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CHARACTERIZATION AND PERFORMANCE OF ELEMENTARY
HEMP FIBRES: FACTORS INFLUENCING TENSILE STRENGTH

Mizi Fan ?

This paper presents the outcomes from an extensive investigation on the
structure and geometry of single hemp fibres, as well as configurations
and related tensile strength (TS) of hemp fibres, with the aid of field
emission scanning and optical microscopy. The results showed that 1)
the TS increased with the decrease of the diameter of individual test
pieces, due possibly to the stacks of multiple single fibres within the test
pieces; 2) shear failure between single fibres in a test pieces played a
significant role in the test results; 3) the TS was closely related to the
number of both the inherent joints along the fibre length and single fibres
contained in the test pieces; 4) the splits along the length and width of
hemp fibres may complicate the test results, and 5) the optimized
treatment prior to decortications may double the TS of hemp fibres
compared to a normal retting processing. Reliable TS of single hemp
fibres have been derived by a power regression, and the predicted TS
were verified with an excellent agreement with experimentally tested
results. The tensile strain-stress plot was found to be linear for all hemp
test pieces, showing that the behaviour of single hemp fibres obeys
Hooke’s law.
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INTRODUCTION

Hemp fibre has been considered to be one of the most important types of natural
bast fibres for industrial applications (Panthapulakkal 2007). It has been widely used in
many civilizations for over 6000 years (Roulac 1997; Beckermann 2007; Stafford 1994)
for such purposes as the fabrication of ropes, paper, and textiles. Hemp fibres have long
been valued for their high strength and long fibre length. Environmentally, hemp fibres
perform better than glass by weight with respect to the life cycle analysis (LCA) from
cradle to manufacture (Anderson et al. 2004). In some cases the specific properties of the
hemp fibres were found to be better than those of glass fibre (Table 1) (Wambua et al.
2003). Comparative studies of natural fibre and glass fibre composites concluded that
natural fibres could replace glass fibres for composites that did not require high load
bearing capabilities (Wambua et al. 2003).
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Table 1. Specific Properties of Plant Fibre Compared to Synthetic Fibre

Fibre Specific gravity Specific TS (GPa) Specific E (T) (GPa)
(kg/cm®)
Plant 800 (600-1200) 2.31(1.6-3.0) 65 (10-130)
Glass 2600 1.35 30
Kevlar 1400 2.71 90
Carbon 1800 1.71 130

Hemp fibres consist of different hierarchical microstructures (Fan et al. 2010),
whereby microfibrils serve as basic units. The microfibrils are embedded in a matrix of
hemicelluloses and/or lignin, and they form the different cell wall layers of an elementary
fibre, which generally has a large average diameter ranging from 10 to 50 pum (Candilo et
al. 2000). The elementary fibres are bonded together with pectins and small amounts of
lignin framing the next level of microstructure, i.e. technical fibres, with a diameters
ranging from 50 to 100 um (Bhuwan et al. 2003). These technical fibres (filaments) are
fixed together with a pectin-lignin matrix to form fibre bundles in the cortex of plant
stems (i.e. bast fibres). The microfibrils run roughly parallel to each other, following a
steep helix around the cell (Purz et al. 1998; Hearle 1963; Bos and Donald 1999), and are
composed of crystalline and amorphous regions alternately. The microfibrils contain a
large quantity of cellulose molecules. Cellulose has outstanding properties at the crystal
level. It has been reported that the crystal modulus of cellulose I may be as high as 138
GPa, cellulose 11 88 GPa, cellulose 111 73 GPa, and cellulose IV 75 GPa (Nishino 2004).
Hemp fibres and other plant fibres including wood fibres mainly contain cellulose I.

Numerous research projects have been carried out on natural fibres and their
composites, e.g. sisal fires by Mwaikambo et al. (2006), wood pulp by Bos and Donald
(1999), cotton by Thygesen et al. (2006), and flax by Hamad and Eichhorn (1997). A
comprehensive review has also been published by Eichhorn et al. (2001). However, it is
evident that the published data is highly variable from one worker to another (Table 2)
(Satyanarayana et al. 2009). The experience has highlighted that it is inappropriate to use
or compare data available from different investigations reported in the literature. While
some inherent factors (e.g. cultivation conditions, harvesting season, and geographical
difference) may have contributed to the observed variations, assessing natural fibres has
proven to be most challenging. Microstructural defects, fibre abstraction (e.g. how to
obtain a single fibre), processing, and measurements are all yet to be further improved
despite some work has been carried out by previous researchers. For example, Thygesen
et al. (2006) compared different visualisation effects of dislocations in hemp fibres
between scanning electron microscopy (SEM) and polarized light microscopy. Hu et al.
(2010) tried to improve the standard deviation of the tensile strength of flax fibres by
using Scanning Electron Microscope observation of a flat and clear fractured end surface
of fibres, making use of image analysis. Davies and Bruce (1998) studied the effects of
environmental conditions and mechanical damage on the tensile stiffness and strength of
flax and nettle fibr, and concluded that there was a consistent relationship between
modulus and relative humidity. Xue et al. (2009) evaluated the effect of temperature and
loading rate on the tensile properties of kenaf and its epoxy strand and concluded that the
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elastic modulus, tensile strength, as well as failure strains of kenaf fibre and its epoxy
strand varied considerably, ranging from 10% to 30%. The strength of composites made
from commercial hemp fibres is also found to be much lower than that from the single
hemp fibre or the theoretically calculated strength of the composite of hemp and
polyester in accordance with the rule of mixtures (Fig. 1) (Fan 2009), which leads to the
question of whether the hemp fibres within a composite transfer/convey the stress. If yes,
the performance data of hemp fibres used may not be reliable and/or repeatable. This
paper is one of a series of papers aimed at answering these questions. The paper examines
the main factors affecting the tensile strength and other tested results. The paper then
demonstrates cases where reliable and repeatable tensile strength of elementary hemp
fibres were achieved.

Table 2. Properties of Various Fibres

Fibre Density (kg/cm®) EL (%) TS (%) E (GPa)
Hemp 1500 1.6 310-850 -
Flax 1500 2.7-3.2 345-1035 60-80
Jute 1500 15-1.8 400-800 10-30
Sisal 1500 2.0-25 511-635 9.4-22.0
Cotton 1500 7.0-8.0 287-597 5.5-12.6
Softwood 1500 - 1000 40
E-glass 2500 25 2000-3500 70
Carbon 1400 1.4-1.8 4000 230-240
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Figure 1. Stress vs. elongation for hemp fibre, hemp yarn, and hemp fibre composite
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MATERIALS AND METHODS

Material Preparation

Hemp fibres were processed and supplied by a UK commercial company ‘Hemp
Farm and Fibre Ltd’. The fibres arrived in the form of bast fibre bundles. A handful of
the fibre bundles from each type of material were randomly sampled from the received
materials and soaked in distilled water for 24 hours under a normal indoor environment
(20°C/60% relative humidity). The samples, either single fibre or fibre bundle, were
randomly and gently isolated from the wetted hemp bast fibre bundles. All isolated fibres
were re-conditioned at 20°C and 65% relative humidity before use.

Observation and Diameter Measurement

Optical microscopy was employed to examine the geometry and surface defects
of hemp fibres. The BX51 Reflected Light Microscope is equipped with 5%, 20x, 50x%,
100x objectives, a CAM-XC50 — 5MP cooled CCD camera and a 100W Halogen for
transmitted or reflected light. For the surface examination, the fibres were positioned on a
slide using cyanacrylate glue and covered with a cover slip. Images were analysed and
captured as 2576x1932 RGB jpeg files. Various defects (defects in this study mean that
there is a dislocation (flaw) or fibre diameter/breadth is smaller or a combination of both)
were then recorded and analysed. The breadth of individual test pieces was measured.
The experiments were performed at room temperature, and 1000 test pieces were
examined.

Tensile Test

The observed fibres were then temporarily fixed on the mounting card (Fig. 2)
with adhesive tape. A droplet of glue was applied on the centre of both sides of the hole
along the length of the card. The testing was then carried out as follows:

1) The prepared samples were again subjected to optical microscopy to examine an
accurate diameter of the test pieces. The diameter was this time measured in three
positions (Fig. 2C), and the mean values were used for data processing;

2) The samples were evaluated with an electromechanical tensile machine with
mechanical grips (clamp both ends of the sample card);

3) Both sides of the card were cut in the middle;

4) The test pieces were tested at a crosshead speed of 0.1 mm/min and with 25 mm
gauge length;

5) The strain and stress of the loaded test pieces were tested automatically with
Instron software.

The fracture surface of the broken test pieces was re-examined with the optical
microscopy for evaluation of failure modes.

Fan (2010). “Elementary hemp fibres and strength” BioResources 5(4), 2307-2322. 2310



PEER-REVIEWED ARTICLE b | oresources.com

Centreline
|
Y F !
10 !
¥ |
Tl Y 2 5
| a =~
45| 25 i . 75
i Test-pieces Adhesive T
i b 75
¥ N : =
& !
10 !
L4 ¥ |
10
+ 5"

Figure 2. Test set-up: A=dimension of card (in mm), B=fixing of test pieces, C=measuring points
for diameter

RESULTS AND DISCUSSION

Configuration of Test Pieces and its Effect on Test Data

It was found that the sampling processes and sample geometry had significant
effects on the tested results for hemp fibres. The tested results for a set of 10 different
types of hemp fibres are given in Table 3. In line with the literature, there was a huge
range of the observed tensile strength between the lowest and highest strength of
individual test pieces: the ratios of the highest to lowest tensile strength tested for these
hemp fibres were 24, 9, 11, 12, 12, 5, 11, 11, 8, and 21 for the eight types of hemp fibres,
respectively. The questions to be answered are why there is so significant variation
between the test pieces and which value represents a real strength of a single hemp fibre.

A scrutiny of one set of the data shows that the tensile strength was closely related
to the diameter of the pieces tested (Fig. 3), i.e. the specific strength increased as the
diameter of individual test pieces decreased, indicating that either the samples having
larger diameter contained more defect/weak points or the test pieces may contain several
single fibres. The effect of the former on the test strength will be discussed in more detail
in later sections.

Observations of the breaking processes and fracture surfaces supported the
hypothesis that many of the test pieces contained several single fibres. An example of
failure modes of the test pieces before, during, and after tensile testing is illustrated in
Fig. 4. Figure 4A shows a gradual increase in diameter of the test pieces from the
unaffected area to the fracture point under tensile stress rather than a decrease, in
accordance with the Poisson effect. The increase in diameter implicates the loosening of
the structure, which mainly happens between single fibres within the test pieces (fibre
bundles). This is indeed verified from the fracture mode of test pieces after the tensile test
(Fig. 4B), showing a split between at least two single fibres.
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Table 3. Overall Range of Tensile Strength (MPa) of Hemp Test Pieces*

bioresources.com

ID SCS1 SCS2 SCS3 SCS4 SCS5 SCS6  SCS7  SCS8 GNo0O4 GNO5
1 27.3 37.1 43.6 45.8 61.1 62.1 65.4 69.8 56.7 50.1
2 63.2 48.0 45.8 82.9 82.9 65.4 98.1 89.9 63.2 69.8
3 67.6 56.7 48.0 93.8 93.8 85.0 100.3 91.6 63.2 94.8
4 74.1 78.5 67.6 98.1 100.3 87.2 109.0 103.6 80.7 98.1
5 85.0 87.2 67.6 98.1 109.0 89.4 148.3 154.8 100.3 117.7
6 100.3 87.2 89.4 1374 1145 89.4 157.0 185.3 100.3 130.8
7 128.6 89.4 109.0 182.1 133.0 91.6 169.0 248.6 104.7 135.2
8 135.2 106.8 126.5 2159 133.0 98.1 1744 2551 117.7 135.2
9 1374 1134 161.3 2289 148.3 104.7 2115 2922 119.9 152.6
10 1439 1156 170.1 2355 1853 106.8 218.0 303.1 119.9 176.6
11 146.1 133.0 1875 2420 1875 1243 2573 308.6 124.3 183.2
12 1559 146.1 200.6 2655 261.6 140.8 267.3 328.8 1374 195.1
13 1744 1482 209.3 2745 2628 1504 2875 340.1 1395 224.6
14 180.2 1549 2442 280.2 2944 157.0 290.0 341.2 1635 266.0
15 189.8 157.0 2856 298.7 351.0 1584 2944 3619 165.7 293.3
16 2355 209.3 2856 3445 353.2 165.7 370.7 3685 172.6 309.6
17 250.7 2246 3314 3750 3619 1799 3859 4284 251.8 339.1
18 2747 230.0 333.6 381.6 436.1 1984 4448 431.7 268.2 348.9
19 303.1 248.6 353.2 462.2 4415 2159 4775 490.6 287.8 418.6
20 3074 2529 370.7 508.0 468.8 266.0 536.4 534.2 309.6 532.0
21 3249 2715 4121 5451 4949 3249 586.5 5451 390.3 536.4
22 560.4 3358 4753 5451 7021 333.6 708.6 737.0 455.7 1040.0
Av 184.8 1514 2099 270.0 2626 1498 277.3 3186 1724 265.8
Cov 68 56 62 59 66 55 65 56 65 86
(%)
* SCS1~SCS8, GN04 and GNO5 =names denoted to different sampling processes.
* Cov=coefficient of variation.
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Figure 3. TS versus diameter of test pieces
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Figure 4. Failure modes: A = diameter increases from unaffected region to fracture surface,
B = split near the fracture surface after tensile testing

A SEM examination of hemp fibres provided further verification of the above
observation. Figure 5 shows that the diameter (breadth) of single hemp fibres mostly
ranged from 10 to 15um. By contrast, the diameter (breadth) of the test pieces examined
mostly ranged from 20 to 60um, indicating that each test pieces was likely to have
contained more than 2 single fibres or more.

Data analysis of the diameter measured in three positions of test pieces, i.e. left
(L), middle (M), and right (R) (Fig. 2C) also indicated that the test pieces may contain
several single fibres. The plot for one set of the test data (as an example) is given in Fig.
6. In the figure each curve links the tested value of the diameters of positions left, middle,
and right. It is apparent that the difference between the three positions was very
significant. The highest difference between three positions of a test pieces was 37.5um,
which could be four times the diameter of a single hemp fibre. The average difference for
this set of the test pieces was about 15um.

Evaluation of test pieces containing multi-fibres may result in a significant
variation of test results. The tested value obtained could be the pure tensile strength, the
pure shear strength between short fibres, or a mixture of shear and tensile strength. Figure
7 gives an example of the possible combinations of a test pieces, showing a possible
contribution of shear strength to the overall tested value, that is 0, 30, 0, 60, 100% from
left to right, based on the configurations shown, respectively.
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Prediction of Reliable (real) Tensile Strength of Single Hemp Fibres

Figure 8 shows the tested data from the test pieces containing various diameters,
fibres from various plants, and fibres from various positions of a plant; i.e. the test pieces
were randomly sampled from commercial hemp fibres. While the strength increased as
the fibre diameters decreased, a power regression line could be used to predict the
correlation with a high degree of fit to the data (R?=0.88). Therefore, the relation between
the strength and diameter of test pieces can be written as:

TS = 44805 D2 1)
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Figure 8. Tested and predicted tensile strength of hemp fibres

As mentioned earlier, the diameter of single hemp fibres tested in this study
should be in a range of 10 to 15um. Therefore, the strength of a single hemp fibre should
be in a range of 1695 MPa (using 15um diameter) to 2767 MPa (using 10um diameter).
If the diameters of 20 and 25um are used, then the strength is 1197 MPa for the former
and 914 MPa for the latter, respectively.

Verification Test of Tensile Strength

The tensile strength predicted from the power equation 1 was further verified. The
isolation/sampling of test pieces was carried out by an aid of optical microscopy; i.e. each
test piece was carefully prepared and examined under an optical microscope to ensure its
accurate diameter. A set of 20 well-prepared test pieces were tested, and the results are
given in Table 4. It can be seen that the average tensile strength of test pieces with a
diameter <30um was 1256 MPa, and that with a diameter between 30 and 50um was 529
MPa. The COV for the former group was 20% and for the latter group 23%.

The correlation of strain and stress for these carefully prepared hemp test pieces
was also plotted. It is evident that the strain-stress of single hemp fibres showed a linear
correlation for all the test pieces. An example of the plots is given in Fig. 9. It must be
noted that for most of test pieces the first small portion of the stress-strain curve seemed
to be nonlinear (Fig. 9A). However, a scrutiny of the curve shows that this was due to a
fluctuation of some testing data (the data points 2-9) occurring in that part (Fig. 9B). The
higher stress (data points) was due probably to the deposition of other residues (e.g.
chemicals, etc. during retting or treatments) on the fibre tested, because these residues
may work as ‘reinforcement’ for the fibre. The residues may also restrain the normal
stretch of the fibre. As soon as they (the residues) failed, the test pieces behaved in a
linear manner and the behaviour of single hemp fibres obeyed Hooke’s law. This is also
in agreement with a study on flax fibre carried out by Charlet et al. (2009), who proposed
a progressive alignment of the cellulose microfibrils with the tensile axis.
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Table 4. Tensile Strength of Well-Prepared Test Pieces

Sample ID D (um) TS (MPa) Sample ID D (um) TS (MPa)
D=30-50pm D<30pm

8-1 34.0 430 8-2 22.1 1553
8-3 41.0 593 8-4 26.0 1162
8-5 46.8 506 8-6 17.8 1792
8-7 30.8 769 8-8 24.3 948
8-9 31.1 515 8-10 25.8 1064
8-11 38.6 626 8-12 27.2 1364
8-13 35.9 468 8-14 30.0 1262
8-18 30.8 521 8-15 22.2 1174
8-19 47.8 337 8-16 22.8 1088
8-17 24.5 1152

8-20 20.3 1228

Average 37.42 529 Average 24.27 1256

Cov (%) 17.71 23.35 Cov (%) 13.72 20.10

Effect of Inherent Characteristics of Hemp Fibres

Optical microscope observations showed that considerable deformation occurred
in hemp fibres. The results of examination of 1000 hemp test pieces showed that the
hemp fibres mainly contain four types of deformation (Dai and Fan 2009), namely a)
kink bands, formed in the fibres as a result of axial curing stresses (Fig. 10A); b) nodes,
formed in the regions of localized delamination and compressive strain (Fig. 10B); ¢)
dislocations, which appeared in untreated natural fibre (Fig. 10C); and d) slip planes,
crinkled in the cell wall resulting from a slight linear displacement of the wall lamellae
(Fig. 10D). Under tensile testing, these deformations appear to be the weak points and
fail first (Fig. 10E). This may be due partly to the stress concentrations around
deformations, which can act as sites for the initiation of fibre matrix debonding as well as
for the formation of micro cracks in the matrix. The results are in agreement with the
result from a study on inter-phase behaviour of hemp-epoxy composites (Hughes 2000).
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Figure 10. Defects of hemp fibre: A=kink band (x 500 magnification), B=node (x 500
magnification), C=dislocation (x 200 magnification), D=slip plane (x200 magnification), E=initial
break (x500 magnification)

As mentioned earlier, the test pieces may mostly contain more than one single
fibre. These deformations will inevitably complicate the test results. An observation has
been carried out to examine the combined effect of the inherent defect and fibre
configuration of the test pieces. Figure 11A shows possible configurations of test pieces
with single fibres that may contain inherent defects, and Figure 11B shows the
corresponding tensile strength of the configured test pieces. More configurations in a
group of test pieces are possible, i.e. the test pieces could consist of more defect points or
various arrangements between the defects in a test piece. It is very interesting to find that
there is a closely relationship between the strength and the fibre configuration within the
test pieces. This means that the real tensile strength of single hemp fibre, which does not
contain any deformation (inherent joints), may be even higher than that predicted above.
The detailed structure and chemical compositions of the regions with and without joints
are to be studied, and the results will be published in a separate paper.
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Effect of Processing Defects

Processing defects should have an influence on the tensile strength of hemp fibres
tested. An SEM examination showed that the processed hemp contained splits either
along the fibre length or across the fibre diameter or both (Fig. 12). This defect may
multiply the effect of test results if the test pieces contain several single fibres (Fig. 13).

Effect of Decortications
The decorticating processes (including prior treatments) may have significant
effect on the quality and strength of hemp fibres, the detailed discussion of which has
been presented in a separate report by the author (NATCOM 2009). It was reported that a
doubling in strength may be obtained from an improved method of processing, as
compared to a normal practice of processing (Fig. 14). The highest tensile strength was
1451 MPa for NATCOMS8 (treatment type 8), and the lowest was 787 MPa for
NATCOML (treatment type 1) (NATCOM 2009).
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Figure 11. Effect of joints on tensile strength: A=possible configurations of joint/single fibre in a
test piece, B=correlation of joint arrangement and tensile strength
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CONCLUSIONS

It has been verified that the variable strength data available from the literature
may not represent the real strength of single hemp fibres. This data may not be suitable
for predicting the performance of hemp fibre composite materials. Numerous factors
affecting the strength and tested data of hemp fibres have been investigated, indicating
that:

1. the tensile strength increased with a decrease of the diameter of individual test pieces
due partly to the stacking of single fibres within the test pieces, leading to a certain
percentage of shear failure under tension. The contribution of shear strength could
range from 0 to 100%.

2. the tensile strength was closely related to both the number of inherent joints along the
fibre length and the number of single fibres contained in a test piece. The strength
could range from 250 MPa for the multiple parallel stacking of single fibres to 1250
MPa for the random distribution of joints of a two-fibre combination of test pieces.

3. splits along the length and across the width of hemp fibres, resulting from the
processing, complicated the test results.

4. the treatments prior to the decortications had a significant effect on the quality of
hemp fibres, with the highest strength doubling that of fibres from a normal retting
processing.

A reliable tensile strength of single fibres has been developed by the prediction
from the numerous tested data, together with the diameter from the SEM examination of
hemp fibres. That is, the diameter of a single hemp fibres ranged between 10-15um, and
the strength of a single hemp fibre ranged from 1695 MPa (using 15um diameter) to 2767
MPa (using 10um diameter). The predicted strength was verified by testing carefully
prepared test pieces with the average tensile strength tested being 1256 MPa for the test
pieces with a diameter <30um and 529 MPa with a diameter between 30 and 50 um is
529 MPa.

The correlation between strain and stress for these carefully prepared hemp test
pieces was found to be linear for all the test pieces, showing that the behaviour of single
hemp fibres obeyed Hooke’s law.
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