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Towards hemp fabricsfor high-perfor mance composites: influence of

weave pattern and features

Abstract: Recent developments in the field of bio-based caitpanaterials are mainly focused on the

use of unidirectional reinforcements. The productid woven fabrics and required yarns or rovings is
still complex for composite applications due to finée length of plant fibers and to the high nwemniof
process parameters which can be tuned. This saalgéd on the influence of weave pattern and psoces
parameters on the resulting material propertielffgrent scales. Results from mechanical
characterizations and X-ray nanotomography shotwiiy competitive tensile properties can be
obtained for woven hemp fabric composites made flamwatwisted rovings, in particular when compared
to the front-runner flax cross-ply laminate.

Keywords: A. Polymer-matrix composites (PMCs), B. Mechanjmalperties, C. Numerical analysis, E.

Weaving
1 Introduction

The increase in environmental awareness has stieulae idea of reducing synthetic-based products i
the production of composite materials and moreifipally of reinforcements [1]. To achieve this
objective of reducing the use of synthetic fibéhg, incorporation of cellulosic fibers such as flagmp

or kenaf has received the attention [2—4]. Indéeeir specific mechanical properties are competitiv
when compared to glass fibers and they have greatéronmental benefits [5-8]. Since the mechanical
properties of reinforced composites depend mainlthe nature of the reinforcing fibers, their quignt
(fiber volume fraction), their placement and distition, textile preforms (woven, braided, knittedbfics,
etc.) are widely studied to optimize reinforcemamthitectures [9,10]. In the textile process, thsre
direct control over fiber placements and ease ofiliag of fibers. Textile preforming operations pka
key role in most of the composite manufacturingcpsses. The basic textile yarn and fabric forming
processes have been modified and developed todicamt extent to meet the increasing demand from
the composite manufacturing sector.

At the scale of the composite material, the be&ia mechanical properties are generally obtained
when the fibers are aligned in the direction ofdpelied load [11]. Unfortunately, due to theiritiin

length, it is more difficult to obtain an alignmenith plant fibers than with continuous synthetlzefs



[12]. Consequently, many studies on plant fiber posites are related to the development and use of
different types of reinforcements (unidirectiondlY), non-woven and woven preforms) [2,13-18]
these studies, the mechanical properties (benttimgact, tensile) are identified at the scale of posite
samples, but also at the fibers’ scale using battutation method from the mixture law, and/or bg t
IFBT (Impregnated Fiber Bundle Text) method destiin [19]. The use of UD reinforcements is
justified by the fact that it is challenging to na@e the alignment of reinforcement, at the diffessales,
in interlacing fabrics when using plant fibers. Trhain difficulties are associated with the yarnsiwi
which is necessary in textile technologies to maaufre interlaced fabrics. The twist induces a cédn
of the ultimate fiber strength in the final compediy a factor cos2(@ wherea is the angle of twist
[15,20-22]. It can also restrict the polymer peai@tn into the reinforcing fiber bundles [23]. Habric
architectures with high crimp, the in-plane mechahproperties (e.g. stiffness and strength initens
and compression) can also be reduced [9]. Anotififezudty when using interlaced fabrics is related

the prediction of their properties. The use of rfiedi mixture laws, as proposed by different authors
[24,25] and taking into account the degree of alignt, requires the knowledge and measurement of the
torsion. However, during the composite manufactystages, such as the preforming step [26], the
injection molding step [16] or the impregnation @aling to the viscosity of the matrix [23,27],
particularly on complex shapes, the alignment bffoecement is significantly modified. In additiote
drapability of fabrics on double-curvature moldsmet be achieved with UD preforms, to achieve this
goal at least two directions of interlaced (orcstitd) reinforcements must be present. So, onesahtin
advantage of the textile fabrics when compareti¢diD tapes is effectively their very good drapapil
and their capability for complex shape formatiothwio gap. These elements allow the reductionef th
manufacturing costs and times.

The development of interlaced reinforcement archites based on natural fibers with controlled
characteristics is therefore a requirement. Thigkvsfirst dedicated to the manufacturing of woven
fabrics made from hemp rovings for composite apiins. A roving consists of a continuous alignment
of fibers, parallel to each other and slightly tets In this work, rovings were preferred to yaims
manufacture woven fabrics. They have higher limeass density, a higher number of fibers in cross
section, and a lower twist level when comparedaimyThis increases the impregnation capability and

they are therefore more suited for composite appitios. As explained in previous studies [28-31], a



sufficient tenacity is required for manufacturingforms, which is not necessarily achieved witls thi
type of yarn. In the textile industry, chemicalamments, mainly mercerization processes, are ckibsi
used to improve yarns properties and their weaalpi2—34]. Flax fibers are commonly used to
manufacture reinforcement with low twisted rovingsjich are available in the market and well-studied
in the literature [26,29,30,35-37]. However, ordwfstudies focused on composites reinforced by low
twisted yarns manufactured with hemp rovings, anhése studies, hemp fibers are comingled or
cowrapped with thermoplastic polymers [38—42].His ppaper, woven reinforcements are developed with
low twisted rovings made of 100% hemp fibers.

In this study, several characterization steps artopmed at different scales (fiber, roving, fabaitd
composites). The performances of the compositerfrach these woven fabrics are compared to the
ones obtained with a cross-ply flax laminate, co@ssd to be the best plant fiber composite curyentl

available on the market. The influence of the wegtep on the fiber features is also discussed.
2 Materials

21 Hemprovings

The mono-dimensional reinforcement used in thidystare hemp rovings supplied by Linificio e
Canapificio Nazionale, an Italian Company. The nggi are 100% made of hemp fibers. They have a
linear density of 259 Tex, measured according ¢ostindard NF G07-316 [43], and a twist level of 36
turns/m, measured according to the standard NF@3@744]. These rovings were submitted to a
chemical treatment classically used in textile stdy called mercerization, to improve their tetyaai

view of the weaving [45].

2.2 Woven fabric manufacturing

Woven fabrics were manufactured with the above-moaatl hemp rovings on a manual dobby loom, a
Leclerc Weavebird weaving machine. The weaving @seased is shuttle weaving. Before the weaving
process, several preparations steps are requihedfirft one, called warping, consists in prepathey
warp beam: warp yarns are wound parallel to edoérptvith the length of the future fabric, arouhd t
drum of the warping machine and then they are fearesi on the warp beam. The further step is the
drawing in: once the warp beam is fixed on the gdbbm, the warp yarns are inserted one by one
through the heddles and the weaving reed. The wgaan then begin: the weave pattern is creatdd wit

the movement of the dobby frames and between tements, the shuttle is passed inside the shed to



insert the weft yarn and the weaving reed is refdltb compress and form the fabric. Three fabritis w
different weaving diagrams were produced, i.e.rnpleeave (H1), satin 6 weft effect (H2) and twilhéft
effect, see Figure 1. On schematic views, made WideTex software, warp yarns are represented in
blue color and weft yarns in red color. They hawesame warp density of 6 yarns/cm and differerfit we
densities, namely 5 yarns/cm for H1 and 9.5 yamdar H2 and H3. Warp and weft densities have been

measured according to the standard NF ISO 4602 [46]

H1

Plain weave Satin 6 weft effect Twill 6 weft effect

Figure 1. Schematic representation and pictures of the woven fabrics manufactured and studied in this
work
2.3  Composite manufacturing
Two types of composites were manufactured: platdBBT (Impregnated Fiber Bundle Test)
specimens.
Composites plates were manufactured by hot presgithghe produced hemp fabrics and an epoxy
resin, the GreenPoxy 56 from Sicomin Company. Ttigrensions are 200 x 300 mm2. The fabrics were

conditioned at a temperature of 23°C and a reldtiwidity of 50% during at least 24 h prior to the



composite manufacturing. After this pre-conditianithe plies were hand layed-up, impregnated
manually with the epoxy resin and then cured afC3thder a pressure of 3 bars during 1 h. A hosspre
Agila Press 100 kN was used. As there are thresstgp fabrics, three types of composites were
manufactured (noted as C1, C2 and C3 with the F2lahtl H3 reinforcements, respectively). Four plies
were stacked for C1 and C2 composites and two fdie€3. All the plies were stacked with the same
orientation. During composite manufacturing, thisré.6 times the mass of resin compared to the pfass
fibers. The mold is open at the ends, which alldvesexcess resin to be removed. Following the
manufacturing, the composite plates were conditicate23°C and 50% RH during at least four weeks to
reach the moisture content equilibrium. In ordecampare the properties of the composites reintbrce
by the woven fabrics, a “reference” composite wae amanufactured with a pure unidirectional flax
reinforcement. The FlaxTap&110 by Lineo Company was used to manufacture sseply laminate

with the same protocol.

IFBT specimens were also prepared by aligning #mprovings and impregnating them with
GreenPoxy 56 resin. After impregnation, the spensngere cured at 60°C during 24 under a presdsure o
2 bars. The dimension of the manufactured specimenapproximately 200 mm x17 mm x 1 mm. Prior
to the manufacturing of the IFBT specimens, thetheovings were conditioned at a temperature of 23°C
and a relative humidity of 50% during few hourseach the equilibrium. After manufacturing, the TFB
specimens were also stored in a climatic chamt&Q2 50% RH) during a minimum of three weeks to
reach the moisture content equilibrium.

For both composite plates and IFBT specimens, tiaatity of resin was calculated to reach a fiber
volume fraction in composites of approximately 400ke real fraction of each specimen and each plate

was measured after manufacturing.
3 Characterization methods

3.1  Fiber properties - Impregnated Fiber Bundle Test (IFBT)

The IFBT test was used to determine by inverse atkthe effective tensile properties of the hemprfib
constituting the rovings. In this method, fully dabed in [19], rovings are aligned in the samediion
and impregnated with the resin to manufacture caitpgamples. Tensile tests are then done on these
samples, and the effective modulus of fibers isivleid by back-calculation using a rule of mixtutes.

this work, we used the following law [21,22,24,254%,48], fully described by Egs. 1-3:



E. = (nomVsEf + VpEnm)(1 = V,)" 1)
No = cos?(2a) 2)
a = tan"1(2nrT) (3)
whereE is the composite modulug a fiber orientation factory; the fiber length factoi; the fiber
volume fractionVy, the matrix volume fractiorl/, the porosity volume fractior; is the fiber modulus
(in the longitudinal direction);,, the matrix modulus) the porosity factorg the surface twist angle,
the radius of roving and@ the twist level of roving.

Taking into account the non-linear tensile behagemerally observed for plant fiber composites,
and for comparative purpose, the composite modussmeasured on two different strain ran@gs:
between 0 and 0.1% of longitudinal strain &3¢ between 0.3 and 0.5%. The corresponding modulus
determined by back-calculation at the scale ofithers were noteé;, andEy,. The fiber length factor
(n1) was considered equal to 1 (which is generallyctee when the length to diameter ratio of ther§ibe
is higher than 50). Based on the empirical reselperted in literature [22,48], the porosity facfoy was
considered equal to 2.

Tensile tests were conducted on five IFBT specinusisg a MTS Criterion 45 universal machine,
with a crosshead displacement rate of 1 mm/min.l@hgitudinal strain was measured with an Instron
2620-601 extensometer with a gauge length of 50 mm.

3.2  Roving properties
At the roving scale, the twist level was studiedaading to the standard NF GO7-079 [44] on 10 saspl
per type of yarn. The tenacity was measured usingjle tests. For each yarns, 10 specimens wegsltes
using a MTS Criterion 45 tensile machine, with adaell of 10 kN, a gauge length of 200 mm, a
crosshead displacement rate of 200 mm/min andlagat®f 0.5 cN/Tex, according to the standard NF
EN ISO 2062 [49].

The same properties were also determined afteringéw evaluate the influence of the weaving
process on these features. The rovings were mgraxthacted from the fabrics.
3.3  Fabric properties
The areal density and the thickness of the diffefaorics were measured on 10 specimens according t

the standards NF EN 12127 [50] and NF EN ISO 5@3%, [fespectively.



Compaction tests were also performed on wovendabon three specimens for each fabric, to
characterize and compare the compressibility benafithe different weave patterns and to determine
the fiber volume fraction as a function of appl@éssure. This is an important parameter for the
composite manufacturing processes. The compadgia were performed on a MTS Criterion 45
universal machine with a full-range load cell oDIKN at a crosshead displacement rate of 1 mm/min.
The pressure was applied with a compaction cylindtr a diameter of 62.5 mm until a pressure of 20
MPa. The displacement was measured with a LVDTaensounted between the compaction cylinder
and the bottom plate, with a full range of 2.5 mmd an accuracy of 2.5 um. The compressive frame
stiffness of the test set-up was also measuredadeth into account to correct the measured
displacement, as suggested in [52-54]. Square saropthe fabrics with dimensions of approximately
80x80 mmz were laid-up in the same material dicec{see Figure 3). For all the tests, four pliesewe
used. The initial thickness of the lay-ups was messon the machine with a pre-load of 10 N. Three
successive loading/unloading steps were then applialy the first loading is analyzed in this stude
pressure is calculated by dividing the applied édvg the area of the compaction cylinder, and titans

by dividing the measured displacement by the inikickness.

Figure 2: Compaction test setup a. schematic diagram with preforms b. configuration for machine

stiffness measurement
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H2 H3

Figure 3: Schematic view of the stacking sequence in compaction tests (weft direction in red, warp
direction in blue)

3.4  Composite properties
The microstructure of the manufactured composites eharacterized using X-ray nanotomography.
Image acquisition was realized on an Easytom nmenoe tomograph (RX Solutions, France). The
system is equipped with an X-ray source HamamafsnQype Microfocus L10711 having maximum
voltage 160 keV. The images reported herein welleated using X-rays of voltage 40 keV and a curren
of 22 pA. The X-ray transmission images were agglusing a Fluoroscopic High Speed imaging sub-
system PaxScan 2520DX. The entire volume is repactet at a full resolution with a voxel size of B.
pum, using filtered back-projection. The data werepssed using VG Studio software.

Tensile specimens were cut in the manufactured osit@plates using a Trotec laser cutter. The
mechanical characterization was conducted accotdimgtandard ASTM D3039-00 [55], on a MTS
Criterion 45 universal machine, with a crossheagldcement rate of 1 mm/min, a specimen width of 15
mm and a gauge length of 150 mm. For samples pecttitin (warp and weft) are tested for all the
composites materials. The longitudinal strain wassared with an Instron 2620-601 extensometer with

a gauge length of 50 mm.
4  Resultsand discussions

4.1  Influence of weave pattern on the fabric properties

The textile properties measured on the woven falaie presented in Figure 4.a.for the areal deanity
in Figure 4.b. for the thickness and weft dendit®.and H3 fabrics have a similar areal density of
approximately 400 g.) which is approximately 1.4 times higher thandhe of H1. This can be
explained by the interlacement and the weft denbityeed, the H2 and H3 fabrics, which are satimé
twill 6 weave patterns, have one binding point@aovings, whereas the H1 fabric (plain weave pajte

has one binding point for two rovings. A bindingmtas the interlacement between warp and weft



rovings, represented by black squares in Figufiéhlis, as rovings are less interlaced in H2 and H3
fabrics, they are more compacted on top of eackrathd the weft density is higher. As a resultratere

more rovings per unit area in H2 and H3 fabricsl e areal density is higher than for H1 fabric.
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Figure 4: Properties of the woven fabrics a. Areal density b. Thickness and weft density

The compressibility of the different fabrics wasatharacterized. The compaction curves are
shown in Figure 5. The three fabrics exhibit a v@ngilar behavior with a maximum fiber volume
fraction of approximately 70%. In this way, it che@ expected that the composite made with these thre
fabrics will have similar fiber volume fraction aftmanufacturing steps.

The compaction response is strongly non-linear Esgere 5). As explained by different authors

[56,57] this results from the expression of diffirphenomena. In the first stage, for low pressiine,



response is quasi-linear. It results from the cowatidn of the deformation of the roving cross-satti
the roving flattening and nesting. In the secorgst the curve becomes nonlinear and in additidheto
first mechanisms, the bending of the roving talasey which leads to the reduction of void andpsigpe
between fiber and/or roving. At last, a third phdseear again, is observed. The compaction is then

attributed to the transverse compression of fibers
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Figure 5: Compaction curves for the three hemp fabrics
4.2  Influence of the weaving process on the roving features and fiber orientation
During the weaving process, the roving propertresimpacted. The values of the twist level anchef t
breaking tenacity of rovings before and after wagvor each fabric are shown in Figure 6.a and féigu
6.b, respectively. In the warp direction, the valoétwist level remains in the standard deviatidrereas
in the weft direction, the twist level decreasemgicantly after weaving. This untwisting is more
important for the weft rovings inside H2 than in Bi8d H1 fabrics. A decrease of approximately 94% in
the twist level is measured for the roving from Hi&fabrics against a decrease of 61% for the pvin
from H3 fabric and 51% for the roving from H1 fabrhis trend is similar for the decrease of bregki
tenacity, always in weft direction: there is a é@se of approximately 46% for H2 fabric, 34% for H3
fabric and 16% for H1 fabric. This is consistenthithe decrease in twist level. When the rovingsless
twisted there is less cohesion between fibers lagl the strength is reduced. The decrease in ibe tw

level of weft rovings is attributed to the techréqused for the weft insertion in shuttle weaving.

10



Whereby, the weft rovings need to be wound intmalkbobbin, called a quill, which is inserted et
shuttle to pass the weft roving through the shed.

In the warp direction, even if the standard dewiaiare quite high, an increase of tenacity at
break after weaving can be observed. This incrsas®re important for the H2 fabric. For the satin
weave pattern, the movement of frames moves rovirmsh are distant from each other, whereas for
plain weave and twill weave patterns, rovings aised side by side. Indeed, there are less fitmnging
between the warp rovings during the satin weaviogess, and they are less “damaged” in the process,
which is why they have the best tenacity at bré&le warping process and the tension applied on the
rovings during the weaving process can stifferviaep rovings, and confer to them better mechanical
properties, especially a better tenacity at breddich is more or less damaged by hanging due to the

movement of the frames.

11
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Figure 6 : Influence of weaving process on yarns properties a. Twist level b. Tenacity at break
The values of the twist level and tenacity at briealore and after weaving are summarized, in
Figure 7, to highlight the influence of twist leva tenacity at break. As mentioned in the litemtu
[28,30], the increase in the twist level leadsrararease in the breaking tenacity. The twist llgyees

more cohesion between the fibers and thus moregitrd¢o the rovings.
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The tensile properties of the fibers were alsorddteed before and after weaving using IFBT
tests (Figure 8). Before weaving, the rovings wedeacted from the bobbins, and after weaving, the
rovings are extracted in warp and weft directiamirthe fabrics. Figure 8 shows the values of therfi
moduli (Es; andEy,) before and after weaving for the three fabridsese results show the high rigidity of
the hemp fibers used for this work, with an iniag@lparent rigidity ;) greater than 60 GPa.

In the weft direction, the fiber modul&, after weaving is slightly lower than the one befor
weaving for the H1 and H3 fabrics. This appareiffinstss reduction could be both attributed to the
remaining crimp in the rovings (and the resultiitgf disorientation, neglected when back-calcutatin
the fiber properties) as well as fiber damage ieduty the weaving process. Interestingly, the nigan
value for the H2 fabric is higher after weavingisiimprovement of the fiber stiffness can be atiteéol
to a stiffening effect [58] induced by the mechahloading applied during the weaving process. This
effect could counterbalance the potential decreafiber stiffness due to their misorientation (@@ming
crimp effect) and hypothetic damage induced bywbaving. All these underlying mechanisms and
microstructural features deserve to be thorougtulgtied in forthcoming studies. In the warp direntio
the fiber stiffness is more negatively impactedhsy weaving process. A decrease of approximately 30
is observed after weaving for the H1 and H3 fabiagin, this effect is less pronounced for the H2

fabric. As a conclusion, it can be underlined thatfiber stiffness is well preserved during thegassing

13



of the satin fabric, and even improved for the ifiberiented in the weft direction. All the resutsove-

mentioned are also valid f&,.

80

70

m Efl

Ef2

/\60_
g
9507
340 -
>

3 30 -
s

20 -
10 -

O 4

T
| I II IT |I | |
ok s IJ- I T

Before H1 Warp H1 Weft H2 Warp H2 Weft H3 Warp H3 Weft
weaving

Figure 8: Comparison of the fiber stiffness before and after weaving for the three considered fabrics

4.3  Influence of the weave pattern on the composite properties

Using these three fabrics (H1, H2 and H3), compasidterials were manufactured, respectively noted

CH1, CH2 and CH3. The thickness and the microairatfeatures are shown in Table 1. Two methods

were used to determine the constituent volumeifrast The first one is by weighting, as descrilred i

[59]. The second one is by using X-ray nanotomadgyamages analysis and reconstruction.

Table 1: Composites composition and thickness

Weight
Nanotomogr aphy
Weave calculation
Composites Thickness (mm)
pattern Vi Vo Vi Vp
(%) (%) (%) (%)
Plain
1.70 £0.04 424 24 43.0 0.8
weave
Satin 2.46 + 0.05 46.0 04 48.8 15
Twill 1.42 +0.06 37.0 3.0 41.0 11

14



Figure 11: Nanotomography views of CH3 composite
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In order to conduct observations inside the contpasaterials, nanotomography imaging is
used. Some images are presented in Figure 9, Fifuaed Figure 11, respectively for CH1, CH2 and
CH3 composites. For the three composites, somesippican be observed, which is mainly located
between the plies but also inside the rovings. Harethere is not a lot of porosity, and none af th
composites have major impregnation defects. Thegz®used is thus suitable for the manufacturieeof t
composite plates. With nanotomography analysis,atso possible to study the distribution of pdies
throughout the thickness of the composite samgles Figure 12). For CH1 and CH2, porosities are
evenly distributed over all plies whereas for CHB8tosities are more located in the upper ply (as a

reminder, CH3 is made of only two plies).

1.6
CH1 (1.8 mm)

CH2 (2.4 mm)
CH3 (1.2 mm)

Porosity cumulate (%)
© o o o =P
N M O O P N OB

. o
=

a1

1

=

-0.5 0 0.5 1 1.5
Thickness (mm)
Figure 12: Distribution of porosities through the thickness of the composite samples

The mechanical properties of the three compositepresented in Figure 13.a. for the modulus
and in Figure 13.b for the strength. Since therfildume fraction was slightly different for each
composite type, and to facilitate the comparisba,droperties were normalized with a fiber volume
fraction of 45%, using a rule of mixture. It canddeserved that the satin weave pattern leadseatdhle
of the composite material, to the best mechanicgqrties in the weft direction. In the weft diriect,
the modulus is 10% higher than in the warp direcfar CH1, 44% higher for CH2 and 31% higher for
CHa3. For the strength at failure, the value inwledt direction is 20% higher than in the warp diiec
for CH1, 49% for CH2 and 41% for CH3. Indeed praijgsrare more similar between the warp and weft

direction in CH1 composite than in the CH2 and @dgposites. As expected, the plain weave pattern

16



gives the better balanced properties to its conpoasi the H2 and H3 fabrics, the weft densityighler
than in the H1 fabric due to the weave patterrnetiage also more fibers in this direction, and the
resulting mechanical properties are higher in te# direction. Moreover, in the weft direction, the
rovings are untwisted during the weaving processhamwn previously in Figure 6.a., and thus therfib
are more aligned with the loading direction. Irsthiay, the mechanical properties are higher itk
direction than in the warp direction, thanks taghkr fiber volume fraction and a better alignmefthe
fibers in the direction of the mechanical stress.

The mechanical properties of these composites (CHR, and CH3) made from a woven fabric were
also compared to the one obtained for a crossaphjrlate stacking sequence, consisting of 0° and 90°
purely unidirectional flax fiber plies. In terms wfechanical properties, the composite reinforced by
unidirectional plies has a tensile strength of M82a and a modulus of 18.7GPa in both directions. In
comparison with the reference composite, the madimihe warp direction of each woven composite is
lower (-23% for CH1, -40% for CH2 and CH3) but gusimilar or higher in the weft direction (-14% for
CH1, -7% for CH2 and -12% for CH3). This trendiimitar for the strength at failure: the valuesie t
warp direction are lower than for the reference posite (-30% for CH1, -47% for CH2 and -46% for
CH3) and similar higher in the weft direction (-386 CH1, 17% for CH2 and 5% for CH3). By using a
plain weave pattern for woven fabric reinforceméme, properties obtained are closer than thosetwhic
can be achieved with a symmetrical cross-ply lateinghe use of a more complex weave pattern, such
as satin or twill, leads to more unbalanced praggrbut which can be higher in one direction ttrarse
of a composite manufactured with unidirectionaépliThese results are consistent with what haddjre
been demonstrated in another study with hemp/PLiAicgled rovings, in which composite reinforced
by satin woven fabric has higher properties thanahe reinforced by basket woven fabric [41].Tlius,
can be assumed than these results are promisiddnigim performance composites can also be

manufactured with woven fabrics made of 100% hemptivisted rovings as reinforcements.
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4.4 Influence of rovings features on composite properties

As seen previously, the roving properties are gnilced by the weaving process. The main parameter

altered by the weaving process is the twist leUbis factor is really influential on the fiber atient in

composite materials and thus on the mechanicalgpties which result at the scale of the composite

material.

Table 2: Percentage of fibersin composite in two main material directions

Composite  Warp direction (%)  Weft direction (%) Total (%)
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CH1 47 47 94
CH2 40 51 91

CH3 42.5 47.5 90

The percentage of fibers in the two main directisas determined from the tomography
analysis. The values are determined from a siragigpte for each composite and shown in Table 2. The
total percentage of fibers in warp and weft dir@uesi is lower than 100% due to misalignments ofribe
mainly due to twisting of rovings. By twisting thevings, fibers are positioned in other directitimsn
the main direction of the rovings, and thus, afteaving, they are oriented in other directions ttren
warp or weft direction of the fabrics. In this walge twist level of rovings after weaving (Figur@.§
was compared with the percentage of fibers in tagmirections of the composite (Table 2). It cen b
conclude that the more the twist level of rovinfiseraweaving is decreased during the weaving psces
the higher is the fiber content in the compositeation. By decreasing the twist level of the rayin
during weaving process, the fibers are more alignéle direction of the mechanical stress.

By plotting the strength of the composites measurdabth material directions for the different wove
fabrics according to the twist level of the rovifgseasured after weaving), we confirm a direct
relationship already mentioned in the literatuhe: tnore the fibers are aligned in the roving mais a

and the load direction, the higher the strengtthefcomposite[21,28,30].

< 250
o
=
«n 200 4
e
‘D ®H1 Warp
8 150
= —F H1 Weft
o
3 —@—
= 100 ¢ H2 Warp
= ——J—-— AH2 Weft
g 30 -H3 Warp
7 +H3 Weft

O T T T T 1

0 10 20 30 40 50

Twist level of yarns (turns/m)

Figure 14: Relationship between the twist level of the rovingsin the fabrics and the strength of

composites
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The properties of the composites were also pradlieting a Yequal to 45%, the rule of
mixtures, and the back-calculated properties ofitiers, their twist level in the rovings and the
properties of the matrix. The results are preseintédgure 15. The rule of mixture used is preserie
Egs. 1-3. In ROML1, the values of the fiber modwuod the twist level correspond to the ones measured
before weaving, whereas in ROM2, the values afesavwing are considered. The moduli of fibegs E
before and after weaving used are the ones presenkégure 8. The composite properties obtained
using ROM1 are clearly under- or overestimatedafbmaterials: approximately 10% of difference
between experimental and predicted values in biotittibns. However, by using the fiber and roving
properties after weaving, the composite propegiespredicted with a better agreement when compared
to experimental data (the relative difference betwexperimental and predicted values varies fromd %
6%) excepted for warp direction in CH1 and CH3 posites (respectively 36% and 24% of difference
between experimental and predicted values). Tombtgood prediction, the fiber and roving propesti
after processing have to be considered. One aktin@ining questions is the influence of the contposi
manufacturing (in particular pressure and tempegaton the fiber and roving features. This will be

studied in a further step using the X-ray nanotomaply results.
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Figure 15: Comparison of experimental modulus and predicted modulus of composites
5 Conclusion

Woven fabrics are used to manufacture compositenatg with advanced properties because they are

more deformable without defects, which allows fetter handling during the manufacturing procesd, an
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they can endure higher in-plane shear stress,mpadson with unidirectional reinforcements. Irsthi
study, the influence of weaving process parametes especially the weave pattern, has been statlied
different scales. Compaction tests have also beeducted on woven fabrics and do not highlight
significant differences between the weave pattdms the fiber volume in the final composite can b
expected to be similar for the three materialse@dards, the influence of weaving process on raving
and fibers properties has been studied. Due tarhgisting of rovings used in weft direction during
weaving process, cohesion between fibers in thescgection becomes less important, which reduees th
tenacity at break of the rovings. Despite this ustiwg of the rovings, after weaving, the effective
stiffness of fiber (studied through IFBT methodilexreased in most cases. This effect is lower when
weaving a satin pattern. A fiber stiffening is exaserved in the weft direction. Whatever the weave
pattern used, only few pores can be observed irposites through tomography analysis. Regarding the
mechanical properties of the composites, the usewdral weave diagrams leads to balanced or
unbalanced properties between the two main dinestidepending on the yarn density and the fiber
fraction in the studied direction. The percentafjtbers aligned in the direction of the mechanistéss
was directly linked to the untwisting of the rovéim this direction during the weaving process. The
determination of the effective fiber propertieeaftveaving allows also better composite properties
prediction through the rule of mixtures. Resultthatscale of composite highlights that mechanical
properties similar to the best flax cross-ply laaté@s can be achieved with hemp woven fabrics made

from low-twisted rovings.
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