determined by linear regression method from the straight part of registered curve
stress - strain:

Ao AP 1
Euzd = = : [3]
Ae  Ag, b-d
RESULTS AND DISSCUSION

The tensile test in longitudinal direction was performed on five specimens of each
prepared CM (GECM and RGECM), and the tensile strength and modulus of elasticity in
longitudinal direction were obtained. It may be noted that the test was successful because
in the all tested specimens the fracture occurred in the middle of the specimen (the
measurement part). The calculated values of the tensile strength in longitudinal direction
and the corresponding modulus of elasticity are given in Table 4. Figure 3 shows the
percentage deviation of the tensile strength and modulus of elasticity of the RGECM
specimens from the corresponding mean values of the GECM specimens.

Table 4. Results from tensile testings

Type of Specimen Specimen Cross Max force Tensile Modulus of

Specimen GFs wide thickness section at break strength elasticity

b, mm d, mm Ay, mm’ Puaes N Ry, MPa E;, GPa
N-1 14.9 2.6 38.7 8500 219.64 3.17
N-2 N 15.0 2.6 39.0 8640 221.54 4.81
N-3 rec;’cri'e q 14.8 27 39.9 9600 240.60 2.88
N-4 15.0 2.5 37.5 9260 246.93 3.52
N-5 14.9 2.7 40.2 8970 223.13 4.14
R-1 14.8 1.8 26.6 5700 214.29 2.84
R-2 15.0 2.0 30.0 5950 198.33 3.05
R-3 Recycled 14.8 2.2 32.6 5850 179.45 3.76
R-4 14.9 2.1 31.3 5990 191.37 2.92
R-5 14.8 1.9 28.1 5660 201.42 3.48
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Figure 3. Deviation of tension test results

The relative uniformity of the obtained values of maximum force at break P,,, for
both GECM and RGECM can be noted. However, the values of P, are smaller for the
RGECM samples than for the samples from GECM.

Based on the results for the five tested specimens for each material the calculated
mean tensile strength of the two materials were 230.37 MPa for GECM and 196.97 MPa
for RGECM, and the mean values of the modulus of elasticity 3.70 GPa for GECM and
3.21 GPa for RGECM, respectively. Also, it was observed that the values for the tensile
strength and the modulus of elasticity for RGECM are lower compared to GECM. The
deviations from the mean value of measured (calculated) values both for the tensile
strength and modulus of elasticity are relatively small in this type of testing. The mini-
mum of tensile strength deviation for GECM was 3.14% for sample N-5 and the maxi-
mum 7.2% for sample N. The minimum of tensile strength deviation for RGECM was
0.7% for sample R-2 and maximum 8.9% for sample R-3 for RGECM.

The explanation for the slightly higher dispersion of the results for the modulus of
elasticity of both materials can be the fact that it was relatively difficult to accurately de-
termine the elasticity modulus because of the relatively small initial curvature in the
stress-strain curves (o — ¢). In regard of the tensile strength, it is well known that due to
different orientation of fibers in the glass mat as the reinforce, all the GFs are not under
the same stress. Different stresses can occur with short fibers, due to the different orien-
tation of individual fibers, which cannot coincide in each sample, and therefore leads to
the different maximum force at break.

Figure 4 shows a schematic representation of a short fiber that is inserted into the
matrix exposed to the longitudinal tensile stress c,. It can be seen that there are areas
close to the ends of fiber that are not exposed to the entire load, and the mean stress in the
fibers of limited length is slightly smaller than that which would have an infinitely long
fiber exposed to the same external load.
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Figure 4. Schematic representation of deformations around short fiber inserted in the
matrix exposed to the axial tension

Also, if we compare the deviations of the composites with non-recycled GFs and
RGFs (Figure 3), it can be observed that the tensile properties of the composite material
obtained by using RGFs as reinforcement are worse, the tensile strength is by 14.5%, and
the modulus of elasticity by 13.2% lower compared to the values of the materials formed
with non-recycled GFs. The differences in the values of the tensile properties of the two
composites tested were expected. An explanation follows from the fact that recycled fiber
surface layer was damaged during the recycling process (cooking, exposure to acids,
etc.), thus good bonding of GFs with the matrix (epoxy resin) is disturbed as compared to
the non-recycled fibers good interaction with the polymer matrix. By applying the same
type of loading, the breaking of the fiber-matrix bonds in the composite with RGFs occur
easier and at lower loadings than in the CM with non-recycled GFs, because of the poorer
fiber-matrix adhesion. A confirmation of the conclusions is certainly the SEM images
shown in Figures 5 and 6, where above phenomena are observed at higher magnifica-
tions.

.

SEMHV:20kv | WD:1542mm
View fleld: 108 ym Det: sE 20pm
‘SEM MAG: 2,00 kx | Date{midiy): 09/07/11

MIRA3 TESCAN

Figure 5 The breaking of the fiber- Figure 6 Poorer fiber-matrix adhesion
matrix bonds

CONLUSIONS

The aim of this study was to examine and compare the properties of the composites
prepared with RGFs and non-recycled GFs, as well as to present the possibility for recyc-
ling of CMs.
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The obtained values of tensile properties of the composites with RGFs are acceptable
and satisfactory, although they are lower than the corresponding values of the composite
with non-recycled GFs (tensile strength values were 14.5% and module of elasticity by
13.2% lower than the corresponding values CM with non-recycled GFs). It can be con-
cluded that the RGECM retains its tensile properties with minimal fluctuation compared
to GECM, and as such it can be used for different purposes.

Also, on the basis of the obtained results it can be concluded that the method of
recycling GECM based on the exposure to nitric acid can be applied to recycle small
amounts of the material, and further research should be directed toward the improvement
of the applied method to solve the problem of recycling of the compounds from the de-
composed epoxy resin from composite material obtained by boiling in nitric acid. The
method should be developed in the direction of the application of several different acids
to shorten the time of exposure of the composites to acid attack and increase the efficien-
cy of the recycling process at lower temperatures [11,12]. The recycling of composite
materials and recycling in general can significantly save the energy and the raw materials,
and certainly pollution would be drastically lowered.
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MEXAHHNYKA CBOJCTABA
PEIHUKJ/INPAHOI' CTAKJIO-EIIOKCH KOMITIO3UTHOI' MATEPHUJAJIA

Jenena M. I[lemposuh, [lapxo M. Jbyouh, Mapuna P. Cmamenosuh, Heana J[. /lumuh,
u Crasuwa C. I[lymuh

VYuusepsutet y beorpany, TexHoiomko-metanypmks ¢pakynrer, Kapuerujesa 4, 11000 beorpazn, Cpouja

[TpumeHa KOMIO3UTHUX MaTepujana, 3axBajbyjyhu CBOjUM HOOpPHUM CBOjCTBHMA, CBa-
KUM JTaHOM TnocTaje cBe Beha mro HaMmehe nuTame MOryhHOCTH BUXOBOT PELMKIINPaba 1
THME IIPOLYXKEeHmha BUXOBOT )KUBOTHOT Beka. HakoH jemanmyT kopumheHor KOMIIO3UTHOT
Marepujana y onpeleHe cBpxe BpILIH ce BUXOBO OUIarame y BUAy oTnana. OBakas OTHAk
YIJIaBHOM TIPEJICTaB/ba CUPOBHHY 3a IMPOM3BObY MCTE BPCTE KOMIO3UTA MOCTYIIKOM pe-
muKiaxe, mwro nosehasa wHUXoBy npuMeHy. Mmajyhu Ty unmeHHLly y BHIY, OBaj paj
NpencTaBsba JONPHHOC Y TOIPYYjy UCTPAKUBAKHA MEXaHHUYKHX CBOjCTABA PELMKINPAHUX
KOMIO3UTHHX Marepujana. Y paiay Cy MpuKasaHa 3aTe3Ha MEXaHWYKa CBOjCTBA CTaKIIO-
€IOKCH KOMITO3UTHHOT MaTepHjaya Koju je OMO y eKCIUIOATallijH, ITOCTYaK HEeroBe pe-
[UKJIaXe, Ka0 U 3aTe3Ha MEXaHWYKa CBOCTBA CTAKJIO-CIOKCH PELHKIMPAHOT KOMITO3HT-
Hor Marepujaia. [lopehemeM pesynTara ce ZOIUIO A0 IMOJaTaKa O HCIPABHOCTU IOCTYI-
Ka PeIUKIIaXKe CTAKIO-eIIOKCH KOMIIO3UTHOT MaTepHjaia Kao | MPOLeHe O Najkoj Moryh-
HOCTH MpHUMeHe, y3umajyhu y o03up nobujeHe BpeIHOCTH 3a 3aTe3Hy YBpcTohy M MOy
€JIaCTHYHOCTH.

KibyuHe peun: penukiiaka, CTakjIo-elOKCH KOMIIO3UTHH MaTePHjalid, MEXaHUYKa
CBOjCTBa
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