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ABSTRACT

Lately it has been demonstrated that natural fibmag be an environmentally superior alternative
for, e.g., glass fibres. In order to estimate prige of composite materials made of natural fipres
models designed for synthetic fibres are often usBte models usually do not account for
irregularities in the material, e.g., suboptimdiré orientation due to the twisting angle of fibies
yarns. Use of models without taking those featums account might lead to unreliable results.
Methods to quantify the microstructural propertie$ natural fibre composites with X-ray
microtomography and three-dimensional image arsmlgsd demonstrated in this work. The methods
are applied to flax fibore composites made from eéhdéfferent kinds of pre-forms. Microstructural
parameters estimated with the methods are usedcirommechanical models for the stiffness of the
composite. Comparison between rule-of-mixtures eadsical laminate theory is made, highlighting
the requirement for accurate parameter estimatiah use of a model that accounts for significant
structural features of the material.

1 INTRODUCTION

Natural fibres (NF) are emerging as lightweight amdironmentally superior alternatives to glass
fibre (GF) for reinforcement in polymer compositéshas been demonstrated that some of NFs (e.g.
hemp or flax) have good mechanical properties whiehcomparable (or even better) than those of
GFs, especially if properties normalized with dgnare considered [1]. Moreover, recently a number
of companies have started to produce various tgp&abrics based on NF (e.g. woven and non-crimp
fabrics) which are very well suited for manufaatgriof lightweight, environmentally friendlier,
structural composites. In order to design such awi@ materials, models (e.g. micromechanical
models, classical laminate theory) developed farttsstic fibres and polymers are employed. Since
NFs are assembled in fabrics with fairly regularsmstructure, it is often assumed in those models
that the fibres are continuous and aligned. Buhevben assembled in bundles and fabrics, NFs are
not as well oriented and as regularly distributeccantinuous synthetic fibres would be. The actual
microstructure of NF composites contains irregtision different size scales and the use of models
without taking these features into account mighdréfore produce unreliable results which are
unusable for further design of structures.
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Typically, the microstructural and geometrical paeders of composites are identified from
microscopy of polished cross-sections. This is tooesuming and may not be accurate because
polishing may remove important features of the ostnucture (e.g. voids), affect the geometry of
fibres as well as introduce defects and damagethé&umore, since NFs are rather soft and very
sensitive to moisture, conventional polishing tegbhas cannot readily be used and in most cases
polished surfaces of high quality are difficultabtain.

An alternative non-destructive technique is X-raicnstomography (CT) which gives a three-
dimensional (3D) description of the microstruct{® It is based on taking a large number of X-ray
projection images of the sample in various direwidA three-dimensional matrix of effective local X
ray attenuation coefficients is computationallyaestructed based on the projection images. As the
attenuation coefficient correlates with the denesityhe material, the reconstructed data can bsede
as a 3D image of the sample. In the 3D image valweach voxel is proportional to the density of the
material in that voxel. Contrast between regionglifferent densities, e.g., fibres, matrix and &,
thus produced.

The current paper demonstrates the capabilitiéseo€T method and image processing algorithms
[3, 4] applied to composites manufactured by theuuan infusion method from different types of flax
fibre fabrics, viz. unidirectional fabric obtaineg filament winding of dry fibre roving, woven fabr
and non-crimp fabric. Image analysis methods aeel i3 characterize the microstructure and damage
in the composites. The results of the analysisusi to predict stiffness of the composites and a
comparison with mechanical tests is performed.

2 MATERIALS

Three types of flax fibre/Envirez laminates with90]s lay-up were manufactured with vacuum
infusion method from three types of pre-forms. Tingt pre-form was produced from unidirectional
non-crimp fabric (NCF), the second one from wovalric (W) and the third one from unidirectional
fabric obtained by filament winding of dry fibreviag (FW).

The stiffness of the flax fibre€f) in FW and in NCF was estimated to be 69 GPa anGBa4,
respectively. The stiffness of matrix wég = 3.4 GPa. The axial stiffness of unidirectiorad &ross-
ply laminates E; andEy, respectively) along with Poisson’s ratig() were measured experimentally
from tensile tests. The shear modulGg;) was measured from tensile tests of [+45] lamisialde
properties of the composites are shown in Table 1

For comparison purposes, the fibre volume fractiwas obtained by image analysis from
microscope images of cross-section of unidirectidaminate by simple thresholding (see Fig. 1).
Properties of W composite are not presented asdt mot used for demonstrating micromechanical
modelling.

Material V<" 7, vPM  E [GPa] Ex[GPa] Gr[GPa] wir

NCF 031 0.75 0.40 131 8.2 1.8 0.482
W 0.31 0.83 - - - - -
FwW 032 0.90 0.28 20.5 12 1.8 0.398

Table 1: Properties of composité’ﬁT denotes volume fraction of fibres as measured @ith
VfOM denotes volume fraction of fibres as measured eptital microscopys, denotes
orientation efficiency factor of zero-degree lagermeasured with CE;, Ex, G, andv;; denote
Young's modulus of unidirectional composite, Youngiodulus of cross-ply laminate, shear
modulus of composite and Poisson’s ratio of conipass measured with tensile tests,

respectively.



20" International Conference on Composite Materials
Copenhagen, 19-#4July 2015

Figure 1: Optical microscopy image used for detaation of fibre volume fraction (left) along
with processed image (right) showing accountectfitshaded in red.

3 X-RAY MICROTOMOGRAPHY AND IMAGE ANALYSIS

To prepare specimens of NCF, W and FW compositesXfeay microtomographic imaging,
subsamples of approximately 2.6 mm x 5 mm x 5 mmewarefully cut from each specimen using a
hand saw. The subsamples were taken from the terdraof each specimen (after tensile test),
ensuring that a part of the fracture surface wpsesented in each subsample. The subsamples were
CT scanned with Xradia pCT-400 device, applyingk8Qacceleration voltage and 3 W X-ray power.
1783 projection images with 2.8 um pixel size atdslexposure time per projection image were
collected over 180 degrees of rotation.

After reconstruction, a 3D Gaussian filter € 0.5 pixels) was applied to the reconstructed slices
to attenuate imaging noise (Fig. 2). Contrast-ts@oatio between background and matrix was found
to be greater than 10 and between matrix and fiprreater than 6. The different phases could thus be
easily separated from each other by simple thrdstml yielding three binary images: one containing
only the fibres, one containing only the matrix am# containing only voids and cracks. The volume
of objects in the binary images were determined @sell to calculate the volume fraction of fibres
(Table 1).

In the present materials, the individual fibresattached to each other forming bundles that in tur
form yarns. In the NCF composite the yarns havea@mately circular cross-section and the fibre
bundles have been twisted around each other. Totifjuéhe twisting angle, the individual yarns in
the binary image of fibres were manually separdteth each other. The separated yarns were
processed one cross-sectional slice at a timet, Fire geometrical centre poigt of fibre cross-
section in the:th cross-sectional slice was found. The crossesalt slice was compared to the next
one using a digital image correlation techniquee Tésult of the image correlation algorithm was a
displacement field;(x,y) required to deform theé:th cross-sectional slice intb+ 1:th cross-
sectional slice. After converting;(x,y) into polar coordinates;(r,8) aroundc;, the local twisting
rate around; is given by

7(r,0) x u;(r,0)
TZAi ’

wi(r,8) = 1)
where? is the position vector antl, is the spacing between the two consecutive crestesal slices.
Averaging overf and all cross-sectional slices then resultso{m), twisting rate as a function of
distance from yarn centreline. The twisting angléhen
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Loading direction

Figure 2: A single cross-sectional CT slice throbbF composite (left), featuring air (black), matri
(grey) and fibres nearlywhite). Visualization of fibres in a CT image of N€omposite (right

2nr
B(r) = atan (W)' 2)
where L(r) = 2n/w(r) is the twist of the yarn, i.e., the length reqdirfer the yarn to turn once
around itself. This definition of twisting anglercesponds to that in [5]. The twisting angles ainso
yarns in NCF are drawn in Fig. 3.

To facilitate determination of yarn diameter atiith cross-section, an azimuthal avergge) of
the cross-sectional slice was determined witas the center point. The diameter was then takée t
twice the smallest radius that satisffg@) < f;/2, wheref, is the median of;(r). Statistical binning
of diameters at all cross-sectional slices givesdiameter distribution of the yarn (Fig. 3).

Orientation of fibres was determined using thecétme tensor method [6]. The method is based on
determining the local structure tensor, whose carapts are given by

Sij(f) = (Gat * Iilj)(f): 3)

where G, is a three-dimensional Gaussian function with zerean and standard deviation
* denotes convolution, and

96,
Ii B axl’

is an approximation of theth partial derivative of the binary image of fisrtx). The eigenvector
corresponding to the smallest eigenvalus;pfx) is taken as an estimate of the local fibre oritra
atx. As the loading direction of the composite saniplknown, the angle: between the local fibre
orientation and the loading direction can be calmd. Statistical binning of the valuesaoét all fibre
voxels gives the orientation distribution of fibrelume (Fig. 3). The Krenchel orientation efficignc
factorn, [7] was then determined as

* [ 4)
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, ®)

wherel,, is the volume fraction of fibres whose angle te thading direction ig;. As orientation

efficiency factor is needed for the zero-degreeiaynly (see Section 4), the sums were taken over
bins with a; € [0°,45°], corresponding to fibres in the zero-degree layéhng orientation efficiency

factors are shown in Table 1.

The crack opening displacement was determined fr@rbinary image of cracks with the local
thickness transform [8]. The local thickness transf assigns to each crack voxel the diameter of the
largest sphere that fits into the crack and costéie voxel. The distribution of voxel values ire th
transformed image is the thickness distributiorraick volume that is identified as the distributain
crack opening displacement. By considering onlyel®xat the edge of the specimen, distribution of
crack opening displacement at the edge can alseteemined (Fig. 3).
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4 MICROMECHANICAL MODELLING

As an initial estimate, the longitudinal and tragrse Young’'s modulu€Ef andE;, respectively)
of an unidirectional layer were calculated by ukeite-of-mixtures (RoM) as

By = ViBy + (1= Vy)Ep, ©)
. _<Vf +1—Vf>‘1
" \Er Em )’ ()

whereEy r is the transverse Young’s modulus of fibres. g was not measured independently, it
was assumed thdi; r ~ E¢/7 based on results reported in [9] for jute fibrenafly, the Young's
modulus of the cross-ply laminate with lay-up [J@©@as calculated as

By =3 (B, + Er). ®)

The results of the model (Eqg. 8) with determined by optical microscopy (see Table l)sa@wvn in
Fig. 4 with dark grey bars.

In the CT method, information about the orientatdiibres is also available and to account for it,
Eq. 6 was modified into

Ep = noViEr + (1 — Vp)Ep, 9)

wheren,, is the orientation efficiency factor defined in.Exy Equations 7 and 8 were not modified.
The results given by the model, with andn, determined by CT, are shown in Fig. 4 with light\g
bars.

Finally, the longitudinal Young’s moduli of the cpusites were estimated using classical laminate
theory. In order to facilitate the calculation, thigentation distribution of the composite (see. )
was divided into ten bins. Each bin was associati¢ld a unidirectional ply where fibre orientation
was in the direction corresponding to the bin. fPligkness was assigned according to the volume
fraction of fibres in the particular orientatiomhd resulting lay-up was considered to form one oflf
a symmetric laminate. It was used to calculate Yoeing’'s modulus of the laminate with LAP
software (Anaglyph Ltd, UK). The results of theatdations are shown in Fig. 4 with white bars.
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Figure 4: Young's modulus of the NCF and FW comigssas determined by mechanical tests
(black bars) and by micromechanical models. RoMdsdor rule-of-mixtures, CLT for classical
laminate theory, OM for parameter estimation byagbimicroscopy and CT for parameter
estimation by computed tomography.
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5 RESULTSAND DISCUSSION

In [5] it has been assumed that twisting angleilofes in ring spun yarn increases linearly in
distance from yarn centreline. Based on measuredirtiey angles shown in Fig. 3 one may conclude
that the relation between distance from yarn céné&end twisting angle is indeed linear. However,
there seems to be an offset in the twist at zestadte, pointing out that the fibres twist everhat
geometrical centre of yarn cross-section. This liggks that the centre of rotation may not lie ekac
at the geometrical centre of the yarn cross-section

Based on Fig. 4 (dark grey bars) it is evident thatYoung's moduli calculated with RoM using
volume fraction determined with optical microscape higher than the values from tensile tests. The
difference between value from tensile test and Redult for FW composite is approximately 10 %,
whereas in the case of NCF the difference is vagificant and exceeds 60 %. There are several
possible sources for this discrepancy related &mdaracy in parameters of microstructure of the
composite, such as fibre discontinuities, fibreptation, fibre volume fraction and porosity.

The length of flax fibres is usually within the éntal of 10 mm — 40 mm, whereas the typical
diameter of flax fibre is 10 pm — 40 um. Thus, aspatio of fibres is over 1000, which for practica
purposes means that the fibres can be assumednadeof continuous filament. Thus it is concluded
that fibre discontinuities should not have a majibect on the RoM results in this case.

The RoM used for calculation of stiffness (Egs. &)-assumes perfect unidirectional orientation of
fibres. However, in order to keep filaments togethighin the roving, the fibres are twisted. In ead
roving used for filament winding the twist is lowthin order to produce NCF fibre bundles are highly
twisted. Thus, fibre orientation is not perfect anay deviate from the direction of loading.

Fibre volume fraction was obtained from image asialyof composite cross-sections similar to
those shown in Fig. 1. As seen from the image ldreffbres are highly irregular in shape, moreover,
as seen from processed image (on the right) sorteedibres are discarded due to poor contrastsThu
it is suspected that the fibre volume fraction rueaments may be inaccurate.

Orientational effects and uncertainty in volumecfien of fibres was accounted for in Eq. 9 with
Krenchel orientation efficiency factor and by estting volume fraction of fibres from CT images.
The estimates of Young's modulus calculated usiolyiRnodel with these modifications (Fig. 4, light
grey bars) are approximately 10 % higher than #seilts of tensile tests, for both composites. The
improvement over RoM model without orientation efncy factor and with uncertain volume
fraction is clear.

Finally, the Young's moduli calculated using classilaminate theory (Fig. 4, white bars) are
approximately 3 % higher than the results from itentests. Such a deviation is easily explained by
uncertainties in the mechanical and microstructpeabmeters and by the fact that porosity has not
been accounted for.

Analysis of the fibre orientation distributions peaited in Fig. 3 supports the previous results
which showed that calculated Young's modulus forAfN@minate differed from experimental results
much more significantly than that of FW composikden fibre orientation was not accounted for.
Indeed, the fraction fibres with orientation of-90%.0° and 80° — 90° for FW laminate is 37.5 % and
49 %, whereas for NCF laminate the fractions aré 20 and 36 %, respectively. This is in agreement
with the fact that yarns in FW are only slightlyisted, whereas yarns in NCF have very high twist.

The values of the orientation efficiency factorslable 1 also suggest the same conclusions about
orientational structure of the composites. In g&ise yarns in W seem to fall in between of NCF and
FW. Based on visual inspection of the CT images,yirns in W have no clear twist, but the fibre
orientation deviates from the ideal 0°/90° confafion due to the weave pattern. The weave pattern
does not occur in FW and thus the fibres are nawally oriented than those in W.

Yarn diameter distributions in Fig. 3 show thatngam NCF are the thinnest of the three, whereas
yarns in FW are the thickest. To achieve approxetyagame volume fraction, fibre bundles in yarns
of NCF must be more tightly packed than those attho other composites. Thus, in NCF there are
larger reinforcement-free volumes that may causyem stress distribution.

Although the mechanical properties and the micuastire of the three composites seem to differ
from each other, their cracking behaviour seem$bdosimilar. The crack opening displacement
distributions of the three composites (Fig. 3) mearly identical, both inside the specimen andat t
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surface of the specimen. It should be noted thatcthcks studied in this work are not produced in
fatigue cracking but in simple tensile test. Themclusions might be different if fatigue crackings
studied, but similar image analysis proceduresccbelused in that case, too.

6. SUMMARY

CT methods for determination of microstructuralgraeters of flax fibore composite materials were
demonstrated. In particular, focus was on propertiglated to micromechanical modelling. The
stiffness of two of the composites was calculatéth & rule-of-mixtures model and, for comparison,
with classical laminate theory, with microstrucluparameters measured from the CT images. The
results were compared to mechanical tests and td Ralculations made with microstructural
parameters estimated from optical micrographs. rBselts show that if orientation of fibres is not
accounted for, the rule-of-mixtures model may gignificantly over-predicted estimates of stiffness
especially for laminates containing yarns with htghsting angle. Calculations based on CLT with
microstructural parameters extracted from CT imagge=med to be the most accurate. The remaining
inaccuracy may be attributed to porosity, which wassaccounted for.
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