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Abstract

The fibre orientation distribution in a material sample extracted from an
injection moulded plate, displaying the commonly encountered layered shell-core-shell
structure, was analyzed. Starting from a micro tomography reconstruction of the
sample, instead of trying to isolate each single fibre and measuring its geometrical
properties, we derived the components of a fabric tensor from the evaluation of a global
anisotropy parameter, the mean intercept length MIL. This parameter, commonly
employed for the analysis of biological and geological structures, proved to be an
efficient tool for the analysis of the structure of short fibre reinforced composites. The
local variations of the degree of anisotropy (ratio of the maximum and minimum
eigenvalues of the fabric tensor) from the shell to the core layers of the injection
moulded plate could be captured and information about the local average fibre

orientation angle was also obtained.

Keywords: E. injection moulding, A. short fibre composites, D. tomography, C.

anisotropy

1. Introduction
Composite materials like short fibre reinforced polymers are widely employed for

the production of load bearing parts in many industrial sectors. The strengthening effect
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of fibres is strongly influenced by the relation between fibre length and fibre orientation
and the direction of the stresses acting in the component. One of the most commonly
employed methods for the production of these parts is injection moulding. By this
method, fibre orientation in the component is determined by the dynamics of melt
polymer filling the mould cavity and behaving like a viscous fluid. Consequently, fibre
orientation results from a complex interaction of two effects:

e shear flow, which tends to align fibres with fluid velocity vectors, usually in

proximity of the mould walls and in case of converging streamlines, and

e extensional flow, which arranges the fibres perpendicular to the melt polymer

flow, usually observed in case of diverging streamlines and at the flow front

under certain conditions (e.g. fountain flow) [1, 2].
These combined effects often lead to formation of a layered structure. In particular,
when plates are injected through an edge gate, a skin-shell-core structure is observed.
Fibre orientation is almost random in the skin layer (usually very thin), parallel to the
melt flow in the shell layer, and perpendicular to the melt flow in the core layer. The
effects of this layered structure on the mechanical performances of these materials have
been reported [2, 3] and constitute the main difficulty in transferring results of tests
performed on standard specimens to real parts.

In fact, in order to use these material safely, it is necessary to measure their impact,
tensile and fatigue strength. Tests are usually performed on standard injection moulded
specimens, which display a high alignment of fibre along the specimen axis due to the
regular geometry enforcing high shear flow. In real parts this effect is less pronounced.
Moreover, in components of irregular shape, the fibre orientation pattern is very
complex and different fibre orientations may be found through the thickness at the same
location. Thus, in order to transfer test results to any real part, it is necessary to correctly

evaluate and account for these differences in fibre orientation and length distributions.



Microstructural models for predicting composite strength on the basis of the
mechanical properties of constituent materials have been developed, and generally
consist of formulae taking into account for both fibre length distribution and fibre
orientation distribution [4]. Fibre length distribution in a material sample can be easily
determined by separating the fibres form the matrix by burning or hydrolysis and
observing them at optical microscope, although further fibre breakage during the
extraction cannot be excluded. Measurement of fibre orientations is more difficult,
because fibres are dispersed in the matrix and cannot be separated from the matrix
without altering their orientation. Consequently, simplifying assumptions on fibre
orientation are usually made in order to apply these mechanical models and fibre
orientation factors are derived implicitly from tests rather than evaluated on the basis of
fibre angles measurement [5].

Moreover, design of parts made of these materials is often supported by analysis
tools combining the predictive capabilities of software simulating the injection
moulding process and structural analysis software implementing the finite element
method. A key factor is the possibility of assigning local stiffness of the elements on the
basis of fibre orientation as predicted by the injection moulding simulation software. A
continuous function describing the fibre orientation statistically, i.e. the orientation
tensor, is often used [6] and its evolution during the injection moulding process is
predicted by numerical simulation. In order to assess the validity of these analyses,
predicted fibre orientations must be checked against reliable, possibly non destructive,
measurements on real parts [7].

Both destructive and non destructive techniques have been proposed for
determining fibre orientation over the years. Destructive techniques generally consist of
cutting a material sample by a microtome, polishing the surface and analyzing the

elliptical footprints left by fibres cut by the sectioning plane by means of image analysis



software. The angle @ between the fibre axis and the direction perpendicular to the

cutting plane can be inferred from the eccentricity of the ellipses as@ = cos™ (b/ a),

where a and b represent length of the ellipse semi-axes. A large number of papers
describing techniques based on this principle have been published and this method is
still used, due to its simplicity and low cost. However, it has been soon highlighted that
these measurements are affected by big uncertainties, particularly because of difficulties
in deriving volume properties from area-based measurements [8] and in obtaining high
angular resolution because of the low eccentricity of the elliptical footprints. Moreover,

the same elliptical section may correspond to two symmetrical angles & and 180° - g9].

These limitations can be overcome by special techniques, like successive sectioning
[10] and keeping trace of the fibre centres along the sample thickness. Instead of
physical sectioning, which requires extreme precision in positioning the slices, confocal
scanning laser microscopy has been successfully employed to focus successive sections

parallel to each other [9]. Although limited to a maximum depth of 40 m, as reported in

Ref. [11], this optical sectioning method combined with improved image analysis
allowed for the reconstruction of the 3D fibre orientation distribution in fibre reinforced
polymers with high angular resolution [12].

On the other side, standard non destructive techniques consist of using X-rays to
obtain an image projection of the fibres on a plane perpendicular to irradiation direction
[13]. Only the fibre orientation of planar distribution of fibres can be thus obtained, and
different orientations along the thickness of the sample cannot be captured. In order to

obtain a complete spatial distribution description, computed microtomography (LCT) is

required. The X-rays produced by the source hit the sample, which is placed on a
rotating table and after travelling through structures are collected on the detector plane

located downstream. This way a large number of radiographs (projections) of the



sample are taken at small angular increments over a 180/360 degrees rotation. From the
projections is then possible to reconstruct the internal 3D microstructure of the sample,
using well known mathematical algorithms.

Different methods have been proposed for the analysis of the reconstructed 3D
image of the composite internal structure. A first method consists of automatic
reconstruction of the fibre distribution pattern [14]. The internal structure of a short
glass fibre reinforced polypropylene sample was analyzed in terms of fibre length and
orientation distributions by this method. The sample had a fibre content of 13% by
volume and it is reported that 60 % of the fibres were missed by this method. A second
approach has been described in Ref. [15] in application to a short glass fibre reinforced
low density phenolic foam (fibre content 5% by weight, corresponding to 2.7% volume
fraction). In this case, the fibres were encased in the foam and thus it was possible to
transform each individual reconstructed fibre into a cylindrical body of relatively large

dimensions (of approximately 100 pm diameter). By saving the spatial information into

stereolithographic file format and using commercial CAD software, the cylinders were
then manually selected and length and orientation of each fibre could be computed.
Obviously, this kind of approach is only possible for a material with relatively low fibre
content and when fibre diameters are sufficiently large with respect to the detector
resolution.

Both above mentioned references report analyses conducted using conventional

ICT equipment. In this case, images are obtained from the three-dimensional X-ray

attenuation coefficient map of the sample, i.e. from its absorption properties. Thus, only
materials with large differences in matrix and fibre density can be analyzed. In our
work, we used synchrotron light as a source of X-rays. The high spatial coherence of the
synchrotron source makes it possible to apply phase contrast radiography techniques

that allow the detection of small material inhomogeneities within the specimen,
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enhancing the visibility of the fibre borders even in case of fibre characterized by a
small diameter and allowing the identification of materials of very similar absorption
index, like carbon fibres immersed in a polymer matrix. Moreover, the approach
followed for the analysis of the reconstructed volume was different from those reported
in the cited references. In fact, instead of deriving the orientation angle of each single
fibre, we chose to explore the possibility of capturing the characteristics of the fibre
distribution by means of global synthetics parameters, usually applied in geomechanics
and biomechanics [16, 17]. Therefore, the local average fibre direction and the degree
of anisotropy could be evaluated based on parameters related to the distribution of the
different phases in a representative volume, without the need of analyzing and/or

reconstructing the geometry of each single fibre.

2. Experimental procedure
2.1 Material

We investigated a sample of short glass fibre reinforced (30% by weight)
polyamide 6 (PA6-GF 30), whose fatigue behaviour has already been studied in Ref.

[18]. Fibres are made of E glass and have a nominal diameter of 11 imm; a Gaussian
statistical distribution with a mean value of 10.5 i and standard deviation of 2 i, was

observed by high magnification optical microscopy in a 35% glass fibre reinforced
polyamide 6.6 with fibres of the same nominal diameter, produced by the same
manufacturer of the material used in this research [19] . Similar results were obtained
for another short fibre reinforced polyamide in [20].

The statistical distribution of fibre length is of Weibull type. Average fibre
length values depend on injection moulding conditions, shape and thickness of mould

cavity and fibre concentration. Typical average fibre length values for PA6-GF 30 range



between 200 and 300 pm, with a maximum value of 1.5 mm, as obtained for a standard

ISO 527 specimen of the same material [18], using the method reported in [19].

Position of the sample
(3.6 mm width)

Direction of the
melt polymer flow

120

Average fibre Average fibre
orientation orientation
at skin (shell layer) at core

180

Nominal plate thickness = 3.2 mm

Figure 1 — Specimen used for the extraction of the sample and its position within the

injection moulded plate (dimensions in mm).

The specimen examined in this work was extracted from a rectangular plate
(nominal dimensions 120 mm x 180 mm x 3.2 mm, actual thickness 3.12 mm), injection
moulded through a film gate on the shorter edge. This process ensures a uniform melt
polymer flow during the injection process, which enforces a regular mean orientation of
fibres in the centre of the plate. In such conditions, fibres in the shell layer are expected
to be oriented parallel to the melt polymer flow direction (MPFD), whereas fibres in the
core are more likely to be oriented perpendicular to the MPFD. This well defined shell-
core structure and the presence in the core layer of fibres oriented perpendicular to the
MPEFD are visible in Figure 2. This picture was obtained by magnifying at the optical
microscope a transverse section of the central part of the specimen, cut perpendicular to
its axis. Most fibres display elliptical and small cross-section areas, indicating that they

are oriented perpendicular to the section plane. Small portions of fibre, mostly



concentrated in the middle of the picture and corresponding to the core layer of the
plate, display long and large cross-section areas, indicating that they are oriented almost
parallel to the section plane,.

As described in the following, during micro-CT the sample is rotated and a
radiographic projection is taken at each angle. Given the original plate thickness, in
order to ensure similar conditions for each projection the sample was cut in the shape of
a prism of 3.1 mm x 3.6 mm x 12 mm, as shown in Figure 1. Keeping in mind that

spatial resolution and field of view are closely related, details in the order of 10um can

also be detected by micro-CT in larger samples (in the order of some centimetres).

Melt Polymer Flow Direction

T~

z 12 0

3.1 mm

Figure 2 - Polished section perpendicular to the specimen axis: (a) schematic
description of the position and (b) optical microscope observation of the observed area

within the specimen (fibre in black)



2.2 Data acquisition
The X-ray micro-tomography (LCT) of the sample using synchrotron radiation

was conducted at the SYRMEP beamline of Elettra (Trieste, Italy) [21]. Synchrotron
light is an electro magnetic radiation generated by an electron beam bent into a circular
trajectory by a system of magnets and, compared to conventional X-ray sources, is
characterized by high brilliance and spatial coherence. After the entrance slits systems,
the emerging light is made monochromatic by a double-crystal Si (111) monochromator
which works in the energy range between 8 keV and 35 keV. The use of monochromatic
and laminar-shaped X-ray beams allows, in principle, an improvement of the quality of
images. The high spatial coherence of the SYRMEP source makes it possible to apply
novel imaging techniques that exploit information of the phase shifts induced by the
sample on the radiation field. These phase-contrast techniques [22, 23] are effective to
overcome the problems due to poor absorption contrast in the samples, and allow to
detect even small inhomogeneities, such as short reinforce fibres inside a polymeric
matrix.

At low energies, phase variations are predominant over absorption differences.
Thus, by displacing the sensor form the samples in order to detect the phase variations
of the rays emerging from the sample, the visibility of constituents with small
differences in absorption index is enhanced and images of higher contrast can be
obtained. The equipment we used is shown in Figure 3. The detector, made by Photonic
Science Ltd, is based on a liquid cooled charge-coupled device camera with to a

Gadolinium Oxysulphide scintillator placed on a straight fibre optic coupler, recording

images of 4008%2672 pixels of 9 un size.



Figure 3 — Microtomography set-up at the SYRMEP beam line: 1. ionization chamber
(used to measure the beam intensity); 2. sample; 3. motor driven rotating table; 4. CCD

detector

By turning the specimens mounted on a motor driven rotating table at angular
steps of 0.25 degrees from 0° to 180°, a total number of 720 projections were recorded
by the sensor. Exposure time for each projection depends on sample size, beam
parameters and detector characteristics and in our case was of the order of 1 to 2
seconds.

The sample was mounted on the rotating table so that the z axis of the
reconstructed volume was aligned with the specimen width direction and the y axis with
through-thickness direction (see Figure 2). The x and z axes are the direction within the
plane of the plate. The projections were then processed in order to obtain the
reconstructed cross-sections (slices) corresponding to each row of pixels in the
projection image [24] by using an algorithm based on the filtered back-projection
method. Reconstruction of each slice required around 13 seconds with in-house
software on a standard PC and a total number of 440 slices were processed. A slice of

3.1 x 3.6 mm” area is shown in Figure 4(a). By stacking the slices along the z direction,
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a 3D volume can be reconstructed. A partial reconstruction of a sample volume of 1.8 x

1.8 x 1.8 mm? is shown in Figure 4(b).

3.2mm %’“

(b)

Figure 4 — Reconstructed cross section (2D slice) of the PA6-GF30 sample (a); 3D

volume, as obtained by stacking the 2D slices along the z axis (fibre in white).

From this picture, it clearly appears that fibre (11 |in average diameter) is visible
in the reconstructed image, despite the relatively low pixel size, 9 im. Besides the

presence of numerous fibres having a diameter larger than the average one, image
contrast at the edges of fibres can also be enhanced by the phase contrast imaging

technique adopted in this work.

2.3 Image analysis tools

Instead of trying to reconstruct or to extract information on the geometry of each
single fibre, we characterized the anisotropy of our samples by evaluating global
parameters. Given the small dimensions and the large number of fibres in our sample,
this approach was able to overcome some of the limitations of the methods already
described. On the other hand, a global method is bound not to provide a fibre orientation
distribution in terms of relative frequencies and orientation angles.

Different definitions of anisotropy exist, depending on the parameter used in the

analysis and its relevance for the structure under examination [25]. In this work, we
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choose to use the Mean Intercept Length (MIL), a parameter commonly used in bio-
mechanics [17], which has also been applied to evaluate some characteristics of spatial
distributions of reinforcing fibres in polymer composites [26]. For a given structure
composed of two different constituents (voids can be considered as a second phase in
porous materials), the MIL is defined as the average distance between the two phases
along a certain direction. To measure the MIL of planar distributions, a grid of length L

is placed on the image, oriented along a direction indicated by the angle §as shown in
Figure 5. By counting the number /(g of fibre to matrix transitions (matrix to fibre are

neglected), the MIL is evaluated as

L
MIL(O) = ——.
(@) 10)

Number of fibre
2 1 to matrix transitions
in O direction

Number of fibre
to matrix transitions 4

in 0+7/2 direction 1

0+m/2

Figure 5 — Example of phase transitions counting for two different rotations at 90° of

the grid lines

The MIL is a function of the orientation angle & and higher values are obtained

along directions with fewer intersections. In the case of short fibres, these directions are

12

(1)



likely to coincide with the average fibre orientation in case of materials with fibres
disposed along a preferred direction. In the case of 3D volumes, the MIL must be
calculated along different orientations, spanning an entire three dimensional spherical
volume. By reporting the MIL values in spherical coordinates, in case of structures
composed of two phases, the obtained locus of the MIL values can be approximated by
an ellipsoid and thus transformed into an equivalent second order, positive definite
tensor, usually identified as the MIL fabric tensor. The eigenvectors of the fabric tensor
correspond to the principal directions of the anisotropic structure and the eigenvalues
T,, T, T; (ordered from the largest to the smallest) are a measure of the distribution of
one of the two constituents along the principal directions. For the evaluation of the
fabric tensor components we used the software Quant3D [27]. Eigenvalues were
normalized by imposing T; + T> + T3 = 1. The Degree of Anisotropy (DA) is also

reported, as defined by the ratio DA =T, /T, .

Size of the Volume Of Interest
A cubic Volume Of Interest (VOI) defines the spherical portion used in the

analyses, as shown in Figure 6.

Figure 6 — Example of spherical volume extracted from the reconstructed sample in

order to perform MIL calculations (fibre in white).
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When not differently stated, the results reported in the following sections relate

to two portions of 40x40x40 voxel’, corresponding to a volume of 360x360x360 un3,
extracted from the |CT reconstruction in the shell and the core layer, position 12 and 22

respectively, as shown in Figure 4 (a).

Segmentation

The reconstructed volume is composed of several stacked 8-bit greyscale
images, and in order to identify phase transitions, the images require segmentation.
Different segmentation methods exist, corresponding to different types of analyses. In
our case, a threshold algorithm was used. For simplicity, the threshold was set to the
value yielding a Fibre Volume / Total Volume (FV/TV) ratio of 15.7%, corresponding to
the volumetric fibre fraction of the composite, as evaluated over the entire reconstructed
volume of the micro-tomographed sample of 396x343x413 voxel®, corresponding to
3.564x3.087x3.879 mm’. In order to allow for comparisons among different volume
portions, a unique reference value for the FV/TV ratio, evaluated over the entire

available volume, was preferred to the use of a different threshold value for each VOL

Number of rotations

The results of MIL calculations depend on the number of rotations of the
measuring grid at which MIL is computed. The software we used allows for choosing
between two values, 513 and 2049 rotations, uniformly distributed over a spherical
surface enclosing the VOI as shown in Figure 4. In order to minimize systematic errors,
an initial random rotation of the reference grid is performed. The influence of this
rotation on the results is shown in Table 1, where the MIL fabric tensor components are
reported, as evaluated on a sample extracted from the shell layer with 513 rotations and

1000 measuring lines for each rotation.
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Table 1 — Influence of the initial random rotation on the components and principal

directions of the MIL fabric tensor

DA cos O cos B3 cos Y
Trial 1 1.82 T; 0.436245 0.998529 -0.000382 0.054215
T, 0.324459 0.00035 0.999038 0.000612
T; 0.239296 -0.05422  -0.00059  0.998529
Trial2  1.82 T) 0.436202 0.997874 -0.04446  0.047642
T, 0.323492 0.046186 0.998295 -0.03569
T;  0.240306 -0.04597 0.037811  0.998227
Trial 3 1.80 T, 0.436052 0.998102 -0.01715 0.059143
T, 0.32189 0.018157 0.999698 -0.01656
T; 0.242058 -0.05884 0.017604 0.998112

It is clear that the eigenvalues and eigenvectors corresponding to three different
initial rotation values are practically coincident. Consequently, in the following, the
average of three successive measurements has been always considered. For the same
volume samples, the influence of both the number of lines and the number of rotations
was evaluated in terms of degree of anisotropy DA=T,/T3. Results are reported in Table
2 (average of three measurements) and it clearly appears that no significant change in
the DA values is provided by increasing the number of lines and orientations, whereas
the calculation times are raised by a factor of 15. The slight difference in DA provided
by the combination with the lower values of parameter settings, suggested the adoption

of 513 rotations and 1000 lines for the analyses.
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Table 2 — Influence of the number of orientations and of the number of lines upon the

values of the DA and computational time (average of three measurements)

Orientations Degree of Anisotropy DA
(calculation times)
500 lines 1000 lines 2000 lines
1.82 1.81 1.81
513 (t=13s) (t=24s) (t=48s)
1.81 1.81 1.81
2049 (t=48s) (t=94s) (t=188s)

3. Results and discussion

Two volumes of 40° voxel were extracted in correspondence of the core and
shell layer shown in Figure 4, in positions 12 and 22 respectively. The choice of the
dimension depended on the extension of the core layer, in order not to include any
portion of the shell layer into the volume representative of the core structure. The
software used consents a visual representation of the MIL values in each direction in a
polar diagram (a so-called rose diagram), which can be compared to the images of the
fibre architecture reconstructed by tomography. For example, an image of the fibre
layout in the shell layer on a plane parallel to the specimen’s longitudinal axis is shown
in Figure 7 (a), while the 3D polar plot of the MIL values of the same volume is visible
in Figure 7 (b). It appears that the maximum value of the MIL is found along the x
direction, which corresponds to the longitudinal axis of the specimen, indicated by the
white arrow in Figure 7 (a). The same type of visual results is reported in Figure 8 (a)
and Figure 8 (b) for the sample extracted from the core layer. In this case the maximum
value of the MIL is found along the z direction, which corresponds to the direction
perpendicular to longitudinal axis of the specimen. The values of the principal
components T;, T, and T3 and the cosine directors of the principal directions of the MIL

fabric tensor, evaluated as the average over three measures, are shown in Table 3.
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(b)

Figure 7 — Tomography reconstruction of the fibre layout in the xz plane of the PA6-

GF30 sample extracted from the shell layer; arrow indicates the melt flow direction

(fibre in white) (a); three dimensional polar plot of MIL values (b)

(a)

(b)

Figure 8 — Tomography reconstruction of the fibre layout in the xz plane of the PA6-

GF30 sample extracted from the core layer; arrow indicates the melt flow direction

(fibre in white) (a); three dimensional polar plot of MIL values (b).

It can be easily verified that the MIL fabric tensor parameters are capable of

capturing the 90° rotation of the first principal direction, accordingly to the average
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fibre orientation that can be deduced from the observation of the pictures of the fibre
layout of Figure 7 (a) and Figure 8 (a). Moreover, by comparing the values of the
second and third eigenvalues, it can be deduced that in the shell layer a higher degree of
fibre alignment along the first principal direction is achieved as compared with the

lower values found in the core layer, indicating a higher scatter of fibre orientations.

Table 3— Eigenvalues and cosine directions of the principal directions of the MIL fabric
tensor of the samples of PA6-GF30 extracted respectively from the shell and core layers

of an injection moulded plate. (average of three measurements)

Cosine directors of the principal

Layer DA Eigenvalues directions
(cos q (cos (cos )
shell 1.81 7, 0.4362 0.9982 0.0275 0.0539
T, 03233 0.0287 0.9993 0.0227
T;  0.2406 0.0533 0.0241 0.9983
core 1.22 7, 0.3667 0.0713 0.1032 0.9921
7, 0.3334 0.9816 0.1702 0.0871
T7;  0.2999 0.1773 0.9800 0.0902

As already stated, the size of the VOI in the core layer was dictated by the thickness of
the layer itself, which prevented further increase of its size. The greater thickness of the
shell layer allowed for a sensitivity analysis of results on the VOI size. The analysis was
repeated for increasing values of the VOI, from 40x40x40 voxel® to 120x120x120
voxel’. The results (average values over three measurements) are reported in Table 4 in
terms of degree of anisotropy and first principal direction cosine directorcos(a). By
increasing the VOI size, the degree of anisotropy increases, the DA values tend to
stabilize on a higher value, whereas the first principal direction remains unchanged. The
FV/TV ratios reported in the table are the values deduced from the analysis of the VOI

after segmentation, as already explained.
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Table 4 — Influence of the VOI size in the shell layer upon the DA and cos(a) values

(average of three measurements)

VoI DA Fv/Tv cos(a)of T;
40 1.88 0.153 0.9982
80 2.29 0.154 0.9994
120 2.32 0.154 0.9996

By using a relatively small VOI size it seems then possible to evaluate the local degree
of anisotropy along the thickness of the sample, as well as variations of the principal
directions, which can be associated to the mean fibre orientation angle. Results of this
type of analysis are reported in Table 5, which refers to six volumes extracted at three
different locations in the core and shell layer respectively, as shown in Figure 4. These
results verify that the degree of anisotropy is rather uniform in each of the two layers,
and confirm the 90 degree shift of the first principal direction in the xz plane between
shell and core for all three positions along the x axis. Having assumed the same
segmentation threshold for all the volume portions, deviations from the reference value
of FV/TV, obtained by analyzing different adjacent volumes, can possibly be attributed
to local variations of fibre properties such as concentration or diameter, but this could
not be verified experimentally.
Our first objective in this research was to test whether the proposed method was able to
detect fibre orientation differences between the shell and the core layer. Thus, VOI size
was required to be large enough in order to provide homogenization within each layer
and was principally dictated by the core layer extension. Nevertheless, the same method
can be applied even on a smaller scale, provided that VOI fibre number and relative
dimension are significant.

Although the adopted technique appears to be a promising tool, hopefully
allowing for the identification of the local mean fibre orientation, these results should be

regarded as initial investigations. The use of the MIL fabric tensor to describe the fibre
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orientation distribution in short fibre reinforced polymers in terms of mean orientation
angle could easily allow for comparison with the same information provided by
software simulating the injection moulding process, avoiding the necessity of a
complete knowledge of fibre orientation distribution. In fact, the method does not allow
for reconstructing the full fibre orientation distribution function, thus preventing the
application of some of the available micro-mechanical models based on the fibre
orientation distribution, like that of Ref. [4]. On the other hand, we were able to capture
the anisotropy properties of samples larger than those that could be analyzed by the
other previously published methods, and in considerably lower computation time. In
principle, it could be possible to repeat this kind of local analysis in a large number of
samples extracted at locations of interest in a real part, thus allowing for an easy
comparison of fibre orientations in components with those obtained by means of

numerical predictions.

Table 5 — Results (average of three measurements) of the anisotropy analysis of six

samples extracted at the locations shown in Figure 4(a)

shell VOI 11 12 13

DA 1.80 1.81 2.13

Fv/TvV. ~ 0.16 0.15 0.20

T, cos(a) =0.9990 cos(a)=0.9982 cos(a)=0.9979
Core VOI 21 22 23

DA 1.45 1.21 1.4

Fv/TV  0.23 0.20 0.18

T, cos(y)=0.9926 cos(y)=0.9921 cos(y)=0.9858

The relationship between MIL fabric tensor and fibre orientation tensor, the
latter being currently employed to describe fibre orientation in some of the most
diffused software packages for injection moulding simulation, has not been established

yet. Results published by Bay and Tucker [30], referring to a film gate injection
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moulded strip similar to that used in this research, report values of the principal
orientation tensor component, related to the degree of fibre alignment along the in flow
direction, ranging from 0.9 to 0.8 in the shell layer, and from 0.5 to 0.6 in the core layer.
These values are not directly comparable with the MIL fabric tensor components
reported in Table 3, but some qualitative comparisons are still possible, indicating that
these results are consistent with our findings of a lower degree of anisotropy in the core
layer (DA =1.2 — 1.4) as compared with the shell layer (DA = 1.8 — 2.0), and the 90
degree rotation of the average fibre direction in the plane of the plate.

Finally, further investigation is needed to determine the relationship between the
MIL fabric tensor and the material properties. In the case of elastic constants, the
difficulties consist of relating a second order tensor (the fabric tensor) with a fourth
order tensor (the elastic constants). A possible solution could be the assumption of a
certain degree of symmetry of the microstructure, enabling to reduce the number of
elastic constants to be determined experimentally in order to find the relationships
between the components of the two tensors, as for example developed by Cowin [28]
and Zysset and Curnier [29] with reference to trabecular bone. Further research will be
aimed at verifying the applicability of a similar framework in the case of short fibre

reinforced polymers.

Concluding remarks

A method usually applied to the analysis of the microstructure of biological
tissues like bones or rock formations has been used to identify the anisotropy properties
of a short fibre reinforced polymer. By reconstructing the fibre structure of an injection
moulded short glass fibre reinforced polyamide using computed synchrotron micro
tomography, 3D images were analyzed in order to evaluate the mean intercept length

values for a high number of orientations, covering a spherical volume extracted from
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different locations in the sample. On the basis of MIL values, the components of the
corresponding fabric tensor were evaluated, allowing a local measure of the degree of
anisotropy in different portions of the composite. Moreover, by associating the principal
directions of the fabric tensor to the mean fibre orientation, results were found to be
consistent to the average fibre orientation clearly visible in the layers of injection
moulded plates, displaying the often encountered shell/core/shell layered structure.

In this work, we used micro-CT, but in principle MIL can be computed from any
3D reconstruction of the volume studied, independently of the technique used to obtain
it. Compared to other methods, the evaluation of the MIL fabric tensor could not
provide the full fibre orientation distribution, however it consented the analysis of
samples of relatively larger size in short calculation times. These characteristics could
make the proposed technique a powerful tool for the comparison of local fibre structure

with results provided by software simulating the injection moulding process.
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