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In this study, mechanical properties such as tensile, flexural and impact strengths of
hemp/phenol formaldehyde (PF), basalt/PF and hemp/basalt hybrid PF composites have
been investigated as a function of fibre loading. Hemp fibre reinforced PF composites and
basalt fibre reinforced composites were fabricated with varying fibre loading i.e. 20, 32, 40,
48, 56 and 63 vol%. The hybrid effect of hemp fibre and basalt fibre on the tensile, flexural
and impact strengths was also investigated for various ratio of hemp/basalt fibre loading
such as 1:0, 0.95:0.05, 0.82:0.18, 0.68:0.32, 0.52:0.48, 0.35:0.65, 0.18:0.82 and 0:1. Total fibre
loading of the hybrid composites was 40 vol%. The results showed that the tensile strength
and elongation at break increase with increasing fibre loading up to 40 vol% and decrease
above this value for hemp fibre reinforced PF composite. Similar trend was observed for
flexural strength and the maximum value was obtained for 48 vol% hemp fibre loading.
Impact strength of hemp/PF composite showed a regular trend of increase with increasing
fibre loading up to 63 vol%. Tensile strength, flexural strength and impact strength values
of basalt/PF composites were found to be lower compared to hemp/PF composites. The
tensile strength and elongation at break of basalt/PF composite increased by incorparation
of basalt fibre up to 32 vol% and decreased beyond this value. Flexural strength of
basalt/PF composite decreased linearly with fibre loading. However, the maximum impact
strength was obtained for 48 vol% basalt fibre loading. For hemp/basalt hybrid PF
composite, the tensile strength decreased with increasing basalt fibre loading. On the other
hand, the flexural and impact strengths showed large scatter. The maximum flexural
strength value was obtained for 0.52:0.48 hemp/basalt ratio. Corresponding value for
impact strength was obtained for 0.68:0.32 hemp/basalt fibre ratio.
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1. Introduction

Manufacturing high performance engineering materi-
als from renewable resources is one of the ambitious
goal currently being pursued by researchers across the
world [1]. Eco-friendly green composites from plant
derived fiber and crop-derived plastics are novel ma-
terials for the 21th century and can be of great im-
portance to the materials world [2]. Renewable re-
sources in the field of fibre reinforced materials with
their new range of applications represent an impor-
tant basis in order to fulfill the ecological objective
of creating closed material circuits [3]. The interest
in using natural fibres such as different plant fibres
and wood fibres as reinforcement in plastics has in-
creased dramatically during last few years. With regard
to the environmental aspects it would be very inter-
esting if natural fibres could be used instead of glass
fibres as reinforcement in some structural applications
[4, 5]. Plant fibres are renewable and biodegradable
natural cellulosic materials. Together with their desir-

0022-2461 © 2005 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-1103-z

able mechanical properties, they are becoming increas-
ingly useful as raw materials for the preperation of
cost-effective and environmentally friendly composite
materials [6—8]. The advantages of natural plant fibres
over traditional glass fibres are low density, good me-
chanical performance, unlimited availability, reduced
tool wear, low cost, reduced energy consumption and
biodegradability [2, 3, 9]. Today, a renaissance in the
use of natural fibres as reinforcements in the technical
applications is taking place mainly in the automobile
industry [10]. Auto companies are seeking materials
with sound abatement capability as well as reduced
weight for fuel efficiency. Natural fibers possess excel-
lent sound absorbing efficiency and are more shatter
resistant and have better energy management charac-
teristics than glass fiber reinforced composites. While
natural fibers can deliver the same performance for
lower weight, they can also be 25-30 percent stronger
for the same weight. Moreover, they exhibit a favor-
able non-brittle fracture on impact, which is another



important requirement in automobile industry [2, 11,
12].

Hybrid composites are materials made by combin-
ing two or more different types of fibres in a common
matrix. They offer a range of properties that can not be
obtained with a single kind of reinforcement. Research
revealed that the behaviour of hybrid composites ap-
pears to be simply a weighed sum of the individual
components in which there is a more favorable balance
between the advantages and disadvantages inherent in
any composite material. It is generally accepted that
the properties of hybrid composite are controlled by
factors such as nature of matrix; nature, length and rel-
ative composition of the reinforcements; fibre-matrix
interface; and hybrid design etc. By using hybrid com-
posites made of natural fibres and carbon-fibres or nat-
ural fibres and glass-fibres, the properties of natural
fibre reinforced composities can be improved further
[10-12].

Natural fibres are in general suitable to reinforce
plastics (thermosets as well as thermoplastics) due to
their relative high strength and stiffness and low den-
sity. The use of natural fibres such as hemp will re-
sult in significant property advantages as compared to
wood-based fibres such as wood flour, wood fibres and
recycled paper. Hemp is an important ligno-cellulosic
natural fibre and has the best mechanical and thermal
properties [2, 6, 10].

The present paper establishes the mechanical perfor-
mance of the hemp/ phenol formaldehyde (PF) com-
posite, the basalt/PF composite and hemp/basalt hybrid
PF composites. Tensile properties such as tensile stress-
strain behavior, tensile strength and elongation at break
of the composites as a function of volume fraction of the
fibres were analysed. The flexural strength and impact
strength as a function of fibre loading were also in-
vestigated. The tensile and impact fracture mechanism
of the composites were studied by scanning electron
microscopy (SEM).

2. Experimental

2.1. Materials

Phenol formaldehyde novalac type resin was obtained
from Cukurova Ltd. Manisa, Turkey. The basic prop-
erties of the resin were given in Table I [13]. Hemp
fibre was obtained from local sources and were cut to
length of 5-10 mm. An approximate chemical analysis
of hemp fibre is cellulose (70.2-70.4%), lignin (3.7-
5.7%), hemicellulose (17.9-22.4%), pectin (0.9%),
wax (0.3%) and moisture (10.8%) [2]. Basalt fibre
was obtained from Deutsche Basaltsteinwolle GmbH,

TABLE I Physical and mechanical properties of phenol formalde-
hyde novalac resin [13]

Density (kg/m?) 1.27
Compression strength (MPa) 235-520
Tensile strength (MPa) 34-62
Young’s modulus (GPa) 2.8-9.0
Elongation at break (%) 0-2
Melting point (°C) 87
Powder size (um) 45

TABLE I1
fibre [7, 16, 17]

Physical and mechanical properties of hemp and basalt

Tensile Young’s Elongation
Density strength modulus  at break Diameter
Fibre (kg/m3) (MPa) (GPa) (%) (pum)
Hemp 1.48 550-900 70 1.6 20-200
Basalt  2.70 430 60 1.2 13

d/
100 pm

——
I /s

(b)
Figure I SEM micrographs of fibres. (a) hemp fibre, (b) basalt fibre.

Rotedal Germany. An approximate chemical analysis
of basalt fibre is SiO; (46.2%), Al,O3 (13%), Fe,;03
(12%), MgO (10%), CaO (10%), TiO, (2%), K,O
(1.8%), NayO (3.5%) and traces (<1%) [14, 15]. Fig. 1
shows SEM micrographs of hemp and basalt fibres.
Important physical and mechanical properties of hemp
and basalt fibres are given in Table II [7,16,17].

2.2. Sample preparation

Composite sample preparation was performed by mix-
ing the fibres and resin in a mixing chamber for 5 min.
The composites were made by pressing the materi-
alin a steel mould at 120 °C for 15 min at 9 MPa
pressure. At least five specimens were tested and aver-
age value was taken for each composite according to
ASTM standards. Hemp fibre reinforced-PF resin com-
posites and basalt fibre reinforced-PF resin composites
with various fibre loadings such as 20, 32, 40, 48, 56



and 63 vol% were prepared. Effect of fibre loading on
the mechanical properties was analysed. Hybrid com-
posites having various ratio of hemp fibre/basalt fibre
loading such as 1:0, 0.95:0.05, 0.82:0.18, 0.68:0.32,
0.52:0.48, 0.35:0.65, 0.18:0.82 and 0:1 were prepared.
Total fibre loading for hybrid composites was 40 vol%.

2.3. Mechanical tests

Test samples were cut from composite sheets. Tensile
tests were carried out using a Trapezus 2 model tensile
testing machine in accordance with ASTM D 638 stan-
dard. The samples were tested at a rate of 5 mm/min.
Flexural tests were performed using the 3-point bend-
ing method according to ASTM D 790 standard. Impact
tests were carried out on a charpy impact testing ma-
chine and the test method adopted was consistent to
ASTM D 256 standard. All the test samples were un-
notched. Impact loading was done with a 7.5 J ham-
mer. The impact strength was calculated by dividing
the recorded absorbed impact energy with the cross-
sectional area of the samples.

2.4. Morphology of fracture surfaces

Hemp fibre, basalt fibre and fractography of the failure
surfaces of the composite samples was examined by
scanning electron microscope, Jeol 3600 model. The
tensile and impact fractographs of the composites were
taken to study the fracture mechanism and interface
adhesion of the composites.

3. Results and discussion

3.1. Tensile strength

The stress-strain behavior of hemp fibre/PF compos-
ite at varying fibre loading is shown in Figs 2 and 3.
It can be clearly seen that tensile strength and elon-
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Figure2 Effect of hemp fibre loading on the tensile strength of hemp/PF
composite.
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Figure 3 Effect of hemp fibre loading on the tensile properties of
hemp/PF composite.

gation at break increased with increasing fibre content
up to 40 vol% and decreased above this value. It is
well known that [18] the tensile strength of a compos-
ite material is mainly dependent on the strength and
modulus of the fibres, the strength and chemical sta-
bility of the matrix and the effectiveness of the bond-
ing strength between matrix and fibres in transferring
stress across the interface. When fibre reinforced com-
posite is subjected to load, the fibres act as carriers of
load and stress is transferred from matrix along the fi-
bres leading to effective and uniform stress distribution
which results in a composite having good mechanical
properties [8]. At low levels of fibre loading, fibres
are not capable of transferring load to one another and
stress gets accumulated at certain points of compos-
ite leading to low tensile strength. At high levels of
fibre loading the increased population of fibres leads
to agglomeration and stress transfer gets blocked. At
indermediate levels of loading the fibres actively par-
ticipate in stress transfer. In this study maximum ten-
sile strength and elongation at break were obtained at
40 vol% hemp fibre loading. The tensile strength and
elongation at break are found to have 121 and 78% in-
crease with increasing hemp fibres from 20 to 40 vol%
(Fig. 2). (It can be concluded that the brittle nature of
the composite decreases with the addition of hemp fi-
bre.) However, further increase in weight fraction of
hemp fibre from 40 % to 63 vol% decreases the tensile
strength and elongation at break to about 38 and 6.6%,
respectively. This may be attributed to increasing of
unwetted hemp fibre by PF and poor fibre-matrix adhe-
sion with increasing fibre loading. However elongation
increases again between 56 to 63 vol% fibre loading
which may be explained in terms of increasing fibre
pull out. The tensile fractograph of hemp/PF compos-
ite containing 40 wt% fibre loading was shown in Fig. 4.
The wetting of hemp fibre by matrix and the interfa-
cial adhesion between the fibre and matrix were not
strong and predominant fracture mechanism was fibre
pull-out.



Figure 4 Tensile fracture surface of hemp fibre/PF composite (fibre
loading 40 vol%).
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Figure 5 Tensile stress-strain behavior of basalt/PF composites having
different basalt fibre loading.
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Figure 6 Effect of basalt fibre loading on the tensile properties of
basalt/PF composites.

Figs 5 and 6 show the variation of tensile strength
and elongation at break with basalt fibre loading in
basalt/PF composite. Fig. 5 clearly shows that the ten-
sile strength and elongation at break of basalt/PF com-
posite increased by incorporation of basalt fibre up
to 32 vol%. The tensile strength of the composite at
32 vol% basalt fibre loading is found as 44.1 MPa.
However higher strength values were expected consid-
ering the strength of the basalt fibre itself. This may

Figure 7 Tensile fracture surface of basalt/PF composite (fibre loading
40 vol%).

be due to poor bonding between inorganic basalt fi-
bre and PF matrix. This is illustrated in SEM images
(Fig. 7) which shows fibre-PF matrix debonding and
clean fiber surface. In fact these fibers were manufac-
tured for the purpose of brake pad manufacturing. The
tensile strength and elongation at break values are ob-
served to decrease by addition of basalt fibre from 32
to 63 vol%. For the 63 vol% basalt fibre loading, the
tensile strength of composite is found as 16.8 MPa.
This is probably due to lost of integrity of the matrix
due to high fibre loading. Botev et. al. [14] reported
that decreasing tensile strength with addition 10, 20
and 30 vol% basalt fibre to polypropylene matrix. Sim-
ilar behavior for the percentage elongation in basalt/PF
composite was observed as shown in Fig. 6. The values
of elongation at break also decreased with the increas-
ing of fibre loading.

The tensile fractograph of basalt/PF composite con-
taining 40 vol% fibre loading is shown in Fig. 7. As can
be seen, fibre-fibre contact points and fibre pull out are
clearly observed. The clear surface of fibres shows poor
wetting of fibres by matrix and poor interfacial bond-
ing between fibres and matrix. Predominant fracture
mechanism is fibre pull out.

The hybrid effect of hemp and basalt fibres on the
tensile strength and elongation at break of hemp/basalt
hybrid PF composite having 40 vol% fibre loading is
presented in Figs 8 and 9. As can be seen from figures,
increasing weight fraction of basalt fibre resulted nega-
tive effect on the tensile properties of hemp fibre but the
values found higher compared to basalt/PF composite.
The properties of any hybrid composite are mainly de-
pendent on the modulus and percentage elongation at
break of the individual reinforcing fibres. The modulus
and elongation at break of hemp fibre are comparatively
higher than that of basalt fibre (see Table I and II). This
suggests that the tensile properties of hemp/basalt hy-
brid PF composite are dependent more on the weight
of hemp fibre rather than basalt fibre. Tensile strength
and elongation at break values of the hybrid composite
at 5 vol% basalt fibre loading are 65.3 MPa and and
4.6%, respectively. Corresponding values at 82 vol%
basalt fibre loading are 33.5 MPa and 2.7%, respec-
tively. Fig. 10 shows SEM micrographs of tensile frac-
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Figure 8 Effect of basalt fibre loading on the tensile strength of
hemp/basalt hybrid PF composite (total fibre content: 40 vol%).
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Figure 9 Effect of basalt fibre loading on the tensile properties of
hemp/basalt hybrid PF composite (total fibre content: 40 vol%).

tured surface of hemp/basalt hybrid PF composites for
varying hemp/basalt ratios.

3.2. Flexural strength

The effect of hemp fibre loading on the flexural strength
of hemp/PF composite is given in Fig. 11. There is max-
imum flexural strength at 48 vol% hemp fibre loading.
The flexural strength at 20 vol% fibre loading is found
as 84.7 MPa. By addition of 48 vol% hemp fibre, the
flexural strength increased to 104.3 MPa. Further ad-
dition of hemp fibre from 48 to 63 vol% decreased
flexural strength. In flexural testing various mechanism
takes place simultaneously. By application of flexural
force, the upper and lower surface of the sample under
three point bending load is subjected to compression
and tension and axisymetric plane is subjected to shear

(b)

Figure 10 SEM micrographs of tensile fractured surfaces of
hemp/basalt hybrid PF composite. (a) Hemp/basalt ratio: 0.18:0.82, (b)
hemp/basalt ratio: 0.95:0.05.
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Figure 11 The flexural strength of the hemp fibre/PF composite as a
function of fibre loading.

stress. So there are two failure modes in the materi-
als; bending and shear failure. The sample fails when
bending or shear stress reaches the corresponding crit-
ical value [4]. The loading of 48 vol% hemp fibre leads
the composite having a good flexural strength.

The flexural strength of basalt fibre/PF composite is
shown in Fig. 12. As the content of basalt fibre raised
from 20 to 63 vol% the flexural strength of the compos-
ite decreases with sharp decrease above 48 vol%. The
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Figure 12 Effect of basalt fibre loading on the flexural strength of
basalt/PF composite.
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Figure 13 Variation of flexural strength of hemp/basalt hybrid PF com-
posite with basalt fibre loading.

flexural strength values at 20, 48 and 63 vol% basalt fi-
bre loadings are 80.1, 71.3, and 54.9 MPa, respectively.

Variation of flexural strength upon hybridisation of
the hemp and basalt fibre is given in Fig. 13. The
basalt fibre loading is varied from 0 to 100 vol%.
As the content of basalt fibre is raised, the flexural
strength of the hybrid composite increases. There is
the maximum flexural strength at 48 vol% basalt fi-
bre loading. The flexural strength of the hybrid com-
posite at 0 and 48 vol% basalt fibre loadings are
103.1 and 122.6 MPa, respectively. Flexural strength
of hemp/basalt PF hybrid composite exceeds the flex-
ural strength of basalt/PF composite.

3.3. Impact strength

The impact failure of a composite occurs by factors
such as fibre/matrix debonding, fibre and/or matrix
fracture and fibre pull out. Fibre fracture dissipates
less energy compared to fibre pull out. The former is
common in composites with strong interfacial bond
while the occurence of the latter is a sign of a weak
bond. The applied load transferred by shear to fibres
may exceed the fibre/matrix interfacial bond strength

40

35+

Izod impact energy (kJ/m’)
S & 8
1 1 1

o«
1

10 T T T T T T T T T T
20 30 40 50 60 70

Percentage by vol. of hemp fibre

Figure 14 Impact strength of hemp/PF composite as a function of fibre
loading.

and debonding occurs. When the stress level exceeds
the fibre strength, fibre fracture occurs. The fractured
fibres may be pull out of the matrix, which involves
energy dissipation [5, 11, 12]. Fig. 14 shows the vari-
ation of impact strength of hemp/PF composite with
hemp fibre loading. The impact strength of hemp/PF
composite increased almost linearly with hemp fibre
loading up to 56 vol%. However further increase in fi-
bre loading (up to 63 vol%) caused a moderate increase
in impact strength.

The effect of basalt fibre loading on impact strength
of basalt/PF composite is depicted in Fig. 15. The im-
pact strength of basalt/PF composite was not changed
with increasing fibre content between 2048 vol%. But
impact strength decreased sharply with further increase
of fibre content. It is thought that at higher basalt fibre
loading, the failure mechanism will be fibre pull out
due to increasing unwetted fibres by PF matrix. It can
be explained that unwetted areas act as crack propaga-
tion notches in the matrix. This reduces impact strength
at higher fibre loadings.

SEM micrographs of impact-fracture surfaces of
hemp/PF and basalt/PF composites containing 40 vol%
fibre are shown in Figs 16 and 17. It can be seen from
the fracture surface that the hemp fibres adhere well to

Izod impact energy (kJ/m’)
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20 30 40 50 60 70
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Figure 15 Variation of impact strength with fibre loading for basalt
fibre reinforced composite.



Figure 16 Impact fracture surface of hemp/PF composite (fibre loading
40 vol%).

Figure 17 Impact fracture surface of basalt/PF composite (fibre loading
40 vol%).
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Figure 18 Effect of basalt fibre loading on the impact strength of
hemp/basalt hybrid PF composite (total fibre content is 40 vol%).

the PF matrix and the composite is considered to frac-
ture primarily in ductile manner (Fig. 16). On the other
hand, Fig. 17 shows poor interaction between basalt
fibres and PF matrix. The composite is thought to frac-
ture in a brittle mode which is in aggrement with the
experimental results.

The effect of basalt fibre loading on the impact
strength of hemp/basalt hybrid PF composite is indi-

(b

Figure 19 Scanning electron micrographs of impact fractured surfaces
of hemp/basalt hybrid PF composites. (a) Hemp/basalt ratio: 0.18: 0.82,
(b) hemp/basalt ratio:0.95:0.05.

cated in Fig. 18. The impact properties of hemp/basalt
hybrid PF composite show large scatter with increas-
ing basalt fibre content. The impact strength of hemp
fibre at 40 vol% fibre loading (without basalt fibre) is
found to be 27.3 kJ/m?. The impact strength values are
found as 21.9 and 6.2 kJ/m? for 5 and 82 vol% basalt fi-
bre loadings, respectively. When examining the impact
fracture surfaces of hemp/basalt hybrid PF composites,
the decreased adhesion between basalt fibre and PF
matrix is evident for the hemp/basalt ratio of 0.18:0.82
Fig. 19.

4. Conclusions

In this paper, mechanical properties such as tensile,
flexural and impact strengths of hemp/PF, basalt/PF
and hemp/basalt hybrid PF composites have been in-
vestigated. The following results can be obtained:

1. The tensile, flexural and impact properties of
hemp/PF composites improved by increasing fibre
loading up to 40 vol%. However, higher loadings of
hemp fibre than 40 vol% resulted in a drop of mechan-
ical properties.

2. Tensile strength of basalt/PF composite increased
by incorporation of basalt fibre up to 32 vol% and de-
creased beyond this value. Flexural strength decreased



linearly with fibre loading. However, the maximum im-
pact strength was obtained for 48 vol% basalt fibre
loading.

3. Addition of basalt fibres decreased the tensile
strength of the hemp/ PF composites. Flexural and im-
pact properties of hemp/basalt hybrid PF composite
show large scatter with increasing basalt fibre content.

4. The tensile, flexural and impact properties of
hemp/PF composites are higher than that of basalt/PF
composites for the same fibre loading.
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