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Abstract: Thermoplastic polyurethane-natural rubber TPUR-NR composites filled with treated and un-
treated kenaf fiber as filler were prepared at different TPUR and NR contents. The content of kenaf fiber
was maintained at 12.5 wt % and the fiber was treated with 6 % solution of sodium hydroxide (NaOH),
then dried for 24 hours in 100 °C, hot blended with polymer components, pulverized and pressed. The
mechanical properties of the composites such as tensile, flexural and impact strength were determined,
and their dependence on NaOH treatment of kenaf fibers was investigated. The analysis using scanning
electron microscope (SEM) was implemented to identify the effect of alkali treatment on the microstruc-
ture of kenaf fiber and TPUR-NR composites. An improvement of fiber surface roughness and bonding
between the fiber and polymer as well as an increase in impact energy and elongation at break of the
composites was observed.

Keyword: kenaf fiber treatment, NaOH, tensile, flexural, impact, morphology, fiber and matrices surface.

Wilasciwosci mechaniczne kompozytow na osnowie termoplastycznego
poliuretanu i naturalnego kauczuku z wildknami kenafu

Streszczenie: Otrzymano kompozyty na osnowie termoplastycznego poliuretanu (TPUR) i naturalne-
go kauczuku (NR) (o roznej zawartosci TPUR i NR), napetnionej wiéknami kenafu KF (12,5 % mas.).
Widkna poddawano wstepnej obrébce przy uzyciu 6 % roztworu wodorotlenku sodu, suszono w temp.
100 °C przez 24 h, mieszano na goraco z komponentami polimerowymi, pulweryzowano i prasowano.
Zbadano wtasciwosci mechaniczne przy sciskaniu i rozciaganiu oraz odpornos¢ na uderzenie kompo-
zytow zawierajacych modyfikowane lub niemodyfikowane wiékna kenafu, a takze wptyw alkalicznej
obrébki wiokien na wlasciwosci kompozytu. Obserwacje mikrostruktury kompozytéw prowadzono
metoda skaningowej mikroskopii elektronowej. Stwierdzono, ze obrobka wiokien KF roztworem NaOH
wptyneta na zwigkszenie chropowatosci ich powierzchni i zdolnosci wigzania z osnowa polimerows,
a takze na poprawe odpornosci na uderzenie i zwigkszenie wydtuzenia przy zerwaniu kompozytéw
zawierajacych modyfikowane widkna.

Stowa kluczowe: obrobka widkien kenafu, NaOH, rozciaganie, zginanie, uderzenie, morfologia,
powierzchnia widkna i osnowy:.

The main disadvantages of synthetic fibers compared
to the natural ones are due to their non-environmentally
friendly waste and cost, what creates new opportunities
for researchers to develop the applications of biodegrad-
able and inexpensive natural fibers. They can act as re-
inforcement or filler in the composites and are able to
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improve their mechanical characteristics [1-4] in certain
product applications.

Some researches on strengthening composites using kenaf
fiber have been done [5-8]. Thanks to specific mechanical pro-
perties and biodegradability of kenaf fibers, after adequate
treatment, they can be used in combination with synthetic
polymers, such as polyester or rubber, which can help to great-
ly reduce the fiber hydrophilicity, in the production of com-
posite materials [9]. Kenaf short fibers were compounded with
maleated polypropylene/maleated polyethylene MAPP/MAPE
showing a potential as reinforcement in thermosets and ther-
moplastics composites [10-14]. Kenaf fibers have been treated
by 6 % of sodium hydroxide to improve the tensile properties
or the bonding between the fibers and rubber [10].

Natural rubber was used in engine mountings because
of its combination of valuable properties, including high
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strength, outstanding fatigue resistance, high resilience,
low sensitivity to strain effects in dynamic applications
and good resistance to creep [15]. It was one of the elas-
tomers that are strain crystallizing, and as such possess-
es inherent strength without the addition of particulate
reinforcement. The features of natural rubber allow for
fabrication of the materials having very low modulus,
low damping and high strength [16, 17]. The rigidity of
rubber mount’s supporting structure, along with mount
system strength and geometry, are very important con-
siderations [18].

This study focused on determining the effect of fiber
treatment using sodium hydroxide to the kenaf fiber
characteristics in the TPUR-NR composites. The investi-
gation was focused on the characterization of mechani-
cal properties and microstructure of the composites to
evaluate the interfacial adhesion between the treated/un-
treated kenaf fiber and polymer matrix.

EXPERIMENTAL PART
Materials

Latex rubber GIVUL MR (Table 1) was provided by Ge-
tahindus (M) Sdn. Bhd. (Tangkak, Johor, Malaysia). Ke-
naf fiber (KF), thermoplastic polyurethane (TPUR) Es-
tane 58311 (Table 2) and sodium hydroxide (NaOH) were
supplied by Innovative Pultrusion Sdn. Bhd. (Seremban,
Malaysia). The kenaf fiber was initially sieved and only
the fraction 200-300 pm was used in the study. The la-
tex rubber was solidified first into thinned rectangle slab
and cut into small cubic shape.

Sample preparation

The kenaf was soaked for 24 hours in the 6 % of sodium
hydroxide solution. Then, the alkali-treated kenaf fibers
were washed and dried at 100 °C for 24 hours. The mass
fractions of the components used for the preparation of
composite samples are shown in Table 3.

The components were blended using the hot melt
blending Brabender machine [19-23]. The mixed
TPUR/NR composites were pulverized into small cubic
shape. The pulverized TPUR/NR composites were pressed
using 40-tonne hot press machine and shaped into a sam-
ple board with a size of 3 mm x 15 cm x 15 cm. The sample
board was then cut according to the dimensions of testing
specimens.

Methods of testing

— The tensile tests were conducted according to ASTM
D-638 [9, 23, 24] at the temperature of 22 °C and relative
humidity of 59 %. The tests were carried out on four sam-
ples with four replications using a Universal Testing Ma-
chine (INSTRON 5556) with a 5 kN load cell; the cross-
head speed was maintained at 50 mm/min.

Table 1. Latexnatural rubber (NR) - GIVUL MR specification

Properties Unit Specification
Total solid content % 60.5 +0.50
Dry rubber content % NA
Non-rubber content % NA

Alkalinity % min. 0.60
Magnesium content ppm NA
Volatile fatty acid NA

MST S min. 1100
Coagulum content ppm max. 100
KOH NA
pH 10.0-11.0
Viscosity B/F LVT cps max. 120
Toluene swell % 82-85

The mechanical stability is represented by the time (MST; s) from
the start of agitation to the end point where a visually distingu-
ishable aggregate begins to form; NA — not available.

Table 2. TPUR - Estane 58311 specification

Physical properties Unit Value
Hardness (5 s) Shore A 85+3
Specific gravity 113
Tensile strength MPa 45.5
Ultimate elongation % 520
Tensile stress at:
100 % elongation MPa 6.2
300 % elongation MPa 11.7
Tear strength:
graves kg/mm 7.0
trouser kg/mm 2.1
T (by DSC) °C 135
T (by DSC) °C -49

— Flexural tests were conducted according to ASTM
D-790 [9, 24, 25] at a temperature of 22.5 °C and relative
humidity of 49 %. The samples were prepared with di-
mensions of 130 x 13 x 3 (mm?). The tests were carried out
on five replications using a Universal Testing Machine
(INSTRON 5556) with a 5 kN load cell; the crosshead speed
was maintained at 50 mm/min. The support span length
was set at a ratio of 16 : 1 to the thickness of samples.

— Izod impact tests were conducted according to
ASTM D256 [9, 24, 26] at a temperature of 26 + 1 °C and
relative humidity of 50 + 5 %. The notched samples were
prepared with dimensions of 60 x 13 x 3 (mm?). The
tests were performed on five replications using a digital
INSTRON CEAST 9050 pendulum impact tester. The im-
pact strength (J/mm?) was calculated based on the impact
energy (J) and cross-section area (mm?) of the specimen.

— The morphology of tensile fractured surfaces was
observed using a Phenom Pro Scanning Electron Micro-
scope model, with an acceleration voltage of 5 kV and
10 kV. These activities were conducted at UniKL-MFI
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Table 3. Composition of fibers and matrices

. i, Kenaf NR TPUR
Fiber condition Sample code Wt % Wt % Wt %
Untreated fiber 1KFINR6TPUR
12.5 12.5 75.0
Treated fiber T1KFINR6TPUR
Untreated fiber 1KF2NR5TPUR
12.5 25.0 62.5
Treated fiber TIKF2NR5TPUR
Untreated fiber 1KF3NR4TPUR
12.5 375 50.0
Treated fiber TIKE3NR4TPUR
Untreated fiber 1KF4NR3TPUR
12.5 50.0 375
Treated fiber T1KF4ANR3TPUR
laboratory, Teras Jernang, Selangor, Malaysia. The sam- 7
ples were divided into the treated and untreated kenaf E 6 reated £D
fiber-matrix composites. Each of the samples was exam- i 5 ;zarti?jl iibrlesres
ined using the Phenom ProX desktop SEM available at T4
UniKL-MFI laboratory as well. § 3
)
]
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composites

The dimension of the samples prepared for the test-
ing was in good condition where the size tolerance of
the sample was + 0.5 mm. There was no obvious large
bubbles or porosity in the sample board before it was
cut into the required specimens. The observation of
bubbles was carried out using a bright light placed un-
der the sample board. Figure 1 shows the increase in
tensile strength with increasing the content of TPUR in
kenaf-TPUR/NR composites. There is a slight difference
in tensile strength between the untreated and treated
kenaf fiber for the high content of TPUR in composites.
On the other hand, Fig. 2 shows that the elongation at
break increases almost double for the composite with
the highest content of TPUR and NaOH-treated kenaf fi-
bers when compared to that containing untreated fibers.
This finding is similar to that reported in [27] where
the treated kenaf fibers gave higher elongation with NR
compounds.

The composites with the highest rubber content show
the lowest tensile strength values for both treated and
untreated kenaf fibers (Fig. 1). In other study, the NaOH
used as fiber treatment reduces intermolecular hydro-
gen bonding in kenaf cellulose to give better interfacial
bonding of the fibers and rubber matrix [10]. On the other
hand, despite of decrease in cellulose hydrogen bonding
with increasing NaOH concentration, the composites of
TPUR with alkali-treated kenaf shown a decline in me-
chanical properties [12].

The tensile modulus shown in Fig. 3 increases with
increasing TPUR content in TPUR/NR composites, both
containing untreated and alkali-treated kenaf fibers.
Further increase in modulus, observed for the compos-

TPUR content , wt %

Fig. 1. Tensile properties of treated and untreated kenaf fiber
TPUR-NR composites
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Fig. 2. Elongation properties of treated and untreated kenaf fiber
TPUR-NR composites
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Fig. 3. Tensile modulus properties of treated and untreated
kenaf fiber TPUR-NR composites
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ites with NaOH-treated kenaf fibers indicates that alkali
treatment results in the increased bonding strength be-
tween the fiber and polymer matrix. This finding is al-
most the same as in [27], where the tensile modulus in-
creases for the treated kenaf fiber in NR compounds.

During the stretching test, at 62.5 % and 75 % of TPUR
content, the specimens exhibited large measurement er-
rors which may reflect non-hydrogen bonding between
the treated kenaf fibers in the TPUR region.

Flexural properties of treated kenaf TPUR-NR
composites

As shown in Fig. 4, slight difference in flexural modu-
lus between the composites with NaOH-treated and un-
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Fig. 4. Flexural modulus properties of treated and untreated
kenaf fiber TPUR-NR composites
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Fig. 5. Flexural strength properties of treated and untreated
kenaf fiber TPUR-NR composites
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Fig. 6. Impact properties of treated and untreated kenaf fiber
TPUR-NR composites

treated kenaf fibers is observed, especially for the spe-
cimens with higher contents of rubber. The composites
with untreated fibers have higher modulus values. Mean-
while, at the highest content of TPUR in the composite,
the modulus values determined for the specimens with
untreated and treated fibers are almost equal.

In the case of flexural strength, the higher values were
obtained for the composites with untreated kenaf fibers.
Asitis shown in Fig. 5, a decrease in the flexural strength
is observed with increasing rubber content in the com-
posite. The similar experiment shows the inter-fibrillar
matrix became soften after NaOH treatment [11].

Impact properties of treated kenaf TPUR/NR
composites

The treatment of kenaf fibers with NaOH gives an
excellent result of increasing the impact strength of
TPUR/NR kenaf composites by up to 127 %. An increase
in impact strength is more pronounced with increasing
TPUR content in the composite.

Several studies reported the improved impact proper-
ties of kenaf polymer composites [28-30]. The results of
flexural tests of TPUR/NR composites indicate that the
treated kenaf fiber has become softer. In effect, it would
give a cushion effect in TPUR/NR composites and act as
energy absorbent. This gives better impact results com-
pared to the composites with untreated fibers as shown
in Fig. 6.

SEM observation of treated kenaf TPUR/NR
composites

The morphology study was concentrated on the sam-
ples of treated and untreated kenaf fiber TPUR/NR com-
posites with highest results of tensile and impact tests. In
this study, the IKFINR6TPUR and TIKFINR6TPUR kenaf
composites were chosen. The purpose of this observation
was to investigate the effect of fiber interfacial bonding
on the composite properties. The cross-sections of broken
samples after the tensile tests were examined in a scan-
ning electron microscope. The content of the kenaf fiber
was fixed at 12.5 wt % for every TPUR/NR composite.

As isillustrated in Fig. 7, the kenaf fiber are equally dis-
tributed in the TPUR/NR composites. No agglomeration
of fibers is observed because in this study only short ke-
naf fibers were used. This indicates that the mixing pro-
cess using an internal mixer and hot press machine was
carried out at a suitable temperature and pressure [9]. In
Fig. 8 it is clearly shown that the fiber break obviously
occurred in the treated kenaf fiber polymer composites.
For the untreated kenaf fibers many fiber pull-outs can
be observed. This shows that the NaOH treatment of the
kenaf fibers has a positive influence on the bonding be-
tween the fiber and the polymer matrix. According to
other studies [27, 31] alkali treatment cleans kenaf fiber
surface and may improve fiber-matrix adhesion.
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Fig. 9. Interfacial fiber adhesion to the polymer matrix: a) untreated kenaf fiber-matrix - 1IKFINR6TPUR, b) treated kenaf fiber-
-matrix - TIKFINR6TPUR
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Examples of fiber bonding and debonding in the
TPU/NR composites are presented in Fig. 9. The untreated
fibers show flat surface, while those subjected to NaOH
treatment are roughly surfaced, what is clearly shown in
Fig. 8, illustrating the surface of broken fibers. In works
of other researchers this increased roughness results in
a better wetting and impregnation of the fibers thus in-
creasing their bonding with matrix [32, 33].

The surface of the TPUR/NR matrix compound is
smooth in the specimens with untreated kenaf fibers
(Fig. 8a), comparing to the rough matrix surface in the
composites with a alkali-treated kenaf. The increased
bonding between the fibers and matrix in kenaf-filled
TPUR/NR compounds also contributes to their improved
impact properties.

CONCLUSIONS

The effect of NaOH as a treatment on kenaf fiber used
in TPUR/NR composites on their mechanical properties
was investigated. A significant improvement in the im-
pact characteristics (increase in impact strength by up
to 127 %) was observed for the composites with alkali-
-treated kenaf fibers in comparison with those containing
untreated fibers.

The elongation at break increases with the increasing
content of TPUR in TPUR/NR composites with the treat-
ed kenaf fiber. On the other hand, the treatment of ke-
naf fiber contributes to a decrease in flexural modulus
of TPUR/NR composite. Using SEM observation, it was
verified that NaOH treatment applied to the kenaf fibers
may, in some conditions, improve the interfacial bonding
between fiber and TPUR-NR matrices.

SEM analysis showed that surfaces of alkali-treated ke-
naf fibers were rough, which might result in improved
wettability and bonding properties.

ACKNOWLEDGMENTS

The authors would like to thank University Kuala Lum-
pur (UniKL) and the Ministry of Higher Education Malay-
sia for providing the scholarship award and financially support
through UniKL Grant Scheme (STRG 15144) to the princi-
pal author in this project and HiCOE grant (6369107) from
Ministry of Higher Education, Malaysia.

REFERENCES

[1] Aji LS., Sapuan S.M., Zainudin E.S., Abdan K.: In-
ternational Journal of Mechanical and Materials Engine-
ering 2009, 4, 239.

[2] Jumaidin R, Sapuan S.M., Jawaid M. et al.: Internatio-
nal Journal of Biological Macromolecules 2016, 89, 575.
http://dx.doi.org/10.1016/j.ijbiomac.2016.05.028

[3] Rashdi A.A.A, Sapuan S.M., Ahmad M.M.H.M., Ab-
dan K.B.: Polimery 2009, 54, 777.

[4] Boopalan M., Niranjanaa M., Umapathy M.]J.: Compo-
sites Part B Engineering 2013, 51, 54.

http://dx.doi.org/10.1016/j.compositesb.2013.02.033

[5] Salleh Z., Berhan M.N., Hyei K.M. et al.: World Acade-
my of Science Engineering and Technology 2012, 6, 969.

[6] Alam M.A. Hassan A., Muda Z.C.: Materials and
Structures 2016, 49, 795.

[7] Alam A., Alriyami K., Muda Z.C,, Jumaat M.Z.: In-
dian Journal of Science and Technology 2016, 9, 1.
http://dx.doi.org/10.17485/ijst/2016/v9i6/77483

[8] JeyanthiS.,, JanciRani J.: Journal of Applied Science and
Engineering 2012, 15, 275.

[9] El-Shekeil Y.A., Salit M.S., Abdan K., Zainudin E.S.:
BioResources 2011, 6, 4662.

[10] Meon M.S., Othman M.F., Husain H. et al.: Procedia
Engineering 2012, 41, 1587.
https://doi.org/10.1016/j.proeng.2012.07.354

[11] El-Shekeil Y.A. Sapuan S.M., Khalina A. ef al.: Express
Polymer Letters 2012, 6, 1032.
http://dx.doi.org/10.3144/expresspolymlett.2012.108

[12] El-Shekeil Y.A., Sapuan S.M., Khalina A. et al.: Journal
of Thermal Analysis and Calorimetry 2012, 109, 1435.
http://dx.doi.org/10.1007/s10973-012-2258-x

[13] Yousif B.F.,, Orupabo C., Azwa Z.N.: Journal of Natural
Fibers 2012, 9, 207.

[14] Nam G., Wu N., Okubo K., Fujii T.: Agricultural Scien-
ces 2014, 5, 1338.
http://dx.doi.org/10.4236/as.2014.513143

[15] Abu Bakar M.A., Ahmad S., Kasolang S. et al.: Jurnal
Teknologi 2015, 76, 81.
http://dx.doi.org/10.11113/jt.v76.5518

[16] Sommer ].G.: “Troubleshooting Rubber Problems”,
Carl Hanser Verlag, Cincinnati, Ohio 2014, pp. 162-245.

[17] Eldo S.: The International Journal of Engineering and
Science 2014, 3, 17.
https://pdfs.semanticscholar.org/74ec/eOble80b8be-
e55cf3d8d3186a280e596d30b.pdf

[18] Sommer J.G.: “Engineered Rubber Products: Intro-
duction to Design, Manufacturing and Testing”
Chapter 2, Hanser, Cincinnati, Ohio 2009, pp. 14-24.

[19] Mohanty S., Verma S.K., Nayak S.K.: Composites Scien-
ce and Technology 2006, 66, 538.
http://dx.doi.org/10.1016/j.compscitech.2005.06.014

[20] Zainudin E.S., Sapuan S.M.: Multidiscipline Modeling
in Materials and Structures 2009, 5, 277.
http://dx.doi.org/10.1163/157361109789017078

[21] El-Shekeil Y.A., Sapuan S.M., Azaman M.D,, Jawaid
M.: Advances in Materials Science and Engineering 2013,
ID: 686452. http://dx.doi.org/10.1155/2013/686452

[22] Anuar H., Surip S.N., Adilah A.: 14* European Con-
ference on Composite Materials, 7-10 June 2010, Bu-
dapest, Hungary, ID: 494-ECCM14.

[23] Ahad N.A., Ahmad S.H., Zain N.M.: Advanced Mate-
rials Research 2014, 879, 107.

[24] Drobny J.G.: “Handbook of Thermoplastic Elasto-
mers”, vol. 53, No. 9., William Andrew Publishing,
New York 2007, pp. 376—425.

[25] El-Shekeil Y.A., Sapuan S.M., Abdan K., Zainudin
E.S.: Materials and Design 2012, 40, 299.


http://dx.doi.org/10.1016/j.ijbiomac.2016.05.028
http://dx.doi.org/10.1016/j.compositesb.2013.02.033
http://dx.doi.org/10.17485/ijst/2016/v9i6/77483
https://doi.org/10.1016/j.proeng.2012.07.354
http://dx.doi.org/10.3144/expresspolymlett.2012.108
http://dx.doi.org/10.1007/s10973-012-2258-x
https://uitm.pure.elsevier.com/en/persons/salmiah-kasolang
https://uitm.pure.elsevier.com/en/publications/characterization-of-rubber-toughened-epoxy-reinforced-hybrid-kena
https://uitm.pure.elsevier.com/en/publications/characterization-of-rubber-toughened-epoxy-reinforced-hybrid-kena
http://dx.doi.org/10.11113/jt.v76.5518
https://www.journals.elsevier.com:443/international-journal-of-engineering-science
https://www.journals.elsevier.com:443/international-journal-of-engineering-science
https://www.researchgate.net/journal/0266-3538_Composites_Science_and_Technology
https://www.researchgate.net/journal/0266-3538_Composites_Science_and_Technology
http://dx.doi.org/10.1016/j.compscitech.2005.06.014
http://dx.doi.org/10.1163/157361109789017078
http://dx.doi.org/10.1155/2013/686452

530

POLIMERY 2018, 63, nr 7-8

http://dx.doi.org/10.1016/j.matdes.2012.04.003

[26] Ismail A., Hassan A., Bakar A.A., Jawaid M.: Sains
Malaysiana 2013, 42, 429.

[27] Ismail H., Norjulia A.M., Ahmad Z.: Polymer-Plastics
Technology and Engineering 2010, 49, 519.
http://dx.doi.org/10.1080/03602550903283117

[28] Gowtham N., Azad A.: IOSR Journal of Mechanical and
Civil Engineering 2013, 32.
http://www.iosrjournals.org/iosr-jmce/papers/ICR-
TEM/ME/Volume-2/IOSRME101.pdf

[29] Naveenkumar R., Sharun V., Dhanasakkaravarthi B.,
Rajakumar LPT.: International Journal of Applied Scien-
ce and Engineering Research 2015, 4, 250.
http://dx.doi.org/10.6088/ijaser.04025

[30] Clemons C., Sanadi A.R.: Journal of Reinforced Plastics
and Composites 2007, 26, 1587.
http://dx.doi.org/10.1177/0731684407079663

[31] Abd Manaf M.E., Md Akil H., Abu Bakar A., Zainal
Ariffin M.L.: Materials Letters 2007, 61, 2023.
http://dx.doi.org/10.1016/j.matlet.2006.08.006

[32] John M.J,, Thomas S., Varughese K.T.: Composites
Science and Technology 2004, 64, 955.
http://dx.doi.org/10.1016/S0266-3538(03)00261-6

[33] Herrera-Franco P, Valadez A.: Composites Part B En-
gineering 2005, 36, 597.
http://dx.doi.org/10.1016/j.compositesb.2005.04.001

Received 28 X 2017.

Topics:
e Predictive Methods and Simulations
e  Structure-Property Relationships
e Surfaces, Interfaces, Adhesion and Tribology
e Materials Synthesis
e Rheology and Processing
e Mechanical Properties and Performance
e Electrical and Dielectric Properties

e Nanomaterials and Smart Materials

e Materials for Energy and Recycling

at 9 AM with the following Program:

Polychar 26 World Forum on Advanced Materials
Tbilisi, Georgia, September 10-13, 2018

We would like to invite you to Georgia for the 26" Annual World Forum on Advanced Materials Polychar 2018
which will take place at the Ivane Javakhishvili University in Thbilisi.

Polychar is a series of annual conferences which were originally limited to polymer characterization (hence
the abbreviation in the name) but which are now the most worldwide conference series on advanced materials.

e Biomaterials, Green Materials and Composites

By tradition, the first day Monday (September 10%) there will be a Course of Polymer Characterization starting

— Michael Hess: Viscoelastic properties of polymers

—  Witold Brostow: Friction, scratch resistance and wear

— Sven Henning: Micromechanics by electron microscopy

— Masaru Matsuo: Diffraction and scattering of X-rays and visible light

— Allison T. Osmanson: Flexibility in relation to other properties of polymers
— Tomasz Sterzynski: Macromolecular orientation in polymers

— Chin Han Chan: Characterization of polymer electrolytes

— Dusan Berek: Polymer liquid chromatography

More information on the website:
http://www.polychar26.tsu.ge/



http://dx.doi.org/10.1016/j.matdes.2012.04.003
https://www.tandfonline.com/toc/lpte20/current
https://www.tandfonline.com/toc/lpte20/current
http://dx.doi.org/10.1080/03602550903283117
http://www.iosrjournals.org/iosr-jmce/papers/ICRTEM/ME/Volume-2/IOSRME101.pdf
http://www.iosrjournals.org/iosr-jmce/papers/ICRTEM/ME/Volume-2/IOSRME101.pdf
http://dx.doi.org/10.1177/0731684407079663
http://dx.doi.org/10.1016/j.matlet.2006.08.006
http://dx.doi.org/10.1016/S0266-3538(03)00261-6
http://dx.doi.org/10.1016/j.compositesb.2005.04.001

