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Abstract The mechanical behaviour of natural fibres as
composite materials can be affected by changes in temperature
and moisture content. The aim of this paper was to describe the
effect of temperature and moisture content on tensile strength
of false banana fibre (Ensete ventricosum) and to determine its
water absorption. Samples of fibres were prepared and tested until
rupture point with strain rate of 0.05 min™ at temperature change
between -20 and 220°C as well as moisture content between 10
and 90% whb. The water absorption and release of Ensete fibres
at 60 and 90% relative humidity was also determined. Results
showed that Ensete fibres exhibited stability of tensile strength
in the temperature range from 0 to 100°C but the increase of tem-
perature decreased statistically significantly the tensile strength.
The effect of moisture content on tensile strength was not statisti-
cally significant. The equilibrium moisture content at 60% relative
humidity and 25°C was determined.
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INTRODUCTION

Ecological concern has resulted in a profound inter-
est in renewable materials. Lignocellulosic natural fibres
such as hemp, sisal, banana, jute and flax are interesting,
environmentally friendly, alternative synthetic polymeric
fibres for application in engineering composites (Aseer,
2013). The natural fibres are biodegradable, recyclable,
nonabrasive, environmentally friendly, and contribute to
a reduction of waste and environmental pollution (Faruk
et al., 2012; Kalia et al., 2013; Rao et al., 2007; Silva et
al., 2008). They also exhibit excellent mechanical proper-
ties, low density, and they are available in fibrous forms at
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low cost (Aseer, 2013). This excellent price-performance
ratio at low density in connection with the environmentally
friendly character is very important for the acceptance of
natural fibres in large volume engineering applications such
as the automotive and construction industry (Stamboulis et
al., 2001).

Another suitable plant with great potential for the pro-
duction of natural fibres is Ensete (Ensete ventricosum),
also known as false banana (Tsehaye and Kebebew, 2006;
Yemataw et al., 2014). The Ensete plant does not bear edi-
ble fruits and it is not categorised as usual banana plants
(genera Musa). Some studies on the mechanical proper-
ties of Ensete fibres have been published. For instance, the
authors Mizera et al. (2016) reported the effect of length
of fibre on mechanical behaviour under tensile load.
However, one of the most important considerations using
natural fibres as a construction material is the effect of
temperature and moisture content on the mechanical pro-
perties (Bledzki and Gassan, 1999; Stoclet et al., 2011).
Indeed, due to the nature of the cell wall constituents,
temperature has a strong influence on the mechanical
properties of plant fibres (Bourmaud ef al., 2016). Studies
of the authors Baley et al. (2012) showed that the ten-
sile strength of flax fibre after heating for 14 h at 105°C
was strongly affected by the drying cycle which resulted
in damage to the fibres. In the production of new com-
posite materials a new bio-based polymer is used, such
as Polyamide 11 (PA11). The combination of PA1l with
natural fibres could be limited due to its high melting
temperature (Stoclet ef al., 2011), thus imposing a process
temperature between 200 and 230°C (Jolly et al., 2002;
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Lafitte et al., 2011). In addition the authors Faruk et al.,
(2012), Miissig (2010), Rao and Rao (2007), Stamboulis
et al. (2001), confirmed that the moisture content of natural
fibres had a great effect on the mechanical properties of
fibres. Therefore it is very important to determine the effect
of temperature and moisture content on the mechanical
behaviour of Ensete fibres. However, currently, this effect
is not adequately described. The aim of this experiment was
to describe the effect of temperature and moisture content
on tensile strength of Ensete fibres and to determine their
water absorption.

MATERIALS AND METHODS

Samples of fibres (Fig. 1) produced from Ensete ventri-
cosum, obtained from Hawassa region, Ethiopia, were used
for the experiment. The moisture content 10.48+0.93%
(w.b.) of the samples was determined using ASAE method
(ASAE S410.1 DEC97), (ASAE, 1998). From a batch
of Ensete fibres, samples of 100 g mass were randomly
selected for moisture content determination. The mass of
each sample m, (g) was determined using an electronic
balance (Kern 440-35, Kern and Sohn GmbH, Balingen,
Germany). The results obtained were expressed as mean of
three replicates.

The compression device (Labortech, MPTest 5.050,
Czech Republic) was used to record the course of ten-
sion force and deformation of the samples. The selected
samples of Ensete fibres were inserted into grips of the test-
ing machine with gauge length (L,) of 20 mm. The tests
were carried out for varying temperatures (T) of -20, 0,
20, 40, 60, 80, 100, 140, 180 and 220 + 5°C. The tempera-
ture was set on the testing chamber (Labortech, TH2700
Standard, Czech Republic). Each fibre was tempered 10 min
before the test representing thermal cycles used for pro-
duction of composites which have been indicated by some
authors (Bourmaud and Baley, 2010). The fibres were tested
until rupture, using strain rate of 0.05 min™'. The experiment
was repeated twenty times for each temperature of fibres.

The tests were carried out at several values of moisture
content (Mc) of 10, 20, 40, 60, 80 and 90 + 5%. Samples of
fibres were harvested at natural moisture content and were
gradually dried in a laboratory oven for different moisture
content. The fibres with corresponding moisture content

Fig. 1. Ensete ventricosum fibres.

C. MIZERA et al.

were inserted into the grips of the testing machine. The
fibres were tested until rupture, using strain rate of 0.05
min”'. The experiment was repeated twenty times for each
level of moisture content of fibres.

Statistica software (Statsoft, 2010) was used to analyse
the experimental data. Measured values were verified using
one-way analysis of variance (ANOVA) at significance
level 0.05.

Moisture absorption of Ensete fibres was studied. Prior
to testing, the fibres were dried in an oven at 70°C for 24 h,
as reported by some authors (Stamboulis ef al., 2001). The
humid environment was prepared with the use of an air-
conditioned oven (Memmert HCP 108, Memmert GmbH +
CO, KG, Germany). Bundles of fibres were kept together
and inserted in the oven at 25°C and 60 and 90% relative
humidity (RH). To ensure the final moisture content, the
specimens were weighed at regular intervals.

The fibres were analysed for fibre diameter by image
analysis using an optical microscope (Zeiss Jenavert, Carl
Zeiss, Jena, Germany). The dimensions were determined at
10 points on each fibre before the tension test.

The fibre cross section area (S) was calculated by Eq.
(D:

z D’
S=" (1)
where: D is diameter of fibre (mm).

The determined amounts of tension force and deforma-
tion were transformed into stress and strain using Eqs (2)
and (3), respectively:
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where: o is stress of fibre (MPa), S is appropriate cross sec-
tion area of fibre (mm?), ¢ is strain, x is elongation of fibre

(mm), L, is initial length of fibre (mm).

RESULTS AND DISCUSSION

For each fibre the dependency between tension force
and elongation was recorded and transformed into stress
strain curve using Egs (2) and (3). The average values of
tensile strength for each level of temperature and moisture
content of Ensete fibres are shown in Tables 1 and 2, as well
as their statistical analysis in Tables 3 and 4, respectively.
Figs 2 and 3 present also their graphical relationships. In
addition, the average values of strain at failure for differ-
ent levels of moisture content are presented in Fig. 4, and
the curves of moisture uptake and release as a function of
time for 60 and 90% relative humidity are presented in
Fig. 5. Itis evident in Table 1 or Fig. 2 that the environmen-
tal temperature had a limited effect on the tensile strength
of Ensete fibres. A decrease in the performance of Ensete
fibres was observed at the minus temperature, and a peak
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Table 1. Mechanical properties of Ensete fibre under different temperature

T (°C) o (MPa) AL (mm) er
20 452 + 54 0.62+0.14 0.031 + 682 10°
0 483 + 68 0.44 +0.08 0.022 +418 107
25 526 + 63 0.50 £0.13 0.025 £ 650 107
40 474 +90 0.42 +0.11 0.021+ 525 10°
60 498 + 85 0.54+0.12 0.027 + 621 10°
80 477 + 105 0.66 +0.12 0.033 =594 10°
100 485 + 68 0.52+0.11 0.026 + 572 10°
140 378 + 64 0.40+0.11 0.020 = 540 10°
180 339+ 75 0.66 + 0.20 0.033 £ 1023 10°
220 252 +48 0.74 +0.13 0.037 + 666 10°

T — temperature of fibres, oz — rupture stress, AL — rupture elongation, &z — rupture strain. Data in the table are means + SD.

Table 2. Mechanical properties of Ensete fibre under different moisture content

Mc (%) ¢ (MPa) AL (mm) e
10 492 +59 0.44 £0.07 0.022 £374 10°
20 525+ 84 1.06+0.16 0.053 +795 10°
40 540 + 65 1424023 0.071+ 1136 10°
60 590 + 100 1.78 £ 0.39 0.089 + 1958 10°
80 497 £ 85 2.68 +0.38 0.134+1876 10°
90 468 + 103 2.78 +0.67 0.139+3336 10°

Mc — moisture content of fibres + 5%. Other explanations as in Table 1.

Table 3. Statistical analysis ANOVA, comparison with values
of room temperature (25°C)

T(0) Fra Fi Prate
-20 11.312 4.098 0.99
0 3.054 4.098 0.91
40 3.789 4.098 0.90
60 1.758 4.098 0.98
80 2.457 4.098 0.99
100 2.687 4.098 0.98
140 37.678 4.098 0.99
180 74.605 4.098 0.99
220 250.211 4.098 0.99

F.,— value of the F test, F ; — critical value that compares a pair
of models, P, — significant level of the study hypothesis. Other
explanations as in Table 1.

was seen near room temperature. In the temperature range
up to 100°C no major changes of tensile strength were
observed, as confirmed by the statistical analysis ANOVA
results (Table 2) at significance level 0.05. A greater loss in
tensile strength occurred at higher temperatures due to the
loss of water (van Voorn et al., 2001). The mechanical pro-
perties of Ensete fibres attained good stability, but a gradual
significant decline began above 140°C. The degradation
in strength at failure reached 22.0, 30.1, and 48.1% after
exposure to 140, 180, and 220°C in comparison with room
temperature. A significant decrease in mechanical proper-
ties of other natural fibres at high temperatures has been
indicated by some authors and mainly attributed to the
evolution of the cell wall structure and organisation. For
example, the authors Gassan and Bledzki (2001) and Placet
(2009) reported structural degradation for flax and jute
fibres above 170°C. These changes in natural fibres may
be caused by transition phenomena within the polymers
which make up the plant cell walls (Gourier et al., 2014).
Further, it could be due to a progressive and irreversible
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Table 4. Statistical analysis ANOVA, comparison with near
values of equilibrium moisture content (10% d.b.)

Mc (%) Frat Feri Puate
20 2.265 4.098 0.96
40 3.354 4.098 0.97
60 3.897 4.098 0.95
80 1.758 4.098 0.99
90 2.175 4.098 0.98

Other explanations as in Tables 2 and 3.

C. MIZERA et al.

modification of the biochemical structure responsible for
interactions with water molecules, such as pectins, hemi-
cellulose or even non-crystalline fibrillar cellulose (Gourier
et al., 2014). The authors Gassan and Bledzki (2001)
also confirmed that the structural properties of cellulose,
hemicelluloses and pectins may be altered by high tempe-
ratures. Measurements over the moisture content range of
10 to 90% (w.b.) showed no severe loss of tensile strength
of Ensete fibres, as confirmed by the statistical analysis
ANOVA results (Table 4) at significance level 0.05. But,
the strain at failure showed a significant difference. Placet
(2009) also confirmed that the strain at failure increased
with moisture content of hemp fibres. In Fig. 5, Ensete
fibres at room temperature contained approximately 11.8%
d.b. water at 60% RH and 25°C of which 1.6% was bound
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Fig. 2. Tensile strength of Ensete fibres under different temperatures (bars represent standard deviation of the mean + SD, p < 0.05).
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Fig. 3. Tensile strength of Ensete fibres under different moisture
content. Explanations as in Fig. 2.
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Fig. 4. Strain at failure of Ensete fibres under different moisture
content. Explanations as in Fig. 2.
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Fig. 5. Moisture uptake and release of Ensete fibres — uptake at 25°C after drying at 70°C and release after conditioning at 90% RH,

25°C. Explanations as in Fig. 2.

to the fibres (Hatakeyama, 1987). After drying at 70°C for
6 h the fibres had 1.6% w.b. moisture. The value 11.8% w.b.
was described as the equilibrium moisture content. Similar
result was also determined for jute, sisal and pineapple
fibres (Rowell, 2008). Lower sensitivity of water absorption
has been known for flax and bamboo fibres (7-9% w.b.),
whereas higher sensitivity of water absorption (about 15%
w.b.) has been found for abaca fibres (Rowell, 2008). From
Fig. 5, it is evident that the uptake or absorption of water at
room temperature started very quickly, therefore there was
a limited time for the transfer of the dried fibres from the
oven to the matrix as related to the manufacture of compo-
sites. This hydrophilic nature of fibres is a major problem
for all cellulose fibres for application as reinforcement in
composites. The moisture content of the fibres was depen-
dent on the content of non-crystalline parts and the void
content of the fibres (Faruk ef al., 2012).

CONCLUSIONS

1. False banana fibre (Ensete ventricosum) exhibited
stability of tensile strength in the temperature range from 0
to 100°C but the increase of temperature decreased statisti-
cally significantly the tensile strength.

2. Tensile strength above 140°C declined and reached
22.0, 30.1, and 48.1% degradation after exposure to 140,
180, and 220°C, respectively.

3. The effect of moisture content on tensile strength was
not statistically significant.

4. The results of mechanical behaviour of Ensete fibres
determined in this study are useful for application in engi-
neering composite materials.

Conflict of interest: The Authors do not declare con-
flict of interest.
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