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Abstract
In this work, a chemical treatment with different concentrations of NaHCO3 (sodium bicarbonate) of 5%, 10% and 20% on the
surface of the flax fibre for a period of 120 h at room temperature is achieved. The purpose of this study is to observe the effect of
different treatment processes on flax fibres, which is to say on its mechanical properties such as strength and strain at fracture and
Young’s modulus. An important campaign of the test of more than 480 tests is carried out. Due to the variability of plant fibres,
more than 120 samples were tested for each group at a gauge length (GL = 20mm). The tensile mechanical property values of the
flax fibres present a large dispersion of results; this is typical for natural fibres, hence the need for a statistical study. This
dispersion has been studied and carried out by means and statistical tools such as the distribution of Weibull at two and three
parameters by applying a prediction model to a confidence level at 95% CI and one-way ANOVA analysis of variance.
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1 Introduction

The use of natural fibres has many advantages because they
are derived from a renewable and biodegradable resource. A
major advantage is that they can be easily discarded at the end
of their life cycle by cutting or by other methods that exist in
the industry, which is not possible with synthetic fibres such as
glass and carbon fibres. Indeed, these fibres offer particular
advantages such as low cost, low density, lower pollutant
emissions, acceptable special properties, renewable character-
istics, improved energy recovery, non-abrasivity, availability,
recyclability and a total biodegradability [1–7]. Consequently,

these natural fibre advantages encourage the development of
new applications in composites. The available technical stud-
ies suggest that these fibres have a real competitive advantage
over synthetic fibres [1, 2]. Currently, lignocellulosic fibres
are used as reinforcements in technical applications mainly
in the automotive, packaging industry and in parts where high
capacity is not required [1, 3, 4]. Today, the industrialists think
about integrating bio-fibres into biocomposite parts in the
aeronautical field [5]. The application of natural fibres is pri-
marily motivated by a combination of environmental and eco-
nomic concern [6].

Different types of plant fibres such as flax [8–12], jute [13,
14], sisal [15–17], Phoenix dactylifera L. [18], Agave ameri-
cana L. [19], artichoke [20], hemp [21],Native African Napier
Grass [22], Furcraea foetida [23], Aegle marmelos [24] and
other lignocellulosic fibres are used as reinforcement for
biocomposites.

Natural fibres such as flax fibres are derived from lignocel-
lulosics and have shown their ability to be good candidates as
a reinforcement for biocomposite materials [25, 26].
However, natural fibres have high moisture absorption. They
are of hydrophilic nature, and therefore, they become weak at
the surface between the fibre and the matrix. Due to the low
fibre/matrix adhesion, the mechanical properties of
biocomposites in natural fibre reinforcement are lower and
therefore it becomes important to improve their adhesion by

* Ahmed Belaadi
a.belaadi@univ-skikda.dz; ahmedbelaadi1@yahoo.fr

1 Département de Génie Mécanique, Faculté de Technologie,
Université 20 août 1955 - Skikda, B.P.26 route El-Hadaiek,
21000 Skikda, Algeria

2 Laboratoire des Silicates, Polymères et Nanocomposites (LSPN)
Université 08 Mai 1945, 24000 Guelma, Algeria

3 Département de Génie Mécanique, Université de M’sila,
166 M’sila, BP, Algeria

4 Aeronautical Engineering Department, King Abdulaziz University,
Jeddah, Saudi Arabia

https://doi.org/10.1007/s00170-019-04628-8
The International Journal of Advanced Manufacturing Technology (2020) 106:1753–1774

/Published online: 12 December 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-04628-8&domain=pdf
http://orcid.org/0000-0002-6059-3974
mailto:a.belaadi@univ-skikda.dz
mailto:ahmedbelaadi1@yahoo.fr


chemical methods, since the insertion of hydrophilic fibres
into a hydrophobic matrix is not simple [27–30].

On the other hand, the structure of elemental flax fibre
(Linum usitatissimum) is very complex and composed of cel-
lulose, hemicellulose, pectin, lignin and other components
[31, 32]. The flax fibre is indeed far from being considered
as a single mono-filament fibre. The applications of green
composites reinforced with flax fibres exist in the industry
but are still limited because of their poor performance. In
addition, the mechanical properties of these biocomposites
depend principally on the fibre/matrix adhesion [33–36].

Additionally, like most natural fibres, the mechanical prop-
erties of vegetal fibres are also very variable, different param-
eters can influence their properties such as the variety of the
fibre, its structure, the micro-febrile angle and its cellulose
content [30–36]. From an environmental point of view, the
main advantage of biofibres is its degradability. However, it
also has disadvantages which are mainly its high moisture
absorption, essentially due to cellulose, its sensitivity to acids,
chemicals and bacteria, mainly due to the presence of hemi-
cellulose, and finally its sensitivity to radiation ultraviolet due
to lignin [37, 38].

The different treatments that can be applied are generally
classified into two categories: chemical and physical. The for-
mer is the subject of investigation in this work. Among the
chemical treatments available are sodium hydroxide (NaOH),
acetylation (–CO-CH3), the permanganate treatment (MnO4-),
silane (SiH4) and pre-treatments with different coupling
agents [39, 40]. Indeed, the role of these treatments makes it
possible to clean the surface of the fibre, to modify its chem-
ical composition, to lower the retention of moisture, to in-
crease its roughness, to modify the mechanical properties
and to improve its thermal stability. The chemical treatment
of the fibre activates the hydroxyl group present in the cellu-
lose, the major component of the fibres and the lignin where it
can introduce the new parts which can actually engage with
the polymer matrices [39, 40].

The chemical modifications that have been imposed on
natural fibres by various researchers have resulted in an im-
provement in surface quality that adheres well to the polymer
matrix [40]. The most commonly used fibre treatment is alka-
line treatment, also known as mercerization. This is an ancient
method widely used in the textile field [41]. It is also widely
used with vegetal fibres when it is used to reinforce thermosets
and thermoplastic matrix [42, 43]. The type of alkaline treat-
ment and the percentage of concentration, the temperature,
and the duration of the treatment influence the mechanical
and physicochemical properties of the fibre [44].

In the study presented by Reddy et al. [45], the influence of
the alkaline chemical treatment of Borassus fruit fine fibre for a
concentration of sodium hydroxide of 5% for the duration of 1,
4, 8 and 12 h at a treatment temperature of 30 °C has been
evaluated. The results obtained from the mechanical properties

(tensile strength, strain at failure and Young’s modulus) from
this treatment respectively are 121 MPa, 58% and 35 GPa for
8 h of duration show the best behaviour for this plant fibre.
Another similar work [46] presents the effect of different con-
centration of NaOH (0.5, 1, 1.5, 2.5 and 5 %) at a temperature
of 100 °C for 1 h of time on date fibres (date palm tree). In this
work [46], the average mechanical properties obtained are
840 MPa and 165 GPa respectively for the strength and
Young’s modulus, while Lu and Oza [47] for their part showed
the chemical treatment effect such as silane and NaOH on the
hemp fibre used as reinforcement in a high-density polyethyl-
ene matrix in order to show the change in the thermal proper-
ties of the hemp/HDPE composite. The hemp fibres have been
immerged in a solution of NaOH at a concentration of 5% for a
period of 16 h at a temperature of 50 °C. However,
Venkateshwaran et al. [48] focused their work on the develop-
ment of a Banana Fiber Reinforced Composite (BFRC) treated
with an alkaline treatment (NaOH) at different concentrations
(0.5, 1, 2, 5, 10, 15 and 20%). The analysis of their results
showed that the composite produced by the treated fibres at
low concentration (1% NaOH) gave much higher mechanical
properties compared to other composites made from untreated
fibres, or treated with the other concentrations.

According to the literature [12, 13, 20, 21, 49–53], ligno-
cellulosic fibres are characterized by large dispersions of me-
chanical properties, hence the need to use statistical analysis
methods such as two and three Weibull parameters. Virk et al.
[13] conducted more than ten series of 100 specimens per GL
of 100 to 300 mm, a total of 785 samples of jute fibres were
tested under tensile static loading to study the influence of GL
on the mechanical properties. The authors used various statis-
tical analysis tools such as two Weibull parameters and log-
normal probability density function of the values of the tensile
strength and strain at failure [13].

Recently, Belaadi et al. [52] have determined the quasi-
static tensile mechanical properties of more than 150 of natu-
ral sisal yarns, having a twist angle of 13° with a linear density
of 232 ± 49 tex (g/1000 m). The authors used five different
gauge lengths GL = 50, 100, 150, 200 and 300 mm to deter-
mine the influence of this parameter (GL) on the mechanical
performance of the yarns. During the tests, the researchers
noticed that the result obtained contain a large dispersion. To
remedy this behaviour, the results were studied and analysed
by probabilistic and statistical tools such as the Weibull distri-
bution with two and three parameters using different probabil-
ity and estimation index and also one-way analysis of variance
(ANOVA).

The modification of vegetable fibres by sodium bicarbon-
ate is an ecological technique (sodium bicarbonate, NaHCO3,
also known as baking soda). This ecological product is used in
cooking, in the garden, in cosmetics, for medical purposes, to
clean, without endangering public health or the environment
(nature-friendly) [28]. There are few studies in the literature
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that use the treatment with sodium bicarbonate to improve the
adherence of fibre/matrix [27–30]. In this context, the aim of
this study was to investigate the mechanical behaviour in
quasi-static tensile loading of over 480 untreated flax fibre
samples and treated with NaHCO3 samples at various concen-
trations with a period of emersion of 120 h. Then, the obtained
results were analysed by applying probabilistic and statistical
approaches such as the Weibull distribution in two and three
parameters by the least square estimation method (LS), max-
imum likelihood (ML) and the analysis of variance one-way
ANOVAwith a prediction model to a confidence level of 95%
CI using Minitab statistical software. Finally, to the best
knowledge of the authors, this is the first time this approach
is used for flax fibres.

2 Experimental procedure

The Flax is an annual herbaceous plant of temperate regions,
belonging to the Linaceae family. The stem of this plant can
reach 0.6 to 1.2 m in height and 1 to 3 mm in diameter. The
flax fibres come from the plant stem. On a cross section of the
flax stem, there are 20 to 40 bundles. Each bundle contains on
average 300 to 400 of single fibres [54–56]. The flax fibres
have an approximate diameter of 18 μm and a length of 0.8 to
1 m (Fig. 1). The flax fibres used in this work were provided
by the BLIDA packaging and ropes factory in Algeria.

Natural flax fibres were immerged in NaHCO3 solution
(Sodium bicarbonate) with different concentrations (5%,
10% and 20%) for a total of 360 fibres treated for 120 h at
room temperature. Then, the fibres are immerged in the dis-
tilled water for 2 to 5 min to remove any impurity, and finally,
the fibres were dried in an oven at a temperature of 50 °C for a
period of 6 h. Before conducting the quasi-static tensile tests,
the diameters of the flax fibres are measured in ten places
along the fibres. These measurements were taken using a
ZEISS optical microscope equippedwith a digitally controlled
Moticam 2500 camera driven by a MoticImages Plus V2.0
image processing program. Ten diameter measurements are
thus obtained for each fibre, and the diameter retained is the
average of these ten values. The average diameter measured is
18.68 ± 3.43 μm. The section of the fibre is considered circu-
lar. This area is calculated from the average diameter of the
fibre. The surface of the single untreated flax fibres was
analysed using a JSM-6360 scanning electron microscope
(SEM). To make the fibres conductive, the samples were
sputter-coated with a thin layer of gold. The SEM images were
obtained at an accelerating voltage of 10 kV, as shown in
Fig. 1b–d.

The uniaxial tensile tests on single flax fibres are difficult to
implement because of the small dimensions of the fibre.
However, the fineness of the flax fibres imposes us to the
development of a particular protocol (Fig. 2). This action is

motivated by the need to obtain a good behaviour of the load-
displacement curves. First, the fibres are separated manually
from the bundles, in order to obtain unit fibres, and then are
glued on a paper frame 60 mm high and 20 mmwide, having,
at its centre, a square hole of 10 mm × 20 mm. The length of
the gauge used is therefore 20mm. The frame is then placed in
the mechanically clamping jaws of the testing machine. The
mechanical properties (tensile strength, Young’s modulus, and
ultimate strain) of the flax fibres are determined according to
the standard ASTMD 3822-07 [57] using a gauge length (GL)
of 20 mm. Due to the variability of natural fibres, 120 samples
are tested for each batch, totalling more than 480 tests per-
formed. The tests were conducted on a Zwick/Roell universal
tensile machine with a capacity of 2.5 kN. The tensile tests
were carried out with a speed of 1 mm/min. Young’s modulus
was calculated in the elastic region at 0.1–0.8% of the defor-
mation value by determining the slope of the tensile strength/
strain curve. The mechanical properties namely Young’s mod-
ulus, the tensile strength and strain at failure were calculated
individually for each fibre tested. All tests were carried out at
room temperature of 25 °C and relative humidity of approxi-
mately 42%.

The statistical analysis such as Weibull analysis (two and
three-parameter), one-way ANOVA and Anderson–Darling
test and boxplot (notched) were performed in Minitab and
Matlab software.

3 Statistical analysis

TheWeibull model [58], also called the weakest link theory, is
a statistical and empirical model allowing to take into account
the random aspect of the data. This approach has already been
widely used for fragile materials where the distribution of
defects plays a major role in the ruin of the material. The
Weibull model is widely used to describe the breaking behav-
iour of natural or cellulosic fibres such as flax [49, 50], hemp
[21], sisal [17], Agave Americana [19], palm [18] and jute
[13]. However, some studies also used this formulation in
the case of glass fibre bundles [59] as well as carbon fibres
[60]. Also, for ductile polymer materials, like PET fibres, the
choice to represent the distribution of the strength at failure by
a model deserves to be justified, even if its use is found in the
literature [61, 62]. In order to determine if the sample of the
values of the tensile strength follows a Weibull law, a test of
‘Kolmogorov-Smirnov’ is done [63].

The Laplace–Gauss is the normal distribution and contin-
uous probability law that depends on two factors μ and δ. The
first parameter, mean, gives information about the centre of
the distribution. The second parameter (δ) is the standard de-
viation (SD) which gives the information about its spread. The
Gaussian (Normal) probability density function (PDF) is de-
fined by Eq. (1) [64, 65]. The reduced centred normal variable
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is y = (x − μ)/δ, and for this variable (μ = 0, δ = 1), there is a
density of the probability, which is given by Eq. (2).
Moreover, the log-normal distribution (LND) is defined by ξ
(scale parameter) and λ (location parameter), for λ > 0, and
one obtains for the density function (Eq. (3)) [64, 65]. The
ln(x) indicates the arithmetic mean of natural logarithms of
mechanical properties, and ξ is the standard deviation of the
natural logarithms of mechanical properties.

f xjμ; δð Þ ¼ 1
ffiffiffiffiffiffi

2π
p

σ
e − x−μð Þ

2δð Þ2 ð1Þ

φ yð Þ ¼ 1
ffiffiffiffiffiffi

2π
p e−

y2

2 ð2Þ

f xjξ;λð Þ ¼ 1

xξ
ffiffiffiffiffiffi
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p e−

1
2

ln xð Þ−λ
ξð Þ2 ð3Þ

The probability density function of the three-parameter
Weibull distribution, also known as the cumulative distribu-
tion function (CDF), is defined by Eq. (4) [58, 66, 67].
Weibull model assumes that fibre fracture is caused by the
breakage of its weakest element and can effectively model
the mechanical properties of fibres in many cases [12, 51, 66].

P xjs0; s;mð Þ ¼ 1−exp −
x−s0
s

� �mh i

; x≥s0 ð4Þ

where s0 = 0, Eq. (5) becomes:

P xjs;mð Þ ¼ m
s

x
s

� �m−1
exp −

x
s

� �mh i

ð5Þ

After simplification of Eq. (5), in this case, the two-
parameter Weibull survival probability P(x), assuming that
the threshold is zero (s0 = 0), can be described by Eq. (6)
[13, 68–72]:

P xjs;mð Þ ¼ 1−exp −
x
s

� �mh i

ð6Þ

The parameters m, s, and s0 can be determined using the
least squares estimate (LS). After rearrangement and rewriting
the previous equation as [73] (Eq. (7)):

ln ln
1

1−P

� �� �

¼ m ln xð Þ−m ln sð Þ ð7Þ

where x, s, s0 and m are all positive real (R > 0), with s0, being
the threshold (a location parameter) that represents an average
value of the parameter x (minimum life), and s > 0 represents
the scale parameter (characteristic value) and m is the shape
parameter or Weibull modulus.

Also, the parameter s0 in our study represents the charac-
teristic mechanical properties namely σ0, ε0 and E0 which are
the characteristic tensile strength and strain at failure and the
Young modulus, respectively. The form ln ln 1

1−P

	 
� � ¼ f
ln xð Þð Þ is a linear representation of the data, if the Weibull

model is adapted. If we represent this formula, we obtain a
line (linear model) of slope m. Then, the ordinate at the origin
of this line makes it possible to deduce the parameter s. The
difficulty of this method is to obtain an estimate of P (proba-
bility of survival). Thus, the value of Pi(x) of the rank sample i
can be calculated using different estimators or the empirical
index (probability index). The general formula of the estima-
tor is as follows: Pi ¼ i−α

n−β where α = 0, 0.3, 0.375, 0.5 and β =

0, 0.25, 0.4, 1. In more detail, four estimators are widely used
in the literature [60, 74–80]. The first estimator Pi ¼ i

nþ1 was

most used for sample populations greater than 20. However,
more recent studies have shown that it skewed the results
more than the estimator Pi ¼ i−0:5

n . This second estimator is
the most appropriate for sample populations between 20 and
50 and is consequently the estimator that will be used here in
our study. However, the three estimator Pi ¼ i−0:3

nþ0:4 is used in

the case of populations of samples smaller than 6, while the
estimator four Pi ¼ i−0:375

nþ0:25 is used for sample populations less

than 10.
Another method used to estimate parameters of theWeibull

probability is theMLmethod ofmaximum likelihoodwhich is
defined by the following formula [81–83]:

Likelihood m; sjx1;…; x2ð Þ ¼ ∏
n

i¼1
P xið Þ ¼ ∏

n

i¼1

m
s

xi
s

� �m−1
exp −

x
s
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The ML is an efficient estimation technique that has re-
markable mathematical properties such as normality. This
method consists of determining the parameters that maximize
the likelihood of sample populations. That is to say, statisti-
cally, this estimation method is favoured for its power. Also, it
allows simple construction of the confidence intervals which
leads to the automatic determination of the uncertainties of
Weibull parameters at a 95% CI.

Minitab software version 16was used in this study.Minitab
uses some commands and function that generate an adjusted
statistic, while several options are available to estimate the Pi
index and choose the method or statistical approach used (LS
where ML).

4 Results and discussions

4.1 Quasi-static tensile behaviour of flax fibre

The mechanical behaviour of a cellulosic fibre is complex.
The natural appearance of the material causes large disper-
sions of the measurements made and makes it difficult to
choose values that can be used for sizing. Unlike synthetic
reinforcing fibres such as glass fibres, the tensile behaviour
of flax fibre is non-linear according to Baley et al. [55, 56].
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Figure 3 shows the typical stress/strain curve of an untreated
flax fibre compared with that treated under tensile static load-
ing of single fibre flax. However, it is accepted that cellulosic
fibres have behaviour that breaks down into two phases during
a tensile test. A first quasi-linear zone situated at the foot of the
curve corresponds to the overall loading of the fibre and the
free reorientation of the fibril in the tensile direction. Then, the
second phase corresponds to a quasi-linear elastic behaviour
until rupture followed by a load recovery accompanied by an
increase of the linear modulus of elasticity.

Figures 4 and 5 show a scatter plot of the mechanical prop-
erties of 4 lots with a total of 480 tests of untreated flax fibre
and treated with NaHCO3 at different concentrations with an
exponential prediction model at a confidence level of 95%
(error 5%). The ratio between the modulus of elasticity (E)
and the tensile strength (σ) (Fig. 4a–d), and also Young’s
modulus versus the strain at failure (ɛ) (Fig. 5a–d) is that when
σ and ɛ increase, Young’s modulus (E) decreases. The results
also indicate a significant dispersion of properties. However,
despite these dispersions, it is possible to define minimum
properties above which the properties of most of the batches
are located. The dispersion of the mechanical properties
values between different batches could be due to characteristic
parameters (fibre varieties, geographical area, and climatic

Fig. 2 Schematic arrangement of experimental tensile test of the single
flax fibre

Fig. 1 (a) Untreated flax fibres
used in this work. (b) SEM
micrograph of untreated flax
fibres. (c) SEM micrograph of
zoomed details from (b). (d) SEM
micrograph of zoomed details of a
single flax fibre from (c)
topography surface
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Fig. 4 Tensile strength as function of Young’s modulus for all tests of flax fibres (a) untreated, (b) treated with 5% of NaHCO3, (c) treated with 10% of
NaHCO3 and (d) treated with 20% of NaHCO3

Fig. 3 Strength vr. strain curve of
an untreated flax fibre compared
with that treated with NaHCO3
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condition). Within the same lot, properties are also scattered.
This behaviour is similar to that described by Virk et al. [13,
70] in the case of jute single fibres. While this dispersion can
also be attributed to the difficulty of accessing the actual re-
sistant section of the fibres, and the fact that the development
of the fibres is spread over time in the course of growth.

Figure 6 shows the relationship between the bicarbonate
concentration (NaHCO3) and the mechanical properties of
the fibres with bonds of prediction at 5% error (95%).
According to Fig. 6a–c, it is noted that the tensile strength
versus NaHCO3 concentration follows a power-type trend,
i.e. the mechanical characteristics also increase with increas-
ing NaHCO3 concentration for 5% and 10%. However, for
20% of NaHCO3, a slight decrease and stabilisation of prop-
erties are recorded. Similarly, the Young’s modulus increases
gradually with the increase of NaHCO3 (5%, 10% and 20%),
whereas the strain at failure tends to decrease with a slight
slope.

Figure 7 a–c shows the variation of the average mechanical
properties presented in the form of boxes or Tukey diagram

(Box plots) for tensile strength and strain at failure and
Young’s modulus of untreated flax fibres and treated at differ-
ent concentrations of bicarbonate (NaHCO3). This simple and
original form of representation (Fig. 7) allows for illustration
and summary of variable data in a simple and visual way such
as extreme values: maximum, minimum and quartiles in the
form of a rectangle ranging from the first quartile (Q1) to the
third quartile (Q3) and cut a central value which is by the
median. The ends of whiskers are extreme values. For exam-
ple, the values of the tensile strength at 5% concentration of
bicarbonate (NaHCO3) are 1090, 756, 1540, 190 and
3930 MPa for the median, Q1, Q3, minimum and maximum,
respectively. On the other hand, Young’s modulus values are
63, 52, 100, 18 and 172 GPa for the same sample group
respectively (5% for NaHCO3).

Table 1 summarizes the results values of tensile tests
(Young’s modulus, tensile strength and strain at failure) on
single fibres of untreated and treated with NaHCO3. Also, an
analysis using the coefficient of variation (CoV%) is per-
formed. Indeed, by definition, CoV in percent (%) is defined

Fig. 5 Tensile strain as function of Young’s modulus for all tests of flax fibres (a) untreated, (b) treated with 5% of NaHCO3, (c) treated with 10% of
NaHCO3 and (d) treated with 20% of NaHCO3

Int J Adv Manuf Technol (2020) 106:1753–1774 1759



by a ratio between the standard deviation (δ) and the mean (μ)
given by this formula: CoV(%) = [(δ/μ) × 100] [80, 84].

At a low value of (CoV), there is a little variation in the
results. According to the Table 1 and visualization of Figs. 4,

5, 6 and 7, a strong dispersion of the results of the mechanical
properties is obtained during the quasi-static tensile tests of the
four batches (0%, 5%, 10% and 20%). For example, CoV ob-
tained for the values of the tensile strength of the four groups of

Fig. 7 (a) Average tensile strengths, (b) strain and (c) Young’s modulus
for untreated, 5, 10 and 20% w/w of sodium bicarbonate solution treated
flax fibres

Fig. 6 Variation of tensile mechanical properties as a function of different
concentrations of sodium bicarbonate (a) Tensile strength (MPa) vs.
NaHCO3 (%), (b) Tensile strain (%) vs. NaHCO3 (%) and (c) Modulus
(GPa) vs. NaHCO3 (%)
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untreated flax fibre and those treated with NaHCO3: 5%, 10%
and 20% are equal to 59.93, 58.52, 54.52 and 54.62, respective-
ly, while the Young’s modulus is 41.63, 39.98, 37.40 and 41.80.

It can be seen from Table 1 that the effect of sodium bicar-
bonate treatment is clearly visible and the increase in mechan-
ical properties strongly depends on the concentration of the
chemical used (NaHCO3). For example, the untreated fibre
has an average tensile strength and Young’s modulus of

1036 MPa and 54.52 GPa, respectively. On the other hand,
increases in the strength of 21%, 40% and 42% are recorded
respectively for treated fibres (Table 1) having the following
concentrations 5%, 10% and 20%, while the increases in
Young’s modulus are 37%, 74% and 80%. However, we note
a decrease in the strain at failure respectively − 1.78%, −
8.33% and − 7.14 (5%, 10% and 20% NaHCO3). In terms
of average values, the Young’s modulus of fibres treated with

Table 1 Mechanical properties of treated and untreated flax fibres tested under tensile quasi-static load

Concentrations (%) Strength (MPa) Strain (%) Modulus (GPa)

Mean SD CoV (%) Inc (%) Mean SD CoV (%) Dec (%) Mean SD CoV (%) Inc (%)

0 1036.96 621.44 59.93 – 1.68 0.95 56.48 – 54.52 22.70 41.63 –

5 1259.56 737.09 58.52 21.46 1.65 0.85 51.40 − 1.78 74.82 29.91 39.98 37.23

10 1459.08 795.53 54.52 40.70 1.54 0.58 37.41 − 8.33 95.00 35.53 37.40 74.24

20 1478.62 807.69 54.62 42.59 1.56 0.80 51.63 − 7.14 98.28 41.08 41.80 80.26

Inc increase, Dec decrease

Table 2 Mechanical property results available from open literature of treated and untreated flax fibres

Material Treatment GL (mm) Number of tests Strength (MPa) Strain (%) Young’s
Modulus (GPa)

Refs

Flax Untreated 10 70 789 ± 276 2.4 ± 1.1 45.2 ± 12.9 [85]

Flax Thermal treatment at 140 °C 10 70 821 ± 326 2.0 ± 0.5 51.0 ± 16.3 [85]

Flax Thermal treatment at 190 °C 10 70 754 ± 296 2.0 ± 0.6 49.9 ± 13.4 [85]

Flax Thermal treatment at 250 °C 10 70 252 ± 178 0.9 ± 0.4 30.9 ± 17.1 [85]

Flax Untreated 10 30 602.6 ± 198.4 – – [49]

Flax Acetylated at 1 h 10 30 613.6 ± 143.2 – – [49]

Flax Stearic acid treated with 12 h at 105 °C 10 30 591.2 ± 167.4 – – [49]

Flax Untreated 5 30 906.4 ± 246.3 – – [49]

Flax Acetylated at 1 h 5 30 840.6 ± 234.3 – – [49]

Flax Stearic acid treated with 12 h at 105 °C 5 30 863.2 ± 223.7 – – [49]

Flax Untreated 8 74 621 ± 295 1.3 ± 0.6 52 ± 18 [86]

Flax Enzyme ratted 9 20 591 ± 250 1.4 ± 0.9 57 ± 22 [87]

Flax Untreated 8 23 1100 – – [88]

Flax Acrylic acid 5 8 1369 – – [88]

Flax Vinyl trimethoxy silane 5 8 1000 – – [88]

Flax Untreated 10 37 1454 ± 835 2.3 ± 0.6 68.2 ± 35.8 [89]

Flax Untreated 10 – 1339 ± 486 3.27 ± 0.84 54.08 ± 15.12 [55]

Green flax Untreated 75 19 to 90 305 ± 120 1.3 ± 0.4 31 ± 12 [90]

Green flax (Treated with polygalacturonase) 75 19 to 90 325 ± 115 1.9 ± 0.9 22 ± 12 [90]

Green flax Enzymatic treatment (pectate lyase) 75 19 to 90 470 ± 165 1.4 ± 0.5 37 ± 15 [90]

Green flax Untreated 10 58 670 ± 315 3.5 ± 1.1 36 ± 15 [90]

Green flax Enzymatic treatment (pectate lyase) 10 38 635 ± 245 3.4 ± 1.1 36 ± 10 [90]

Raw flax Untreated 2 15 to 20 802 – 46.9 [91]

Raw flax 10% MA (maleic anhydride) for 25 h 2 15 to 20 724 – 34.6 [91]

Raw flax 20% NaOH treated at 1 h 2 15 to 20 572 – 13.5 [91]

Raw flax Untreated 2 15 to 20 1054 – 33.2 [92]

Raw flax 10% MA (maleic anhydride) for 25 h 2 15 to 20 992 – 35.8 [92]
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20% NaHCO3 (98 ± 41 GPa) is higher than that without treat-
ment (54 ± 22 GPa), as is the tensile strength of the treated
fibres with 20% of NaHCO3 (1478 ± 807 MPa) is higher than
that of untreated flax fibre (1036 ± 621 MPa). However, the
strain at failure of the 20% treated flax fibres (1.56 ± 0.80%) is

slightly lower than the strain at failure of the untreated fibres
(1.68 ± 0.95%).

Table 2 shows a comparison in the experimental data with
the mechanical properties values of single flax fibres found in
the literature [85–92]. Indeed, the comparison of the latter is

Fig. 8 The histograms of the tensile strength data of the flax fibres at different concentrations with the estimation of density functions Weibull, Normal
and Lognormal for (a) 0% NaHCO3, (b) 5% NaHCO3, (c) 10% NaHCO3 and (d) 20% NaHCO3

Table 3 Adjusted Anderson-Darling goodness-of-fit estimates for different distributions methods (2P Weibull, 3P Weibull, Normal and Log-normal
distributions)

Strength (MPa) Strain (%) Modulus (GPa)

Normal Weibull Log-
normal

3P-
Weibull

Normal Weibull Log-
normal

3P-
Weibull

Normal Weibull Log-
normal

3P-
Weibull

0% 3.433 1.798 0.427 0.623 4.682 4.474 0.611 2.103 1.246 1.109 0.931 0.597

5% 3.834 2.137 0.399 0.996 3.223 2.919 0.446 0.963 1.232 1.112 0.768 0.570

10% 2.324 1.210 0.401 0.406 1.464 2.182 0.410 0.552 1.317 1.381 0.940 0.939

20% 2.408 1.112 0.624 0.578 3.603 4.555 0.915 1.962 0.976 1.169 0.681 0.392

Int J Adv Manuf Technol (2020) 106:1753–17741762



difficult because of the nature and origin of fibre, their matu-
rity, the climatic conditions of the development of these plants
and also that these studies were carried out on different types
of machines and test conditions including the solicitation
speed [52, 93, 94]. The mechanical properties obtained in this
study are in the same range [55, 88, 89, 92], and the disper-
sions of Young’s modulus and tensile strength values are
higher compared to literature data [48, 85, 86]. This is perhaps
due to the number of tests carried out compared to our study
which is 120 samples per batch. For comparison, the tensile
strength obtained by our results for flax fibre treated with 5%
NaHCO3 is equal to 1259 ± 737 MPa with GL = 20 mm for
120 tests, and this value (1369 MPa) is almost equivalent to
that found by Joffe et al. [88] for 8 samples of acrylic acid
treated flax fibre with a gauge length of 5 mm, whereas the
tensile modulus measured in our case for the same batch is
equal to 74.82 ± 29.91MPawhich is significantly higher (2.03
times) than the reference [90] (37 ± 15 GPa) for the same fibre
treated with enzymatic treatment (pectate lyase). However, the

values of the strain at failure obtained in our study for the four
lots (0%, 5%, 10% and 20% at NaHCO3) are significantly
lower compared to the results obtained by Alix et al. [90] for
38 samples of fibres treated with pectate lyase for GL =
10 mm in which a value of ɛ = 3.40% is reported [90]. The
average Young’s modulus for GL = 20 mm of the 120 speci-
mens tested for treated fibres with 20% NaHCO3 considered
in this study (98.28 GPa) is clearly superior with a factor of
7.28 times more (E = 13.5 MPa) compared with the works of
Arbelaiz et al. [91] for 15 to 20 specimens of flax fibre treated
with 20% NaOH at a treatment time of 1 h (for GL = 20 mm).

4.1.1 Anderson–Darling goodness of fit for tensile flax fibres
data

The four probabilities estimates (function) studied in this sec-
tion are as follows (Table 3): Normal, 2P-Weibull, Lognormal
and 3P-Weibull. The objective is to determine the best fit
(goodness of fits) between the four probability distributions

Fig. 9 The histograms of the strain at failure data of the flax fibres at different concentrations with the estimation of density functions Weibull, Normal
and Lognormal for (a) 0% NaHCO3, (b) 5% NaHCO3, (c) 10% NaHCO3 and (d) 20% NaHCO3
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proposed. Indeed, using the Minitab software, an A-D test is
executed for each estimation to evaluate the critical values of
the latter that tends to be the lowest value (Anderson-Darling
goodness-of-fit). The A-D test is actually a modification of the
K-S test (Kolmogorov-Smirnov). The estimated values of the
Anderson-Darling goodness-of-fit are presented in Table 3.
This last shows that the data group follows and fits uniformly
to the Log-normal distribution for tensile strength and strain at
failure data. But, the Young’s modulus values follow the 3-
Weibull law and this is valid for all the experimental results.
Figures 8, 9 and 10 of the Anderson-Darling goodness-of-fit
contained in Table 3 confirm this statement. According to the
literature [95, 96], Weibull distribution or Log-normal distri-
bution is the best candidate for mechanical property data of
natural fibres. As an example, Belaadi et al. [52] confirm that
the best adjusted A-D-fit (Anderson-Darling goodness-of-fit)
for mechanical properties of sisal yarn is obtained by the 3P-
Weibull probability law for tensile strength and strain at fail-
ure. In contrast, the Young’s modulus follows the adjustment
of the distribution of 2P-Weibull.

4.1.2 Weibull distribution

One of the main interests of the two- and three-parameter
Weibull model in this study is the prediction of the mechanical
properties of untreated and treated flax fibres with sodium
bicarbonate at various concentrations that have shown great
dispersion. The other interest is that the plant fibres in general
and in particular the flax fibres contain intrinsic defects devel-
oped during its growth but also defects induced by the various
mechanical treatments for its extraction. A statistical approach
according to Weibull formalism (Eq. (7)) was carried out on
the values of tensile strength and strain at failure and Young’s
modulus for each of the four varieties studied (0%, 5%, 10%
and 20%). We used the statistical approach of Weibull [58] to
describe the brittle behaviour of flax fibres. This method of
study provides an indicator of the reliability of a material
representative of the dispersion of properties for a brittle frac-
ture. This indicator is the Weibull module (m).

The statistical distribution curves LS (least squares esti-
mates) and Weibull ML (maximum likelihood) at two and

Fig. 10 The histograms of Young’s modulus data of the flax fibres at different concentrations with the estimation of density functions Weibull, Normal
and Lognormal for (a) 0% NaHCO3, (b) 5% NaHCO3, (c) 10% NaHCO3 and (d) 20% NaHCO3
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three parameters obtained for the tensile strength and strain at
failure and Young’s modulus are presented in Figs. 11 and 12,
respectively. The corresponding parameters are grouped in
Table 4 using Minitab. However, we perceive that the
Weibull straight lines at two and three parameters for the
two estimation methods LS and ML (Figs. 11 and 12) of flax
fibre treated at different concentrations of NaHCO3 seem to
follow a reasonable straight line fit. The adjustments of the
experimental values present a quasi-linearity and quasi-
superposition with a slight shift of each other. Similar behav-
iour is observed by other authors such as Belaadi et al. for sisal

fibres [52], in the case of sisal single fibres [17] and also in the
works of Bezazi et al. [19] in the case of agave Americana
fibre. Table 4 also shows that the analysis of 2P-Weibull (for
LS) gives a correlation factor R2 which varies between 0.981
and 0.990, 0.958 and 0.974, and 0.984 and 0.991 for the
tensile strength and strain at failure and Young’s modulus,
respectively. According to many authors [12, 13, 49, 50], the
values of R2 are indicators of the alignment, the adjustment
and the variation of the Weibull module.

TheWeibull parameters are indicators of the microstructure
of a material and more particularly of the distribution of
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Fig. 11 Tow-parameter Weibull distribution for mechanical properties of the untreated and treated with different concentrations of NaHCO3 of the flax
fibres for LS andML methods
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defects and local toughness. Also, the parameters of the
Weibull model are characteristic values of the distribution
for each property. The Weibull modulus (m) is more particu-
larly related to the rupture of the largest defects. The factor m
for 2P-Weibull by the LS method of the tensile strength and
strain at failure mσ, mε and Young’s modulus mE for different
NaHCO3 concentrations of the flax fibres are mσ = 2.23, 2.14,
2.19, 2.28; mε = 2.35, 2.44, 2.47, 2.58; and mE = 2.76, 2.81,
3.11, 3.20, respectively. According to Silva et al. [53], the
Weibull model can also be used to give an approximation of
the distribution of defects. A model of microstructure makes it

possible to describe the population of defects which are at the
origin of the quasi-static rupture. The authors also claim that
the Weibull modulus for a single fibre of sisal tested under
tensile static loading is significantly affected by the gauge
length (GL). It should be noted that Weibull modulus in this
study (mσ = 2.28 for NaHCO3 = 20%) has low value com-
pared to single carbon fibres (mσ = 6.7), while quasi-similar
results of mσ were found by Belaadi et al. [17] and Amroun
et al. [97] in the case of sisal and date palm fibres, respectively.
It is important to note that there is a slight dispersion between
the LS and ML estimation methods of Weibull 2-parameter
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Fig. 12 Three-parameter Weibull distribution for mechanical properties of the untreated and treated with different concentrations of NaHCO3 of the flax
fibres for LS andML methods
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and 3-parameter (Table 4). By way of example, the max-
imum values of the Weibull modulus for a given bicar-
bonate concentration (NaHCO3 = 20%) are respectively
mσ = 2.19, mε = 3.47 and mE = 3.20, obtained with the
LS method, while the minimum values are 1.95, 2.09 and
2.90 obtained by the ML method. Table 4 also shows, for
comparative purposes, if we take the 2P-Weibull modulus
(for ML method) of the tensile strength (mσ) and the
characteristic strength of Weibull (σ0) of untreated flax
fibre which is equal to 2.23 and 11,437 MPa, respectively,
whereas, for 3P-Weibull analysis, we find lower values
than Weibull 2-parameter (mσ = 1.39 and σ0 = 920.25
MPa). It can be seen that there is a slight dispersion be-
tween the two methods used (LS and ML). Moreover, the
two-parameter Weibull analysis combined with the least
square (LS) method is the most appropriate for the esti-
mation of the values of the mechanical properties, in par-
ticular for the untreated and treated flax fibres with dif-
ferent concentrations sodium bicarbonate (NaHCO3). For
comparison, the statistical values of mechanical properties
obtained by the distribution of 2P-Weibull (LS) are 1393
MPa, 1.83% and 83.54 GPa (Table 4) compared with

those obtained experimentally for the flax fibres treated
with 5% of NaHCO3 which are of the order of 1259 MPa,
1.65% and 74.82 GPa (Table 1).

The graphical representations of the evolution of the sur-
vival probability of the various estimation methods (LS and
ML) as a function of the mechanical properties namely the
tensile strength and strain at failure and Young’s modulus
are presented in Figs. 13 and 14. We note on these figures
the good adequacy of the experimental results. A total of
480 values for the different test campaign (0%, 5%, 10 and
20% of NaHCO3) for each property (σ, ɛ and E) are used to
determine Weibull parameters. The parameters obtained from
the global distribution of Weibull will be used for plotting of
the survival probability. The estimation error is almost nil
thanks to a large number of available values (120 tests). The
Weibull parameters are then determined for the four groups
(0%, 5%, 10% and 20%) and validated by the p value of the
test (CI = 95%). For example, the representation of the sur-
vival probability of the tensile strength (Fig. 13a) was plotted
with the least square method estimate and the index Pi = i/n +
1 for four pairs of Weibull parameters for 0%, 5%, 10% and
20% which are as follows: mσ = 2.23 and σ0 = 1143.57, mσ =

Table 4 Two and three-parameter Weibull statistics values for treated and untreated flax fibres

Strength (MPa) Strain (%) Modulus (GPa)

mσ σ0 σu R2 mɛ ɛ0 ɛu R2 mE E0 Eu R2

Using least square (LS)

Two-parameter Weibull

0% 2.23 1143.57 0.982 2.35 1.84 0.960 2.76 60.92 0.990

5% 2.14 1393.19 0.981 2.44 1.83 0.971 2.81 83.54 0.991

10% 2.19 1624.2 0.984 3.47 1.69 0.974 3.11 105.75 0.984

20% 2.28 1648.51 0.990 2.58 1.71 0.958 3.20 109.21 0.991

Three-parameter Weibull

0% 1.57 970.81 158.22 0.993 1.81 1.58 0.24 0.982 2.21 53.38 7.21 0.995

5% 1.73 1247.15 136.33 0.993 1.77 1.53 0.28 0.992 2.26 73.17 9.93 0.996

10% 1.68 1420.73 189.19 0.996 2.13 1.22 0.45 0.993 2.70 96.68 8.79 0.991

20% 1.83 1505.89 134.47 0.997 1.84 1.38 0.30 0.976 2.24 87.24 21.09 0.998

Strength (MPa) Strain (%) Modulus (GPa)

mσ σ0 σu AD mɛ ɛ0 ɛu AD mE E0 Eu AD

Using maximum likelihood method (ML)

Two-parameter Weibull

0% 2.08 1172.68 1.303 1.91 1.90 2.149 2.60 61.50 0.752

5% 1.73 1425.37 1.435 1.90 1.87 1.479 2.61 84.38 0.724

10% 1.95 1652.13 0.741 2.09 1.73 1.300 2.90 106.68 0.965

20% 2.15 1673.70 0.841 1.87 1.76 1.910 2.97 110.29 0.693

Three-parameter Weibull

0% 1.39 920.25 196.66 0.689 1.55 1.55 0.28 1.215 2.11 51.18 9.18 0.586

5% 1.53 1207.49 174.52 0.815 1.61 1.48 0.32 0.696 2.09 69.36 13.38 0.503

10% 1.57 1362.66 234.57 0.384 1.88 1.16 0.50 0.441 2.42 90.56 14.74 0.791

20% 1.66 1447.29 185.87 0.513 1.58 1.35 0.34 1.026 2.20 84.44 23.50 0.420

Characteristic strength (σ0). Characteristic strain (ɛ0). Characteristic Young’s modulus (E0). Weibull modulus (ms, mε, mE). Anderson-Darling (AD)
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2.14 and σ0 = 1393.19, mσ = 2.19 and σ0 = 1624.2, and mσ =
2.28 and σ0 = 1648.51. Similarly for strain at failure and
Young’s modulus, it should also be noted that the values of
the Weibull parameters obtained are close to those available in
the literature in the case of cellulosic fibres [17, 19, 53] with a
Weibull modulus that ranges from 1.5 to 4.5. Figure 13 a
confirms that at 50% (P(σ) = 0.5) specimen survival for an
untreated flax fibre population data, the ultimate tensile
strength is estimated at 989 MPa, which coincides with the
mean experimental value determined (σ = 1036 MPa).

However, we obtain values of 1.58% and 55 GPa (for P(ε) =
P(E) = 0.5) for strain at failure and Young’s modulus for
untreated flax fibre, respectively.

4.1.3 ANOVA test of variability statistics of tensile properties

The statistical analysis of the data allows the interpretation of
the experimental results and to discuss correctly their meaning
according to very precise methods. The analysis chosen in this
study is a statistical method such as ANOVA analysis of
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variance (one-way ANOVA Scheffé post hoc). In order to
perform tests of statistical significance, a model is assumed
(y =αi + βi) or the dependent variable y (usually named re-
sponse variable in ANOVA) which is quantitative, as in the
regression but that the independent variable α (or the factor) is
qualitative, i is the actual average value of the dependent var-
iable for the ieme population and finally βi is the random error
in the non-imputable response to the independent variable. As
in the regression, the error is assumed to be normally distrib-
uted with a constant variance.

Table 5 groups all the one-way ANOVA test values at a
95% confidence interval (CI) for the groups studied in this
work (0%, 5%, 10% and 20%), which represent the mechan-
ical properties namely the tensile strength and strain at failure
and Young’s modulus. ANOVA analysis of variance can be
evaluated according to the following statistical criteria: the F-
Fisher test, confidence interval (CI), coefficient of determina-
tion (R-sqr) and standard deviation (SD). In the sample exper-
iment comprising 120 tests on four levels, 0%, 5%, 10% and
20%, which corresponds to k = 4 with a sample size n = 480,
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and until that, we depend on the degree of freedom that is n-1
= 479, whereas the explanatory variations and residues are
respectively BG = k-1 = 3 and WG = n-k = 476 and total
deviations total = n-1 = 479.

The values of the sum (SS) and the averages (MS) of the
squares between the values of the deviations are intended to
estimate the parameters of the mechanical properties. As an
example, we take the values of Young’s modulus. In this case,
we consider the value F =MSBG /MSWG = 48.92 with p value
= 0.000 (p < 0.001) in these results, and the null hypothesis
states that the average values of four different factors (0%, 5%,
10% and 20%) are equal. Since the p value is less than the
significance level of 0.05, we can reject the null hypothesis
and conclude that some factors have different averages. In the
results obtained with Tukey’s method (at 95% CI), the confi-
dence intervals in Table 5c indicate that for the difference
between two factors of concentration (0% and 20%), there is
a range from 92.58 to 103.98. This range does not include a
value of zero, which indicates that the difference is statistically
significant. R2 represents the percentage change in the model

response. The high R2 indicates that the model satisfies the
hypotheses. The predicted R2

pr shows the ability of our model

to predict the response of new observations. The models with

high R2
pr values have better predictive ability. However, in the

case of the values of the tensile strength presented in Table 5a,

we haveR2
pr = 0.962 and R

2 = 0.945 that is to say thatR2
pr > R2,

and this is valid for other properties (strain at failure (Table 5b)
and Young’s modulus (Table 5c). A value of slightly higher
expected R2

pr than R
2 can be a sign of a good fit of the model.

5 Conclusion

This work is devoted to the characterization of vegetal flax
fibre. The choice of chemical treatment requires the definition
of the concentration and the chemical structure of the coupling
agents, as well as the consideration of the shape, size and
species of the cellulosic fibre. This study allows highlighting
the influence of chemical treatment with sodium bicarbonate

Table 5 One-way ANOVA test
for mechanical properties of the
treated and untreated flax fibres

a) ANOVA test for ultimate tensile strength data (120 samples)

Source DF SS MS F-value p value

BG 3 15329183 5109728 9.23 0.000

WG 476 263551799 553680

Total 479 278880983

Factor Sample Mean SD At 95% CI R2 = 0.945

R2 adjusted = 0.9510

R2 predicted = 0.962

0% 120 1037.0 621.4 (903.50; 1170.4)

5% 120 1259.6 737.1 (1126.1; 1393.0)

10% 120 1459.1 795.5 (1325.6; 1592.6)

20% 120 1478.6 807.7 (1345.1; 1612.1)

b) ANOVA test for strain at failure data (120 samples)

Source DF SS MS F-value p value

BG 3 1.689 0.5630 0.87 0.459

WG 476 309.494 0.6502

Total 479 311.183

Factor Sample Mean SD At 95% CI R2 = 0.893

R2 adjusted = 0.990

R2 predicted = 0.992

0% 120 1.6791 0.9483 (1.5345; 1.8237)

5% 120 1.6538 0.8500 (1.5091; 1.7984)

10% 120 1.5427 0.5772 (1.3980; 1.6873)

20% 120 1.5565 0.8036 (1.4118; 1.7011)

c) ANOVA test for Young’s modulus (120 samples)

Source DF SS MS F-value p value

BG 3 148049 49350 48.92 0.000

WG 476 480210 1009

Total 479 628258

Factor Sample Mean SD At 95% CI R2 = 0.839

R2 adjusted = 0.842

R2 predicted = 0.884

0% 120 54.52 22.70 (48.82; 60.21)

5% 120 74.82 30.91 (69.13; 80.52)

10% 120 95.00 35.53 (89.31; 100.70)

20% 120 98.28 36.08 (92.58; 103.98)
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(NaHCO3) at different concentrations (5%, 10% and 20%) on
mechanical performance such as tensile strength and strain at
break and Young’s modulus. The obtained experimental re-
sults show that the surface treatment of flax fibres with a 20%
solution of NaHCO3 concentration is the best treatment for
this type of fibre. In other words, the chemical treatment of
the fibres with NaHCO3 for a duration of 120 h allows an
increase of 43% and 81% in the tensile strength and Young’s
modulus respectively compared to the untreated fibres.
Finally, the obtained experimental results on a single flax fi-
bre, under tensile quasi-static loading, are analysed by the
Weibull distribution with two and three parameters using
least-squares and maximum likelihood methods. The values
of the Weibull modulus (2P-Weibull-LS) of the untreated flax
fibre tested at a gauge length (GL) of 20 mm for the strength
and Young modulus are equal to 2.23 and 2.76, respectively.
However, slightly higher values (mσ = 2.28 andmE = 3.20) are
found for the treated fibre at a concentration of 20%NaHCO3.
ANOVA one-way analysis of variance has also been used
which concluded that the mechanical properties of flax fibres
are influenced by different concentrations of sodium
bicarbonate.
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