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Resume

The aim of this work is to evaluate the fibre length distribution
in a polyamide reinforced by short glass fibre. The fibre length and the fibre
orientation distributions strongly influence the mechanical properties
of short fibre reinforced composites. The sample investigated
is a 30GFPA6 (polyamide-6 reinforced by 30 % by weight glass fibre),
extracted from an injection-moulded plate. The digital reconstruction
of the three-dimensional structure of the sample was obtained
by synchrotron radiation micro-computed tomography (micro-CT), a high
spatial resolution non-destructive technique. One global and one local
method have been tested for the automatic evaluation of the fibre length
distribution in our sample. The global method is based on the mean fibre
length distribution computed from the Star Length Distribution (SLD),
a morphological parameter. The local method is based on a 3D skeletonize
function. The results are discussed in the light of the experimental data
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1. Introduction

Composite materials, like short fibre
reinforced polymers, are widely employed.
It is well known that the mechanical properties
of short fibre reinforced polymers (SFRP) result
from the combination of numerous factors,
mainly matrix and fibre properties, fibre length
distribution and fibre orientation distribution [1].
The morphological characteristics depend
on the injection moulding process, the shape
of the part, the thickness of the component and
the type of injection gates [2].

Starting from the very simple rule
of mixtures, several micro-mechanical models
have been proposed to predict SFRP properties,
which take into account the fibre geometry and
the influence of fibre length on the shear strain
distribution at the fibre end. The Cox or shear-lag
model [3] assumes a linear elastic matrix, can

be used to determine the SFRP Young’s moduli
and is based on the transfer of normal strain from
matrix to fibre due to transversal strain
on the interface. This model uses the fibre and
the matrix Young’s moduli, the fibre volumetric
fraction, the fibre orientation, the mean fibre
length and the fibre diameter. Many of these
characteristics are known because they are
typical for the material, others, like the mean
fibre length, need to be determined
experimentally. The Kelly-Tyson model [4]
considers a rigid-plastic model of the matrix and
introduces the concept of critical fibre length,
that is the minimum fibre length that allows
to obtain the maximum stress in the fibre,
ensuring that failure is due to fibre rupture and
enforcing an optimal use of reinforcement. Two
different approaches are possible to model
failure: one based on the mean fibre length, and
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one based on the fibre length distribution.
Bowyer and Bader modified the Kelly-Tyson
method, introducing the fibre length distribution
and the fibre orientation distribution into the
model [5]. Fu and Lauke investigated the
influence on the tensile strength of SFRP of the
mean, most probable (mode) and critical fibre
length, and of the fibre orientation distribution
and coefficient [6]. In all models, both fibre
orientation and fibre length distribution are
fundamental to mechanical properties.

For the experimental analysis of the fibre
orientation distribution in SFRPs, the optical
observation of the fibre is widely used.
The method is based on the observation
of the elliptical footprints left by the fibres
on sections of the sample. Starting from
the footprint, the fibre orientation angles can
be obtained [7]. The optical method needs
to analyze each single fibre to obtain the fibre
orientation  distribution.  Furthermore, this
is a destructive method and the accuracy
of the measurements depends on the quality
of the obtained section planes [8]. However, its
use is widespread, thanks to the relative
simplicity of the required setup, particularly
if compared with micro tomography. The micro
Computed Tomography (micro-CT) is a non-
destructive technique that consists in the acquisition
of a large number of radiographic projections
taken at different angular positions of the sample
with respect to a source of X-ray. The projections
are then processed using retro-projection
algorithms for creating a digital reconstruction
of the original sample. A 3D image of a SFRP
sample, once reconstructed by micro-CT, can
provide a detailed representation of the internal
structure of the sample [9] that can be directly
used in numerical models [10] or analyzed with
morphological methods, for example those based
on the Mean Intercept Length (MIL) concept
[11 - 17]. Using the MIL approach it is possible
to characterize the internal fibre structure
by means of a second order fabric tensor.
A fabric tensor is a directional quantity used
to describe the directionality features

of a complex microstructure, giving a compact
representation of the anisotropy preferred
orientations [18]. Experimental methods can
be also used to verify the fibre orientation
distribution predictions obtained by software
simulating the injection moulding process
[3,19 - 21].

The fibre length distribution knowledge
is fundamental for the implementation
of the failure models and several methods exist
to analyze it. The most common one is the optical
method, a destructive technique that consists
in a physical separation of the fibre from
the matrix by hydrolysis or burning and
in the observation at the microscope. This
method is very easy to implement in term
of the required setup. On the other hand,
the operation is at risk of breaking various fibres
during the extraction, due to fibre-polymer
interaction, fibre-fibre interactions and fibre
contact with  surfaces of  processing
equipment [22, 23].

On the other side, the partially non-
destructive technique based on the micro-CT
used in this project is suitable for the analysis
of the fibre length distribution as well as
for the already discussed fibre orientation
assessment.

Starting from the digital reconstruction
of the sample, two different approaches were
employed to obtain the fibre length
in the examined sample: one global and one
local. The global method uses the concept of Star
Length Distribution (SLD) to determine
the mean fibre length [24, 25]. The local method
skeletonizes and evaluates each single fibre
in the reconstruction. The results are compared
with the experimental data available in literature.

2. Materials and methods
2.1 Materials

An ISO 527-2 [26] standard specimen
obtained from an injection moulded rectangular
plate of short glass fibre (30 % by weight)
reinforced polyamide 6, PA6-GF30, was analysed.
The examined sample (4 X 12 X 3.2 mm) was
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extracted from the specimen, and is highlighted
in black in Fig.1.

The 3D reconstruction of the specimen was
obtained by synchrotron radiation micro-computed
tomography (micro-CT), a technique that
combines the advantages of a non-destructive
technique with a high spatial resolution.
The tomographic scans were obtained at YRMEP
beamline of Elettra (Trieste, Italy), working with
an energy of 20 keV. The micro-CT consists
of the acquisition of a large number
of radiographic projections taken at different
angular positions of the sample. The sample
is placed on a rotary table that allows it to rotate

with respect to the source of X-ray, completing
180° of rotation. From the different angular
projections obtained, using specific algorithms,
it is possible to reconstruct the slices that
represent the transverse sections of the sample.
By stacking the sequence of slices it is then
possible to obtain a full 3D representation
of the sample, and to visualize its internal
structure in 3D.

The results were 8-bit images that have gray
tones between 0 and 255. The Volume of Interest
(VOI), 396x343x431 voxel (3.564x3.087x3.879 mm?),
9 um resolution, was extracted from the completely
reconstructed volume.
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Fig. 2. 3D reconstruction of the VOI after the fibre segmentation.
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Fig. 4. Star length distribution (SLD) concept.

The 3D micro-CT reconstruction was
segmented to identify fibre from matrix.
The segmentation was a necessary step
in order to univocally identify the different
phases, in our case fibre and matrix.
The chosen approach consists in setting
the threshold value that allows to match
known data with experimental ones,
as proposed in [11]: since the glass fibre
fraction charging the sample is known,
because the manufacturing process imposed
it, the fibre threshold can be obtained
by requiring that the fibre volumetric fraction
(FVITV) in the reconstructed volume matches
the physical fibre volumetric fraction.

In this work we used a sample with a fibre
fraction equal to 30 % of the total weight, which
corresponds to an ideal 15.92 % fibre
volumetric fraction. The result of the segmented
sample is shown in Fig. 2, where the fibres
are shown in white.

The images were also pre-processed using
the enhance contrast function in order to improve
the definition of fibre, Fig. 3. The enhance
contrast function introduced a neglectable
change in the FV/TV, from 0.1553 to 0.1568.

2.2 Methods

Starting from the 3D  sample
reconstruction, two different approaches are
presented in this paper: one global and one local.

2.2.1 Global method

Instead of trying to reconstruct exactly
each single fibre, the global method uses the Star
Length Distribution (SLD) concept. The SLD
is a morphological parameter, generally used
to evaluate some form of architectural
anisotropy. Anisotropy is generally described
by the main directions that are directed
perpendicular to the planes of symmetry
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in the structure, and by a number that describes
the concentration of directions around the main
directions. Fabric tensor provide an easy
description of architectural anisotropy with
a 3x3 matrix, where the eigenvectors give
the main directions, and the eigenvalues
represent the degree of concentration around the
main directions [18]. The SLD procedure used
is implemented in the Quant3D software, and
computes the mean fibre length in a set
of directions [27]. For a given structure
composed by two different constituents (fibre
and matrix in our case), the SLD was determined
by placing a pattern of P points, and
by measuring the length of the lines emanating
from each point within the fibre in the different
directions until they hit a boundary, as show
in Fig. 4. It should be noted that the number p
of valid points examined is always lower than P:
in fact only the points situated on the fibre are
considered valid for analysis.

In each valid point, the maximum fibre
length s; was evaluated. The SLD li(w) is defined
by equation (1) as the average of s; in each
direction w [28].

1 25-;1 sj(w)

li(w) = ==~
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where p is the number of examined valid points.
We used P = 2000, and N = 513 different
orientations.

It should be pointed out that the minimum
measured length corresponds to the fibre
diameter Dx.

The fibre length distribution can
be described by the average fibre length (L) and
by the weight average fibre length (Lw), which
are expressed by equations (2) and (3):
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where counting the different SLD having length
li, niwere found with |; length.

2.2.2 Local method

The local method is based on the “Analyze
skeleton” function, implemented in Fiji software.
The method computes each fibre length [29, 30].

The “Skeleton” function takes each single
fibre in the binary 3D images stack and erodes all
the material until the fibres are reduced to single-
pixel-wide shapes, alias the skeletons of the fibres,
which can be assumed as lines. The algorithm,
developed by Lee, Kashyap and Chu [31],
calculates the index number for each object pixel,
and uses the lookup table to decide if the pixel is
eliminable: this process is repeated until no pixel
can be eliminated. The “Analyze skeleton”
function was then used to measure the 3D length
of the skeleton of each fibre with a three-pass non-
recursive approach [32].

The fibre length distribution, can
be described also in this case by the average fibre
length (L) and by the weight average fibre length
(Lw), which are expressed by equations (4) and

(5):
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where N’ is the number of measured fibres and
n’ithe numbers of fibres having length /.

3. Results and discussion

Fig. 5 shows the polar plot of the SLD
measurements in each of the 513 directions
examined.

This polar diagram can be approximated
by an ellipsoid or, equivalently, a second order
tensor. The tensor eigenvectors and eigenvalues,
representing the principal directions and axes
of this ellipsoid, are shown in Table 1.

The fibre length distribution obtained with
the global method is shown in Fig. 6.
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Fig. 5. Polar plot of the SLD measurements in each of the 513 directions examined.
(full colour version available online)

Table 1
Eigenvalues and eigenvectors from the SLD calculations
Eigenvalues Eigenvectors
0.469 -0.999 -0.019 0.014
0.299 -0.019 0.999 -0.006
0.232 -0.014 -0.006 -0.999
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Fig. 6. Global method: fibre length distribution, L, L., Weibull approximation.
(full colour version available online)

The results of the local approach
calculations are depicted in Fig. 7. It should
be pointed out that the global method considers
all the fibres, but does not show the shortest and
the longest fibre lengths because it computes

the average in each direction.

The results, summarized in Table 2, were
in agreement with the experimental data
available in literature for samples of PA6-GF30
and accessible in [1, 11].
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Fig. 7. Local method: fibre length distribution, L, Lw, Weibull approximation.
(full colour version available online)

Table 2

Results of the fibre length distribution: L, Lw, Dy, obtained with the global method, the local method and
experimentally.

Global method

Local method

Experimental [1, 11]

L (um) 234
Lw (pum) 275
Dt (um) 10.2

256 200-300
262 275
- 10.5

4. Conclusion

The fibre length distribution in a sample
of short fibre reinforced polyamide (PA6-GF30),
extracted from an injection moulded plate, was
evaluated and presented in this paper.
The internal microstructure of the sample was
reconstructed by micro-CT using synchrotron
radiation and the fibre length distribution was
successively computed with two different
approaches: one global method, based on the Star
Length Distribution (SLD) concept implemented
in the Quant3D software, and a local method,
based on the skeletonize function implemented in
the Fiji software.

The analysis of the fibre length
distribution is very important to characterize
the short fibre reinforced composites behavior
according to several models proposed in literature
[3 - 6] and discussed in the Introduction section.
The results obtained with both automatic
approaches were in agreement with the data
available in literature for samples of the same
material and obtained experimentally with
a destructive method.

In the future, our approach will be further
validated by analyzing a larger number
of samples having different fibre charges.
Moreover, these results will be compared
with those obtained with commercial software.
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