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Abstract

A novel method for computerized estimation of the as-
pect ratio distribution and various cross-sectional geomet-
rical properties of fibres in short-fibre reinforced compos-
ites is proposed. The method, based on X-ray micro-
computed tomography, is non-destructive and does not
require user intervention. Based on results on specially
fabricated model material, the accuracy and precision of
the method seems adequate. The method is applied in
analysing a manufacturing process of wood fibre reinforced
thermoplastic composite. The results indicate a significant
decrease of the aspect ratio of fibres during the process-
ing steps. Finally, the feasibility of the method is assessed
by estimating parameters of a micromechanical model for
flax fibre composites and comparing the results with those
from tensile tests.
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1 Introduction

Within micromechanical approach to estimating compos-
ite material performance, quantities describing the micro-
scopic or mesoscopic structure of a composite are com-
bined with mechanical properties of the constituents in or-
der to estimate the macroscopic properties of the material
[1-4]. For short-fibre reinforced composite materials the
relevant statistical quantities describing the microstruc-
ture include, e.g., diameter, length and orientation distri-
butions of fibres, and volume fractions of the constituents.
The microstructure of such materials is formed during the
manufacturing processes that typically include, e.g., pel-
letization, compounding, extrusion and moulding, each of
which affect the geometry and distribution of the precur-
sors [5]. Information on the microstructure of the material
[6, 7] evolving through the different processing stages may
be used to optimize the processing chain and the proper-
ties of the final product through selection of proper pro-
cessing methods [8, 9] and their parameters [10].
Traditionally, composite material microstructure is
studied by dissolving the matrix and studying the resid-
ual fibres by optical- or electron microscopy. Alternatively,
polished cross-sections of the composite may be used. The
methods are accurate, but time-consuming and destruc-
Additionally, the applied chemical or mechanical
treatments involved in the analysis process may change

tive.



the structure of the fibres and, furthermore, in the dissolu-
tion process information about orientation and dispersion
of the fibres is lost.

X-ray microtomography (X-pCT) is a non-destructive
method to characterize the structure of heterogeneous ma-
terials. The method is based on computationally recon-
structing the three-dimensional structure of the sample
from a number of two-dimensional X-ray attenuation im-
ages taken from different directions [11]. Contrast in such
a tomographic image typically originates from local X-ray
attenuation coefficient that correlates with local density of
the material sample. The spatial resolution available (~
1pm) is adequate for distinguishing the different phases,
e.g., fibres, matrix and void in many composites (see Fig-
ure 1b). Traditional image processing algorithms [12] may
be used to segment the different phases and thereby to pro-
duce, for further processing, a three-dimensional binarized
image showing, e.g., the fibre phase only.

Several methods for estimating fibre properties from a
binary image have been recently proposed. Majority of
the methods are based on separating individual fibres from
each other. Methods based on analysing the medial axis of
fibres [13-17] are often applicable to solid fibres, whereas
methods based on recognition of lumen [18-21] apply to
hollow fibres. In the case of natural fibres, processing
may break and crush the fibres such that their shape be-
comes highly irregular (see Figure 1b). The fibres may
thus be partially hollow and partially solid, hindering the
use of above methods. Algorithms introduced in [22-24]
are based on analysis of the local orientation of fibres in
order to separate them from each other, and thus seem to
be better suited for fibres of irregular shape.

Recently, we introduced an automated method to eval-
uate the fibre length distribution of short-fibre composites
from a binarized three-dimensional tomographic image of
material sample [25, 26]. The method does not require
identification of individual fibres and includes an algo-
rithm for correcting bias caused by finite image size. In ad-
dition, transverse dimensions of fibres could be estimated
based on a specific scaling assumption for fibre volume. In
this work we relax the need for such an assumption and
introduce an improved method to determine the statisti-
cal distribution of various geometrical properties of fibre
cross-section as well as of fibre length. In particular, the
present method can be used to correlate fibre length and
cross-sectional properties such that, e.g., the aspect ratio

distribution can be obtained. The technique is validated
using a model composite with known structure.

The method is then applied in assessing the effects of
various manufacturing unit processes on the aspect ratio
and on the cross-sectional shape of wood-fibres used as
reinforcement in a biodegradable composite material. Fi-
nally, we apply the method in finding the necessary param-
eters for a micromechanical model for estimating Young’s
modulus of flax fibre composites, the results of which are
compared with those from tensile tests.

2 Estimation of microstructural prop-
erties

Let us denote a three-dimensional binarized tomographic
image of a short-fibre reinforced composite material sam-
ple by I(x1,x2,x3). The numeric value of each voxel, lo-
cated at position Z = (1, x2, x3), indicates whether or not
that particular point is inside the fibre phase. In order to
collect the necessary experimental data for estimating the
statistical distribution of various structural descriptors of
the fibre phase, the image I is sampled uniformly at ran-
dom locations such that a statistically significant number
of points @,, n = 1,..., N located inside the fibre phase is
found. The local orientation of a fibre in the vicinity of
point &, can be found using the structure tensor defined
by [27]

Sij(@) = (G (L)) ) (@), M

where G, is a Gaussian function with zero mean and stan-
dard deviation ¢ in all directions, and * denotes convolu-
tion. The quantities I; are the partial derivatives of I, and
can be approximated by [27]
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The eigenvector §,, of S;;(Z,) corresponding to the small-
est eigenvalue defines the local fibre orientation at .
Next, a slice is extracted around &, such that its nor-
mal direction is parallel with §,, (see Figure 1). The fi-
bre cross-section is extracted from the slice and its area
A,, is calculated. The cross-sectional dimensions of fibres
with non-circular cross-section are characterized here us-
ing the lengths of the projections of the cross-section in
its two principal directions [28]. For each cross-section we
thereby find the principal dimensions di, and da,, with



convention dy, > do,. The length of the fibre containing
Zyn can be estimated using the constrained path transfor-
mation (%) — T'(¥), where T is an image where the value
of each voxel is the length of the longest regular path pass-
ing through the corresponding voxel in I, and contained
entirely inside the fibre phase. The degree of regularity of
the path is controlled by a set of topological constraints
specific for the algorithm [25, 29]. The length L,, of the
fibre at &, is then defined as the mode of voxel values in
T over the cross-section. Finally, two aspect ratios corre-
sponding to the two principal dimensions d;, can be de-
fined as 1, = Ly /din, i = 1,2.

Given the data set {$,, Ay, din,don, Ln, 10, ...}, n =
1,..., N, estimates for various multivariate distributions for
the structural descriptors can be generated by a straight-
forward statistical binning. The probability that a ran-
domly selected point in the sample is inside a fibre is
proportional to the volume of the fibre. Thus, denoting
by {&1,&2, ..., x} any subset of the descriptors (random
variables) {8, A, dy,ds, L, 71, ...} for which the data is mea-
sured, the resulting normalized multivariate distributions
are of a general type
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i.e., & -distributions of fibre phase volume V.

3 Test case with a model composite

In order to substantiate the method, a model compos-
ite was made from hollow and solid fibres and molding
rubber. Steel capillary tube (0.5 mm outer diameter and
0.3mm inner diameter) was used as hollow fibres, while
copper wire (0.35 mm diameter) was taken as solid fibres.
The tube and the wire were cut into pieces of predeter-
mined lengths between 2mm and 20 mm. Predetermined
amounts of both types of fibres were mixed with liquid
state rubber (Silcoflex HE) such that the mass fraction of
fibres was 0.18. The mix was then poured into a cylindri-
cal mold and let to set and solidify. X-ray micromographic
image of the material was taken using SkyScan 1172 micro-
tomograph with 17 pm pixel size (Bruker-microCT, Bel-
gium), ensuring that all the fibres were visible in the im-
age.

The fibres and the rubber were segmented from the im-
age by simple thresholding so as to produce an image

showing only the fibres (see Figure 2). Different types of
fibres were identified based on the topological properties
of fibre cross-sections such that the simply connected and
non-simply connected fibre cross-sections were attributed
to solid and hollow fibres, respectively. The aspect ra-
tio distributions were then determined separately for solid
and hollow fibres as described in Section 2, based on 50 000
cross-sectional samples.

To obtain a reference data set, the rubber matrix and
the fibres were separated manually. The fibres were further
divided in hollow and solid ones (steel capillary and cop-
per wire) and spread onto a white background cardboard.
Photographs of both fractions were taken with 52 pm pixel
size and calibrated using a length standard. The lengths
of all the fibres in the images were then determined man-
ually using the Image]J software. The lengths and the
known cross-sectional area were used to determine refer-
ence distributions (i.e. aspect ratio distributions of fibre
volume) for the X-uCT based estimation. A total of 193
hollow fibres and 203 solid ones were measured.

The aspect ratio distributions for both types of fibres
are shown in Figure 3, together with the reference distri-
butions. Statistical characteristics of the distributions are
summarized in Table 1. Kolmogorov-Smirnov test results
between estimates and reference data are near 0.1, indicat-
ing reasonable correspondence between the distributions
[30]. As shown by Figure 3a, the positions of the peaks
in the reference distribution are well reproduced by the
X-pCT estimate. The full width at half maximum of each
peak in the X-uCT estimate is on average 0.1(L/d)peak
higher than in the corresponding reference peak, where
(L/d)peak denotes the position of the peak.

4 Application to a composite manu-
facturing process

As a first practical application of the method discussed in
Section 2, we study the degradation of fibres during manu-
facturing process of a wood fibre reinforced thermoplastic
lignin composite. The material was manufactured from
20 wt-% paper-grade softwood pulp (Metsd Fibre, Fin-
land) and 80 wt-% externally plasticised softwood kraft
lignin (LignoBoost, Metso, Finland). The wood fibres
and the externally plasticised lignin were compounded in
a co-rotating twin-screw extruder (ZE 25 x 48D, Berstorff
GmbH, Germany) using a temperature profile of 40°C



(feeding zone) — 160°C (die) and a specially designed screw
geometry to provide even fibre dispersion. To facilitate
feeding, the wood fibres were compacted into pellets us-
ing the sieve plate compression method described in [31].
After compounding, the extrudate was cooled down on a
moving belt in air and cut into 5 mm granulates. ISO 3167
tensile test specimens (’dogbones’) were manufactured us-
ing injection moulder with melt temperature of 160°C (ES
200/50 HL, Engel Austria GmbH). The injection pressure
was 80 bar and the post pressure was 50 bar.

In order to study the changes in the structural charac-
teristics of fibres appearing at various stages of the manu-
facturing process, samples of the original pulp, the pellets
and the final composite were taken, imaged with XRadia
nCT-400 tomograph (XRadia, Concord, California, USA)
and analysed using the method described above. The pulp
and pellet samples were of size 2mm X 2mm X 4mm, and
2mm X 2mm X 2mm, respectively, and were imaged us-
ing 2.4 um resolution. The size of the composite material
sample was approximately 1mm X 1mm X 1mm and it
was cut from the central part of the tensile test specimen
with a rotary tool. The composite material sample was
imaged with 1pm resolution. The reconstructed three-
dimensional images were bandpass filtered prior to pro-
cessing, such that imaging noise and artefacts were sup-
pressed. To separate fibres from air in the filtered image
of original pulp fibres, the image was thresholded using
Otsu method [32]. The filtered image of fibre pellets was
thresholded similarly.  For the image of the composite
sample, the threshold value was chosen such that the vol-
ume fraction of objects identified as fibres coincided with
the expected volume fraction determined from gravimetric
composition and the densities of the constituents, namely
0.20.

The aspect ratio of the fibres and the shape parame-
ter (d1)/(dz2) of the fibre cross-sections were determined
from 50000 cross-sectional samples, as described in Sec-
tion 2. Based on the results shown in Figure 4, it is
apparent that the aspect ratio decreases considerably as
the pulp fibres are processed into pellets and further into
injection moulded dogbone specimen. The value of the
shape parameter (di)/(dy) differs from unity, indicating
non-circular shape of fibre cross-sections.

5 Application to micromechanical

modelling

We next apply the method discussed in Section 2 in find-
ing structural parameters needed in the rule-of-mixtures
model presented by Madsen et. al. [33] for estimating stiff-
ness of composite materials. To this end, four types of flax
fibre/starch acetate composites, labeled C1, C2, C3 and
C4, were manufactured (see Table 2). Flax fibres and amy-
lose rich corn starch were supplied by Ekotex (Poland) and
Gargill (USA), respectively. The manufacturing process,
including fibre pelletizing, starch acetylation and plasti-
cization, is as described in [34] with the exception that,
in the present case, all compounds and composites were
made with temperature gradient from 60 °C in the com-
pounder feeding section to 200 °C in the melting zones and
die. In the process the original flax fibres tend to become
partially fragmented such that the final composite may
also contain smaller segments and pieces of fibres (’fines’)
with a wide distribution of size and shape. The experi-
mental values of Young’s modulus of the materials were
determined by tensile tests according to ISO 527 standard
(2, 34].

According to the rule-of-mixtures model [33] the
Young’s modulus E. of a composite material is given by

(4)

where V¢, Vi, and V,, are the volume fractions of fibres,
matrix and void, respectively, and 7, and 7; are the orien-
tation and the length efficiency factors, respectively.

The orientation efficiency factor is given by [1]

No = Z an cos? (ay,),
n

E. = (’r]omeEf + VmEm)(l _ ‘/1))2’

()

where «, is the angle between the loading direction and
the direction of n:th fibre and a, = Vy,/Vy, where Vy,
is the volume fraction of n:th fibre. The length efficiency
factor is given by [35]

1 tanh(L*)

e (6)

m=
where the shear lag parameter L* is given by
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Here, the angle brackets denote mean value over individ-
ual fibres, and Ey, E,, and G, are the Young’s modulus
of fibres, the Young’s modulus of matrix and the shear
modulus of the matrix, respectively. The latter is given
by G = Ep/2(1 4 vy,) assuming isotropic material with
Poisson’s ratio v, = 0.3 £ 0.05. The fibres are assumed
to be packed hexagonally, implying the value of the ge-
ometrical packing pattern constant k = ﬁ ~ 0.907.
The value of Young’s modulus of the fibres is taken to be
E; = 50 GPa £ 5 GPa according to the results by Lilholt
and Lawther [36]. The values of the remaining material
dependent parameters are given in Table 2.

The yet unknown parameters of the model, namely the
aspect ratio (L)/(d) and the orientation efficiency factor
7, were estimated using the data obtained from X-pCT
images of material samples as discussed in Section 2. For
X-nCT analysis, a cylindrical subsample of diameter 2 mm
was cut from the central region of each injection moulded
tensile test specimen using a rotary tool, and attached on
the top of a sample holder rod. X-pCT images of the sub-
samples were taken using XRadia pCT-400 device (XRa-
dia, Concord, California, USA) with voxel size of 1.24 pm
and cylindrical image volume of diameter 2 mm and height
2mm. The images were denoised using variance weighted
mean filter and binarized to segment the flax particles
from the matrix. The threshold gray-scale value was se-
lected such that the volume fraction of the reinforcement
phase coincided with the result from gravimetric measure-
ments [34]. The result of the filtering and segmentation
operations is visualized in Figure 5. The length L;, the
principal dimension dj; and the angle a; between the nor-
mal direction and loading direction were determined for
50000 randomly selected samples of particle cross-section
as described in Section 2.

The rule-of-mixtures model assumes the reinforcement
phase to consist of fibres long and thin enough such that
the load is transferred between the matrix and a fibre only
in the direction of the fibre [35]. This assumption gives
rise to orientation and length efficiency factors appearing
in Equation (4). In the present case, the materials may
also contain very short fibre fragments with low aspect
ratio which are not compliant with that assumption and
which, on the other hand, can be considered less effective
in reinforcing the composite. Such particles should thus
be excluded from calculation of the values of 7, and n;. To
this end, we first calculate the shear lag parameter L} for

each individual particle cross section 7 according to Equa-
tion (7), but replacing (L)/(d) by L;/d1;. The quantity L}
can be interpreted as a dimensionless effective fibre length
and a natural cut-off is obtained by excluding particles
with L7 < 1. For the present composites this corresponds
to excluding particles with aspect ratio L;/dy; less than ~
5-10. The total amount of cross-sectional samples thereby
discarded varied between 20 % and 55% by volume, de-
pending on the material. The orientation efficiency fac-
tor 7,, length efficiency factor 7;, and Young’s modulus
E. were then calculated for each material based on the
remaining set of cross-sections associated with elongated
particles (’fibres’) using Equations (4) through (7). An-
other possibility for excluding small fibre fragments within
the present method would be to introduce a cut-off value
L} as a free parameter and find its value by fitting the
predicted values of F. to experimental results. For the
present set of data such fitting yields L} = 0.90£0.08 and
leads to estimates on FE. practically identical with those
obtained with the choice L} = 1 made above based solely
on dimensional arguments (see below).

Notice that in the random sampling process used in
the present method, the probability of sampling a cross-
section of n:th fibre is equal to Vy,/Vy = a,. Con-
sequently, the average over individual fibres of variable
x = {L,d} is given by

N .
il T

2oic L. A;

and the orientation efficiency factor 7,, Equation (5), by

(8)

1 N
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where the sums are taken over the N randomly selected
cross-sections associated with fibres, i.e. particles with
Ly >1.

For comparison, the model parameters were estimated
also using a manual reference method based on first dis-
solving the matrix in hot chloroform and collecting the
remaining material. Microscopic images of the remain-
ing material were taken, and the length and the width of
fibres were measured manually [37]. Small fragments of
fibre were discarded as ’fines’ based on visual inspection
(corresponding to the exclusion of low aspect ratio parti-
cles based on L} cut-off in the method discussed above).



The value of (L)/(d) was then calculated and substituted
into Equations 4-7. The value of the orientation efficiency
factor n, could not be determined within the reference
method, and was found by fitting the Young’s moduli
given by Equation 4 to the results of the mechanical tests
using 7, as a free parameter. The optimal value thereby
found was 7, =~ 0.66 + 0.05, which was used for all four
materials.

The properties of the composites as estimated using the
X-pnCT method and the reference method are shown in
Table 2. The results on (L)/(d) given by the two meth-
ods are similar but not identical. A possible reason for
the difference is the dissimilar algorithm used in discard-
ing fines within the two methods. In addition, during the
manual measurement, fibres may lie on the microscope
slide in random orientations. This is likely to lead in di-
ameter estimates that do not directly correspond to the
major cross-sectional principal dimension d; used within
the X-nCT approach.

The various estimates of Young’s modulus are shown
in Figure 6, together with values from mechanical tests.
Both the X-uCT method and the reference method give
estimates similar to the results from the mechanical tests.
In all the cases, the estimates obtained by the X-pCT
method agree with the experimental results within error
limits.

As mentioned above, a substantial fraction of all parti-
cles found in the X-pnCT images of the material samples
studied here were discarded as small fibre fragments. This
was done merely in order to comply with the assumptions
of the rule-of-mixture model used and to mimic the proce-
dures inherent in the manual reference method discussed
in this demonstrative example. Obviously, the detailed in-
formation available from the X-pCT data could be used
also with more advanced micromechanical models in ob-
taining the necessary statistical properties including all
observable particles, irrespective of their size.

6 Discussion

A non-destructive, fully automated method for estimat-
ing the length, aspect ratio and cross-sectional properties
of reinforcement fibres in a composite material was in-
troduced. The method is based on analysing X-ray mi-
crotomographic images of material samples. It requires
segmentation of the fibre phase from the matrix material

in the three-dimensional tomographic images, but it does
not require identification of individual fibres. It can differ-
entiate various types of fibres, e.g. solid and hollow fibres,
based on their cross-sectional geometry. The method also
helps reducing biasing that may be present in conventional
methods based on, e.g., dissolution of matrix material, vi-
sual identification of fibres with certain properties, and
manual counting.

The most important limitations of the method are re-
lated to finite tomographic image size, resolution and con-
trast available. However, assessment of feasibility of the
method as well as quantitative error analysis can be validly
done only in relation to each particular application. Some
general guidelines towards such assessment can, neverthe-
less, be given here. The basic prerequisites for applica-
bility of the method for a particular composite material
are that the density difference between the fibres and the
matrix is large enough such that they can be adequately
segmented in the tomographic image, and that the size
of the smallest details discernible in tomographic images
(the detail detectability) is small as compared to the small-
est fibre dimension, preferably by an order of magnitude.
Furthermore, the typical fibre length should not exceed
the smallest physical dimension of the tomographic image
(field of view within the scanner set-up used). Even if
this is the case, the the finite tomographic image size can
cause biasing in analysis of especially fibre length. The
error caused by such biasing can, however, be reduced by
methods such as that introduced by Miettinen et al. [25].
The method is thus potentially useful also in cases where
a fraction of fibres are longer than the image dimension.
Obtaining statistically relevant results for heterogeneous
materials with the size scale of heterogeneities larger than
the physical dimensions of the tomographic image may re-
quire using an increased number of samples, or particular
care in selecting samples representative of the material.
The uncertainty of the results is also likely to increase
with fibre content and with increased complexity of fibre
shape.

As the first example of application of the method, we
assess the degree of morphological degradation of fibres in
various stages of manufacturing process of a wood fibre
reinforced thermoplastic lignin composite. The process
included compaction of the initial pulp into pellets, com-
pounding with plasticised lignin and injection moulding.
The results show total of 50 % decrease in fibre aspect ra-



tio, a major part of which occurred prior to compounding.

Secondly, the method was demonstrated in estimating
stiffness of a set of flax fibre/starch acetate composites us-
ing a micromechanical rule-of-mixtures model. Here, the
values of crucial model parameters, namely the volume
fraction of fibres and of voids, the mean fibre aspect ratio
and the fibre orientation efficiency factor were found util-
ising the present method. The results agree well with the
experimental values of Young’s modulus.
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(a)

Figure 1: (a) Slicing a single fibre. Slice T is taken such that its normal §,, is parallel with the local fibre orientation
vector. (b) Small part of X-uCT image of a composite material (see Section 5). A slice taken from the shaded region
is shown in the inset.

Figure 2: Three-dimensional visualization of the metallic fibres in the model composite. The width of the sample is
approximately 5cm. The rubber matrix is not shown.
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Figure 3: Aspect ratio distribution for (a) hollow fibres and (b) solid fibres in the model composite. The bar plot is
the distribution as estimated by the X-pCT method and the solid line is the reference distribution obtained from the
independent manual counting method.

Table 1: Comparison of length/diameter statistics. Superscript 'X-pCT’ denotes X-ray microtomographic method
whereas superscript 'ref’ denotes the reference method. Angle brackets denote mean, o denotes standard deviation,
A denotes relative difference between the two means and K-S denotes the result of Kolmogorov-Smirnov test [30]. All
the quantities are dimensionless.

Fibre type (L/d)X*"CT (L/d)yref  oXnCT  gref A /% K-S
Hollow 23.9 24.5 90 91 23 0.076
Solid 29.0 32.1 120 118 94  0.13

Table 2: Properties of the flax fibre/starch acetate composites. V¢, V,;, and V,, are volume fractions of fibres, matrix
and void, respectively. P is the plasticizer content in the matrix, E,, is the Young’s modulus of the matrix, G,, is
the shear modulus of the matrix, and 7, is the orientation efficiency factor. Superscript *X-pCT’ refers to the X-uCT
method and 'ref’ to the reference method. Orientation efficiency factor n*f ~ 0.66 £ 0.05. The uncertainties of aspect
ratios are obtained using error propagation law with the standard deviations of the mean of length and diameter. The
uncertainties of volume fractions and orientation efficiency factors are taken to be 0.01.

Sample V; Vi Vo, P [wt-%] E, [GPa] G, [GPa] (L)/(d))X¥CT (L)/(d)ef povCT
C1 0.11  0.89 0.00 20.0 1.66+0.05 0.64+0.04 13.440.1 19.340.1 0.61
C2 0.36 0.62 0.01 20.0 1.66+0.05 0.64+0.04 10.6+0.1 7.940.1 0.64
C3 0.09 0.91 0.00 32.5 0.45+0.05 0.1740.03 26.3+0.3 17.640.1 0.61
C4 0.36 0.64 0.01 32.5 0.45+0.05 0.1740.03 19.140.2 15.4+0.1 0.54
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Figure 4: (a) Aspect ratio distributions, (b) length distributions, (c) aspect ratios, and (d) cross-sectional shape

parameter (dy)/{(dy) at various stages of composite manufacturing process. The distributions shown in (a) and the
mean values given in (c) are determined based on the major cross-sectional diameter d;.
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Figure 5: (a) A small part of a single unfiltered slice of X-pCT image of sample C1. Fibre cross-sections and matrix
are shown as light gray and varying darker gray regions, respectively. (b) The image in (a) after variance weighted

mean filtering and segmenting. The boundary between segmented fibre wall and matrix is shown as black line. (c),
(d) Same as (a) and (b) but for sample C4.
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Figure 6: Estimates of Young’s modulus of the flax fibre composites determined using Equation 4 with parameters
estimated using the X-pCT method and the manual reference method. Also given are the experimental results from
mechanical tests. The error limits for the estimates are obtained using the error propagation law and the error limits
given for various parameters. The error limits of the experimental results are standard errors of the mean over five
measured samples.
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