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a b s t r a c t 

A low-shear mixer was used to blend thermoplastic composite scrap material into a molten mixed dough, which 
was then compression moulded. This process is a key step in a novel recycling solution for thermoplastic com- 
posites. A study was carried out to characterise the quality of mixing (QoM) of the blended doughs to understand 
how to improve the QoM of mixed doughs towards further improvement and implementation of the recycling 
solution. In order to achieve this, the effect of mixing parameters and fibre length on the QoM were studied. This 
study used shredded C/PPS flakes, originating from consolidated laminate scrap. These flakes are about 20 mm 

in size, and contain woven fabric reinforcement, making them far different from regular pellets, and therefore 
more difficult to mix. The QoM was characterised by means of image analysis of a large set of cross-sectional 
microscopy images, based on which the scale and intensity of segregation of the fibre clusters were evaluated. 
Bundle size distribution was determined by applying Delaunay triangulations to cluster the fibre centres. These 
methods were found to be suitable for characterising the QoM of such doughs. Increasing the mixing time and 
mixing speed were identified as key ways to improve the mixing process. With the current mixing machine, it 
is also suggested not to use fibres longer than 15 mm on average in order to limit intra-dough variability. For 
doughs made of fibres longer than 15 mm, improvements on the mixing device could sufficiently increase the 
QoM. 
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. Introduction 

The application of long fibre thermoplastics (LFTs) attracted consid-
rable interest in the past decades [1,2] . On one hand, they offer and
llow for an increased geometrical complexity, from a design point of
iew, compared to continuous fibre composites. On the other hand, they
xhibit mechanical properties intermediate to short and continuous fi-
re composites. Several categories of LFTs have been brought to market
ncluding thermoplastic bulk moulding compounds [3,4] , glass mat ther-
oplastics and LFT pellets [2,5,6] . During the same period, the produc-

ion and demand for continuous fibre thermoplastic composites (TPCs)
as increased considerably, leading to a rise in TPC production scrap.
he economic benefits of recycling this scrap, in conjunction with envi-
onmental and legislative incentives, have encouraged the development
f recycling solutions for TPCs. Recently, both De Bruijn et al. [7,8] and
anney et al. [9] separately developed a recycling route for TPC scrap
nspired by the processing of LFT pellets. A schematic view of the recy-
ling solution implemented by De Bruijn is shown in Fig. 1 . Production
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ffcuts, such as trims and nesting scrap, are first collected and shredded
nto flakes. Most often, these flakes are multi-layered material and may
onsist of woven fabric, as in [8,10] and as shown in Fig. 1 . Flakes are
hen processed in a blender to form a molten mixed dough that is trans-
erred directly to a press for compression moulding. The mixing phase
sed in this study is similar to the mixing of LFT pellets. The pellets or
akes are processed in a device that melts the polymer and disperses
he fibres. However, mixing of flakes described here can be substan-
ially more difficult than mixing LFT pellets that have been designed to
isperse easily [5] . 

The subsequent processing step, after mixing, involves squeezing the
ixed dough into a mould. Its flow behaviour depends on the amount

f fibres, fibre length, the interaction of fibre bundles in the dough, and
hus the dispersion of bundles. Once a component has been moulded, its
echanical properties are also linked to fibre length, orientation and the
ispersion of fibre bundles. A previous study by De Bruijn [7] showed
hat mixing the multi-layered TPC flakes significantly improves the me-
hanical properties of the moulded panels, compared to compression
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Fig. 1. Schematic flow chart of the chosen 
recycling solution. The top row illustrates 
the various processing steps while the bot- 
tom row shows the material state between 
each step. 
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oulding of non-mixed flakes. This improvement is mainly driven by the
icro-structural change: from stacked, thick flakes to homogeneously

ntangled fibre bundles. Additionally, the recycling solution presented
ere prevents fibre attrition during mixing by using a low-shear mixer, in
rder to limit the reduction in mechanical properties, which depend on
he fibre length. The mixing of flakes, and the resulting micro-structure,
s therefore crucial for the recycling process. Consequently, a proper un-
erstanding of the mixing step is required, as well as a good definition of
he quality of mixing (QoM) of mixed flakes. A suitable characterisation
ethod for QoM must be developed and implemented. 

The present article will deal with the mixing step in the recycling
olution developed by De Bruijn et al. and characterise the QoM of the
ixed material, with the objective of understanding how to improve

he QoM of mixed doughs. In order to achieve this, several aspects of
he QoM that can be applied to fibre reinforced composites will be se-
ected from literature, improved and implemented. Finally, the effects
f mixing settings and fibre length on QoM will be studied. 

. Literature review 

The study of mixing and segregation is a field of spatial statistics
hat, over the past decades, has been widely applied to various fields
f science, ranging from ecology to the material blending [11–13] . A
rst comprehensive definition of QoM was proposed by Danckwerts in
952 [14] by introducing two aspects: the intensity of segregation (IoS)
nd the scale of segregation (SoS). The IoS corresponds to the coeffi-
ient of variation (CoV) of the concentration of species in the system,
lso known as evenness [15] . With regard to blending fibre compos-
tes, it refers to the CoV of the local fibre fraction. The SoS represents
 characteristic length of segregation, or clustering, in the system. SoS
epresents, for instance the maximum striation thickness for mixed flu-
ds, or the size of fibre clusters for fibre composites. Fig. 2 shows a visual
epresentation of good and poor IoS and SoS, with each sub-figure rep-
esenting a cross-sectional micrograph of fibre composites. The studies
hat followed Danckwerts extended his initial work and defined other
spects of segregation [15] . Exposure corresponds to the rate of change
n segregation, which has some importance along the length of screw
xtruders, for instance. Density is a measure of the mass or volume of
ne of the constituents per unit volume or area. Lastly, centralisation

orresponds to the aggregation of a constituent away from its centre. 
The first two aspects of segregation were continuously measured in

arious fields related to spatial statistics [11–13] by adapting the mea-
urement methods for IoS and SoS to specific situations. IoS and SoS are
articularly well-suited for the mixing of discontinuous-fibre composites
nd have been studied by various authors [13,16–29] . The latter three
spects of segregation – namely exposure, density and centralisation –
ave been scarcely used for fibre composites and polymer blends. 

The problem presented in this paper is similar, in a way, to other
ixing problems for discontinuous-fibre composites or polymer blends,

nd can be summarised as follows. Two immiscible species, fibres and
 m  

2 
olymer, are initially highly segregated in the form of large clusters of
akes (large multi-layered flakes) and polymer granulates. During mix-

ng, the flake structure delaminates and disentangles into loose bundles,
ventually leading to a more even distribution of fibres in the dough.
easuring IoS and SoS only requires a snapshot of the final state of the

ough to be measured, while the exposure can be difficult to determine
or mixed discontinuous-fibre composites because it is usually only pos-
ible to capture the final state. Regarding the centralisation, Kukukova
t al. [15] state that ‘it does not add information about the mixing prob-
em beyond the scale and intensity of segregation’. However, poor mix-
ng of fibre bundles can lead to a situation in which they are locally well
ispersed (good IoS and SoS), but accumulate in some areas. 

The characterisation of the QoM of fibre-reinforced plastics is di-
erse. Most research is based on image analysis of cross-sectional mi-
roscopy. Several methods have been implemented and can be cate-
orised as follows. 

Analyses based on quadrats 

Several authors worked with cross-sectional microscopy of fibre
omposites divided into square grids of various sizes. The fibre frac-
ion or the presence of fibre in each cell is measured and recorded.
ig. 2 (a) to 2 (d) represent quadrats filled with fibres at various degrees
f evenness and clustering. Inoue et al. [16] and Spowart et al. [17] mea-
ured QoM by determining a box-counting dimension of the presence of
bres in the cells. This is indirectly related to the SoS of the fibre clus-
ers. Li et al. [18] also worked on cross-sectional micrographs of fibre-
einforced concrete and measured the CoV of the local fibre fraction in
he cells. Using the CoV of local fibre fraction is found to lead to the
losest estimation of the IoS for such a system, sufficiently characteris-
ng the dispersion of fibres in the system. Normalising it to the CoV of
he non-mixed material allows for the measurement of the improvement
f evenness due to mixing. This is a better measure than just the CoV
or comparing mixers or for identifying how various materials behave
n a mixer. Besides, the variation in CoV per cell size has scarcely been
tudied, and may lead to novel results. 

Analyses based on microstructural features 

Le Baillif et al. [19] compounded cellulose fibre reinforced
olypropylene using a twin screw extruder and characterised the dis-
ersion of fibres using cross-sectional microscopy. They measured the
istribution of the size of the fibre clusters, which is an estimation of
he SoS. Yazdanbakhsh et al. [13] formulated a new definition of par-
icle dispersion, dispersive work , as the minimum amount of work per
omain to move all particles to a uniform state of equally distant par-
icles. It is therefore based on the distribution of the particle locations
n the domain. Wang et al. [20] mixed carbon fibre reinforced cement
nd measured the dispersion of fibres with the aid of 3D tomographic
mages. A dispersion coefficient was defined as the CoV of the size of
bre clusters. 

Various researchers determined fibre dispersion by either consider-
ng the size of agglomerates or their CoV. The former seems to be a good
easure of the SoS, whereas the latter characterises the poly-dispersity
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Fig. 2. Schematic cross-sections of fibre reinforced composites with various degrees of evenness (IoS) and clustering (SoS). Fig. 2 (a) to 2 (d) shows cross-sections 
overlaid with square quadrats that are subdivided into 4 × 4 cells. Fig. 2 (e) to 2 (h) shows the same cross-sections and their Voronoi diagrams, generated from the 
centre of the fibres. The dual graph of the Voronoi diagram, the Delaunay tessellation, is only shown in Fig. 2 (e) for clarity. 
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f fibre clusters in a blend but hardly indicates the SoS, or any aspect
f QoM defined in [15] . Dispersive work , as defined by Yazdanbakhsh
t al., may be a good measure of either clustering, evenness or centrali-
ation in some situations. Nonetheless, it is not capable of distinguishing
ystems made up of large clusters from those with poor centralisation. 

Analyses based on Delaunay triangulation 

Several researchers characterised the QoM of discontinuous-fibre
omposites based on photographs (made by optical or electron micro-
copes) using the Delaunay triangulation or its dual graph, the Voronoi
iagram [21–26] . Voronoi diagrams are constructed on the centroids
f the particles, from which several statistical quantities are measured.
ig. 2 (e) to 2 (h) shows the Voronoi diagrams of four schematic cross-
ections of fibre composites, with various levels of IoS and SoS. The
gures highlight the differences in Voronoi cell sizes and cell distribu-
ions for these four situations. In most cases, the distribution of the areas
f the Voronoi cells was used. Additionally, the distribution of the mean
ear-neighbour distance, which can be output from the Delaunay trian-
ulation (see Fig. 2 (c)), was computed. It was found that the CoV of the
ean near-neighbour distance or the CoV of the Voronoi cell sizes are a
owerful tool to characterise the homogeneity of the samples. However,
uch a measure hardly differentiates between the evenness of particle
ispersion (IoS) and their clustering (SoS). Considering two systems, one
ith poor evenness and a second highly clustered, one can find many
bres with both close and distant neighbours, leading to a similar mea-
ure (see Fig. 2 (g) and 2 (f)). Additionally, in all aforementioned studies
he mean near-neighbour distance was measured as the Euclidean dis-
ance between fibre centroids in 2D microscopic images. Discontinuous
ylindrical fibres can orient themselves in any direction in a composite
pecimen, which means that a cross-sectional micrograph of such a spec-
men shows fibres as ellipses of various eccentricities and orientations.
he actual distance between fibres, however, is the distance between
heir centrelines, which depends on the ellipse parameters when cut in
 2D plane. Therefore, the Euclidean distance between fibre centroids
eads to interpretation errors if the ellipses’ eccentricities and orienta-
ions are not taken into account. 

Analyses based on physical measurements 
3 
Several studies on discontinuous-fibre reinforced composites char-
cterised QoM by performing global physical measurements. Yang
t al. [27] and Ozyurt et al. [28] worked with carbon-fibre-reinforced
ement and measured the electrical resistance of their specimens to de-
ermine fibre dispersion. Similarly, Yenjaichon et al. [29] used elec-
rical resistance tomography to determine the QoM of kraft pulp sus-
ensions. Although these measurement methods can be non-destructive,
hey struggle to distinguish the various aspects of segregation, in partic-
lar IoS and SoS. 

Outcome 

The previous studies have sought to tackle the problem of char-
cterising the QoM of fibre reinforced plastics with various meth-
ds [13,16–29] , mainly based on image analysis of microscopy images.
ost of these methods were inspired by a large corpus on spatial statis-

ics [12,14,15,30,31] , but the methods implemented for fibre compos-
tes often lack the mathematical rigour of the latter. Especially, most fail
o distinguish the evenness of particle dispersion from fibre clustering.
t is crucial to study both IoS and SoS. 

Cross-sectional microscopy appears to be a relevant method of char-
cterising the QoM of discontinuous fibre composites. The stochastic na-
ure of these materials requires a considerable number of microscopic
hotographs to provide statistically satisfactory results. The CoV of the
ocal fibre fraction is found to be a pertinent measure of IoS, which rep-
esents the evenness of a sample. However, the CoV characterises the
aterial, not the mixing technology, which is why it should be nor-
alised to the CoV of the local FVFs in the initially non-mixed material

o measure the improvement in evenness thanks to the mixing step. This
easurement method was introduced by Danckwerts [14] and later used

or various mixing problems [15] . The normalised CoV appears to be a
etter measure to compare different materials after mixing, or different
ixing systems, and it will therefore be examined in this study. Close

ttention will also be paid to the effect of cell size on IoS, since, to the
nowledge of the authors, it has not been reported in relevant literature.
o previously investigated measure of SoS seemed adequate for fibre-

einforced composites, which is why one close to the general definition
entioned in Kukukova et al. [15] will be implemented. 
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Fig. 3. Inside view of a four-shaft shredder (image courtesy of UNTHA GmbH). 

Fig. 4. FLDs of the various types of flakes used in this article. 
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The measurement of fibre clustering using Delaunay triangulation
ppears to be valuable for discontinuous-fibre composites. The exact de-
ermination of the fibre clusters might not be the prime objective when
haracterising QoM, but this does drive the mechanical and rheologi-
al properties of the LFTs. As of yet, little attention has been paid to
orrecting the distances and areas with the ellipses’ orientation and ec-
entricity. This correction is implemented in this article to help measure
he size of fibre clusters in a more precise way. 

. Materials and methods 

.1. Material 

The scrap material used for this study was collected at the form-
ng stage of various manufacturing sites. It consists of laminated TPC
ffcuts, made of TenCate Cetex® TC1100 5HS carbon/PPS (C/PPS) at
0% fibre volume fraction (FVF), as shown in Fig. 1 (1. trims). The
arbon fabric is woven with tows that contain 3,000 fibres each. The
ffcuts were shredded in-house using a two-shaft shredder made by UN-
HA shredding technology Gmbh, Austria (see Fig. 3 ). The output flakes
f typically 20 ×20×3 mm can be seen in Fig. 1 (2. shredded flakes).
ome batches of shredded flakes were sieved with a multi-stage vibrat-
ng sieve. The fibre length distribution (FLD) of the output flakes, as
ell as the shredding and sieving process, were previously characterised

n [10,32] . The FLDs of the categories of flakes used in this study are
hown in Fig. 4 . Sieved - 16 mm and Sieved - 8 mm correspond to the
akes that first passed through the sieves with an aperture of 22.4 mm
nd 11.2 mm, respectively, before failing to pass through the sieves with
n aperture of 16 mm and 8 mm, respectively. In addition Sieved - 2.8 mm

 4 mm consists of a blend of the flakes that failed to pass through the
ieves with an aperture of 2.8 mm and 4 mm. C/PPS LFT pellets with
 mm fibres were used to compare the QoM of the recycled material
ith commercially available pellets. These pellets are known as Luvo-
4 
om®1301/XCF/30 and are produced at 30% fibre weight fraction, or
pproximately 24% FVF. This study also used polymer granulates to di-
ute the flakes or pellets during the mixing stage, namely Fortron® 0214
PS granulates by Celanese. Two other materials were used for compar-
son purposes: 

• Short fibre pellets that were injection moulded at 40% fibre weight
fraction (or around 32% FVF) with fibres of 200 𝜇𝑚 in length. 

• Single-layer woven fabric prepregs measuring 10 × 10 mm 

2 , which
were compression moulded at 50% FVF. Note that this material is not
mixed in any way. More information on the material and processes
can be found in [33] . 

.2. Low-shear mixing 

After the offcuts had been shredded, the resulting flakes or pellets
ere fed into a low-shear mixer together with PPS granulates to dilute

he fibre suspension to 20% FVF. The device was developed and man-
factured at the Centre of Lightweight Structures in the Netherlands in
998 [34] . Contrary to typical screw extruders, the low-shear mixer con-
ists of a heated hollow cylinder with a 70 mm diameter, and features
hree eccentrically-located heated rods rotating inside. An illustration
f this device is shown in Fig. 5 . The three rods are placed at different
istances from the axial centre of the cylinder ( Fig. 5 on the right). The
ixer is fed by means of a hopper located on the cylinder. After feeding,
 piston pushes the material inside the cylindrical cavity, which closes
he feed opening. The heated rods then start to rotate around the axial
entre at a speed varying from 5 rotations per minute (rpm) to 15 rpm,
or 5 to 20 min. During this phase, the polymer starts to melt, caus-
ng the flakes to delaminate, the woven structure of the plies to loosen,
nd eventually the bundles to spread into clusters of various sizes. At the
nd of the mixing phase, the piston pushes the material out of the mixer,
hich is now a molten, mixed dough. During the entire mixing process,

he material is not compressed and consequently only fills part of the
avity, ranging from 20% to 50%. The rest is filled with air and, possi-
ly, volatile by-products. As a result, the extruded dough is very porous,
nd even swells a small amount when pushed out, reaching a final di-
meter of 100 mm after ejection from the cylinder and gate, which both
ave a diameter of 70 mm. In this mixing device, the rotation speeds
f the low-shear mixer are typically 10 rpm and the distance between
he rotating rods and the cylindrical cavity is about 10 mm. This results
n very low shear rates compared to those found in typical screw ex-
ruders. As a consequence, fibres are less prone to breaking during the
ixing phase [35] . Besides, the low-shear mixer allows for a batch-type
rocess rather than the continuous process typical for screw extruders,
s a result of which the residence time of the material is equal for all
articles. The low-shear device is still in its prototype phase and has not
een studied extensively. Therefore the mechanisms of mixing in such
 device are still poorly known. 

A fractional factorial design of experiments (DoE) of resolution IV
as performed by varying the mixing speed, mixing time, cavity fill-

ng ratio and mixing temperature. Two levels were chosen for these
our factors in addition to a central point. The doughs and their mix-
ng settings are listed in Table 1 . The resolution (IV) of the DoE makes
t possible to identify the significance and strength of the main fac-
ors. However, the two-factor interactions for such a resolution are con-
ounded with other two-factor interactions so they will not be anal-
sed in order to prevent interpretation errors. The reproducibility of
he mixing process was investigated by producing an extra dough for
hree of the DoE settings (see tests #14, #15, #16 in Table 1 ). Some
oughs were also produced with various FLDs – rows #10 to #13 in
able 1 . 

.3. Microscopy 

In the recycling process developed by De Bruijn et al. [7] , the dough
s directly transferred from the mixer to a press for compression mould-
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Fig. 5. A schematic of the low-shear mixing device 
is shown on the left. It highlights several key ele- 
ments that are explained in Section 3.2 . The cross- 
section A-A is drawn on the right-hand side of the 
figure. 

Table 1 

List of the various doughs manufactured and tested. 
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ng in a matter of seconds. For this study, the state of the material right
fter mixing was studied using cross-sectional microscopy. However, di-
ectly after mixing, the doughs are too porous to be prepared for mi-
roscopy. Therefore, the doughs were half-pressed to a thickness vary-
ng between 15 mm and 20 mm. It was found that the compression of
hese doughs occurs in two stages. In the initial pressing stage, most
oid pockets close, while the dough does not flow outwards. During the
econd stage, the dough starts to flow and the remaining void pockets
lose. A dough thickness of about 15–20 mm was found to be the end
f the first pressing stage. Note, in a separate study it was found that,
fter compression moulding of a dough, the porosity fraction is null or
egligible, except in specific locations such as large thickness increases
n the flow direction. [35] 

It is assumed that the structure and arrangement of the fibres are
dentical in the extruded doughs and the half-pressed doughs, except
or the out-of-plane orientation of fibres. Especially, it is assumed here
hat the local relative variations in fibre volume fraction and the clusters
f fibres remain the same as in the non-pressed doughs. 

The stochastic nature of the dough makes quantitative analyses of
ts microstructure by micrography difficult. However, an extensive mi-
roscopy study can provide sufficient data to obtain reliable statisti-
al measurements. In the present study, the following procedure was
dopted to gather data for measurements of the QoM. First, each half-
5 
ressed dough was cut to produce sections of roughly 10 mm width (see
ig. 6 ). Six sections were cut per dough – two from the front, the middle
nd the rear areas – and were then embedded and polished. Two large
ross-sectional micrographs were taken for each section at a ×700 mag-
ification and were automatically stitched to 20,000 × 20,000 pixels
ach, representing an area of 6 mm × 6 mm. Hence, twelve large micro-
copic images were obtained per dough, representing an analysed area
f roughly 430 mm 

2 . Parts of such micrographs are shown in Fig. 7 (a)
nd 7 (e). Microscopic images of the non-mixed material, i.e. the flakes
nd LFT pellets, were also captured for the calculation of the IoS (see fol-
owing section). Microscopic photographs of the other two materials, the
njection moulded short fibre composites and the compression moulded
akes (see Section 3.1 ), were also made to compare their QoM to those
f the doughs. Samples were water cut using a diamond coated saw and
ried at 90 ◦C for 12 h. before they were embedded using an epoxy resin
EpoFix, Struers) and polished using a sequence of 600-1200-2000-4000
anding papers and finaly a silica oxide suspension. A Keyence VHX dig-
tal microscope was used in all occasions, stitching was performed using
he built-in automatic stitching function. 

Image segmentation was executed automatically on each picture us-
ng Matlab software, using the peak locations of each image histogram
o determine the fibre, matrix and porosity fraction. Details on this op-
ration can be found in Appendix Appendix B . 
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Fig. 6. Photographs of a dough after mixing and af- 
ter being half-pressed. The locations of the microscopy 
specimens in the dough are highlighted in white on the 
half-pressed dough. 

Fig. 7. Visualisation of the image processing analysis that computes the local FVFs. The example is limited to two sections of 2.4 mm × 2.4 mm taken from the large 
microscopic images. Fig. 7 (b) to 7 (d) are ‘ blurred ’ representations of the micrograph in 7 (a), i.e. they represent the distribution of FVFs, for three different cell sizes, 
where each cell displays its local FVF in grey. The grayscale represents the fibre volume fraction, ranging from 0% in white to 100% in black. Similarly, Fig. 7 (f) to 
7 (h) represent the FVF in the microscopic image in 7 (e) for various cell sizes. 
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At first, a large-scale measurement of the evenness of the doughs was
etermined. For each dough, the FVFs of the twelve microscopic images
ere first calculated and then grouped by their location in the dough:

ront, middle or rear (see Fig. 6 ). This resulted in an estimate of the
lobal variations in FVF, which will be analysed in Section 4 . 

.3.1. Intensity and scale of segregation 

The segmented cross-sectional micrographs are divided into a
rid of various cell sizes (from 18.75 𝜇𝑚 to 600 𝜇𝑚 ). The FVF of
ach cell is computed, excluding the fraction of porosity, i.e. FVF =
rea 𝑓𝑖𝑏𝑟𝑒𝑠 ∕( Area 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙 𝑙 − Area 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 ) . Note that if the porosity fraction

n any cell is larger than 30%, this cell is discarded from the analy-
is. The CoV of the local FVFs is recorded per image for each grid size.
he same calculation was performed for the initially non-mixed materi-
ls, i.e. blends of flakes and polymer or pellets and polymer. The IoS is
efined as the ratio of the CoV between two microscopic pictures: the
alf-pressed doughs over the initially non-mixed flakes - polymer com-
ination (see Fig. 8 for an illustration of the method). Fig. 7 (a) and 7 (e)
isplay two micrographs with a clear difference in QoM. The top picture
resents large clusters of fibres with moderate evenness. The bottom
icture shows the opposite: small clusters and considerable evenness.
6 
ig. 7 (b) to 7 (f) and 7 (h)shows the grids of FVFs for various cell sizes
75 𝜇𝑚, 150 𝜇𝑚 and 300 𝜇𝑚 ) where the greyscale represents the FVF,
anging from 0% in white to 100% in black. It is clear from the grids
hat the CoV of the local FVFs will give different results for both micro-
raphs, thus resulting in different degrees of IoS. 

The calculation of SoS starts with the grid of local fibre fraction with
ells of 18.75 𝜇𝑚, computed from the microscopy images. Image segmen-
ation is performed on the grid into two phases with the FVF respectively
elow and above the median FVF (see Fig. 9 ). Considering the newly seg-
ented image as a matrix, the maximum striation thickness of the high

VF clusters, i.e. the maximum height of the white regions in Fig. 9 (e),
s measured for each column. The average of the maximum striation
hicknesses of all columns is calculated, which gives the measure of the
oS. Fig. 9 shows the grid of FVFs from the two micrographs in Fig. 7 (a)
nd 7 (e), as well as the segmentation by FVF. Fig. 9 (b) has much larger
lusters than Fig. 9 (d), which are detected by the measure of the SoS,
00 𝜇𝑚 and 175 𝜇𝑚 respectively. This method is sensitive to the orien-
ation of the micrographs in the cross-sectional specimen. However, all
icrographs were taken with the same orientation to prevent this issue.

In addition, an artificial random distribution of fibres was created
o represent the QoM of an almost perfectly even dough. For that, a 2D
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Fig. 8. Representation of the calculation of the IoS of mixed doughs. In the cross-sectional micrographs, the fibres are in white, the polymer in grey and porosities 
are in black. The same procedure is applied for the dough made of LFT pellets, for which the CoV before mixing is calculated from microscopic images of the initial 
LFT pellets. 

Fig. 9. Fig. 9 (a) and 9 (c) show the local FVFs of the microscopic images of Fig. 7 . Fig. 9 (b) and 9 (d) are the segmented images of 9 (a) and 9 (c) respectively, where 
the areas of higher fibre fraction are shown in white. The SoS is the average ofe striation thicknesses of the white regions. The bottom figure, (e), illustrates the 
calculation of SoS from the segmented images. 
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pace was randomly filled with non-overlapping ellipses at 20% cover-
ge, from which the IoS and SoS were measured. This random fill rep-
esents a mixing situation that is difficult to achieve in reality, but it is
till far more segregated than a perfectly uniform distribution of fibres.
his artificial random distribution helps to visualise the theoretical limit
f evenness and clustering achievable for mixed C/PPS dough. 
7 
.3.2. Bundle size distribution 

An additional method was implemented to determine the size of the
bre clusters in each image, which can range from a single loose fibre
o 3000 clustered fibres. 

Images of the segmented fibres were used for this purpose. In the
egmented micrographs presented here, adjacent fibres may appear to
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Fig. 10. Visualisation of the intermediate steps 
of the algorithm implemented to determine the 
BSD of cross-sectional micrographs. Fig. 10 (a) 
shows the input cross-sectional micrograph 
while 10 (b) displays the segmented fibres after 
the fibres were disjointed using a watershed. 
Fig. 10 (c) and 10 (d) show the Delaunay trian- 
gulation before and after the refinement tech- 
nique ( Section 3.3.2 ). The refined triangulation 
was used to compute the BSD in each micro- 
graph. 
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e joint because of the segmentation step. However, an accurate descrip-
ion of the clusters of fibres requires fully disjoint fibres. A watershed
lgorithm was applied to the segmented images to overcome this issue.
ig. 10 (b) shows the segmented image after applying a watershed anal-
sis. Most fibres are disjointed from one another. However, flat ellipses,
hich correspond to fibres parallel to the microscopic plane, may be cut
y the watershed algorithm, thereby outputting multiple domains of a
ingle fibre. These numerical artefacts seemed limited compared to the
enefits of applying a watershed algorithm. 

A Delaunay triangulation was then performed on all fibre centres on
ach image ( Fig. 10 (c)). A refinement technique was needed to cluster
he fibres that are close to each other. Fig. 10 (d) illustrates the result
f the refinement technique. The clusters of fibres are clearly disjointed
rom one another, although some fibres are wrongly attributed to an-
ther cluster. This issue artificially increases or reduces the number of
bres per cluster, but the overall effect was found to be limited. The
umber of fibres per cluster is calculated from the list of connected com-
onents in the refined Delaunay graph, which is then converted to the
undle size distribution (BSD). 

In the aforementioned refinement technique, all segments longer
han three fibre diameters, corresponding to a regular hexagonal con-
guration at 10% FVF, are discarded. A corrected fibre-to-fibre distance
as calculated to take into account ellipse eccentricities and orienta-

ions. A detailed description of the calculations can be found in Ap-
endix Appendix C . 
8 
To provide additional overview on the various steps performed to
btain the BSD, IoS and SoS (previous section) from the microscopy
mages, a schematic flow chart is included in Appendix Appendix D . 

. Results 

The half-pressed doughs listed in Table 1 were prepared for mi-
roscopy and analysed according to the methods presented in Section 3 .
nitially, the DoE was analysed to determine the effect of mixing set-
ings on QoM. The results of the reproducibility study are presented
ext. Then, the effects of the various FLDs on QoM are analysed and
iscussed. 

.1. Design of experiments 

Fig. 11 (a) shows the IoS for all cell sizes, of the distinct twelve mi-
rographs made from dough #5. The IoS is always smaller than one,
hich indicates a mixed state that is, as expected, less segregated than

he initial non-mixed material. Besides, the IoS of the randomly filled
D space is plotted under random fill with a dotted line ( Fig. 11 ). It is
ost probable that the IoS of all doughs are bounded by one and the IoS

f random fill . A hatched region was added to the figure to represent a
omain of the IoS that cannot be reached for the doughs in this study.
ne may note the large scatter between these twelve lines, which is why
 grey bounding region depicting the maximum and minimum values of
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Fig. 11. The IoS of various doughs analysed for the DoE. Fig. 11 (a) and 11 (b) shows the IoS of dough #5. In 11 (a), the twelve solid lines are the IoS of all micrographs 
for this dough, while in 11 (b) they are represented as a mean value and a grey band bounding the extrema. Fig. 11 (c) highlights the mean IoS of several doughs 
processed with various mixing settings. Fig. 11 (d) shows the IoS of another dough with its mean value and extrema highlighting the variations of IoS in a dough. 
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he IoS are shown around the mean values plotted with a line as shown
n Fig. 11 (b). This graph illustrates that three measures are important: 

• the mean IoS: it represents the evenness of the local FVF, as defined
in Section 3.3.1 . In order to make the analysis simpler, only the IoS
for a cell size of 150 𝜇𝑚 is considered in detail for the DoE. This value
was chosen due to its similarity to the initial bundle size, approxi-
mately 150 𝜇𝑚 in thickness at normal FVF. This size is assumed to
be a relevant scale to determine the evenness of this material. Lower
IoS values equal a better evenness of the fibres in the sample. 

• The bandwidth of the IoS (height of the grey band), which corre-
sponds to the intra-sample variability of evenness. The analysis of
the DoE was performed only for the bandwidth at 150 𝜇𝑚, similarly
to the mean of IoS. A small bandwidth indicates limited variability
of evenness between the twelve micrographs. 

• The effect of cell size on the IoS is described by the slope of the IoS
as a function of cell size. It expresses the rate of change of even-
ness within the studied scale range. Steep slopes indicate that fibre
bundles become evenly spaced at a large scale. Gradual slopes show
that the local variations in FVF hardly decrease when increasing the
scale. 

An analysis of variance of the three measures of the DoE was per-
ormed. For all cases, a level of significance of 0.05 was selected, as it is
 t  

9 
ommon practice, to distinguish the effects that significantly influence
he measures of the QoM. 

The effects of the mixing settings on the mean IoS, the bandwidth
nd the slope are illustrated in Fig. 11 . The mean IoS of several doughs
s displayed in Fig. 11 (c) where doughs #1 and #5 were processed at a
ow mixing speed and for a short amount of time, whereas doughs #8
nd #7 were processed at a high mixing speed and for varying amounts
f time. 

A first consideration showed that increasing the mixing speed de-
reased the bandwidth. Both the mixing speed and mixing time were
ound to decrease the mean IoS. The mixing speed, mixing temperature
nd mixing time were all found to decrease the slope of the mean IoS. 

Further, Fig. 11 (a) shows the intra-sample variability, which can be
f a similar magnitude as the variations between the IoS of doughs made
ith various settings ( Fig. 11 (c)). This urged us to reconsider the relia-
ility of considering the mean IoS and bandwidth separately. Therefore,
he analysis of the DoE was carried out for six repetitions, correspond-
ng to the six sections in each dough. The results show again that mixing
peed and mixing time influence the IoS; with a more significant effect
p-value 5 to 10 times lower) as compared to the analysis of the mean
oS. The strength of the significant factors is similar for both studies,
ith mixing speed having stronger influence than mixing time. As a

onclusion, although intra-sample variability is high, the mixing speed
nd mixing time have a strong and significant effect on the IoS. Fur-
hermore, the analysis of variance showed that the effects of the filling
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Fig. 12. Large scale variations of the FVF for the nine doughs analysed in the DoE (left block, ordered according to the DoE in Table 1 ), and the three repetitions 
(right block) for the reproducibility study. The black lines and the grey bands show the mean and the extrema respectively. 
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raction and mixing temperature are not significant. As a consequence,
heir effect is not detailed. The effect of interactions between multiple
arameters could not be determined with the DoE carried out (resolution
V). 

Next, the SoSs of the doughs were analysed. The average SoS of
he nine doughs was found to vary between 260 𝜇𝑚 and 420 𝜇𝑚 (see
able A.3 in the Appendix), which is a small range, when compared to
he SoS of the random fill (101 𝜇𝑚 ) and indicates that fibre-dense re-
ions are of comparable size. However, the intra-sample variation of
oS varies considerably, from 150 𝜇𝑚 to 430 𝜇𝑚 . Again, mixing time
nd mixing speed were found to reduce the SoS. 

The study of the effect of the mixing settings on the IoS and SoS
howed that both the total amount of shear (mixing time and mixing
peed) and the shear rate (mixing speed) significantly improve QoM on
ultiple levels: they reduce the IoS, SoS and the intra-sample variability.
owever, the low-shear mixer does have some limitations. A comparison
f the IoS and SoS obtained for the best mixed doughs with those of the
andom fill confirms that the evenness and clustering of the doughs can
till be improved, at least from a theoretical point of view. 

Studying the microscopic images also revealed that fibres are far
rom evenly distributed or aggregated in small clusters, even after long
ixing times and high mixing speeds, although it is also clear that longer
ixing time and higher speed improve evenness and clustering. This
henomenon is highlighted in Fig. 12 which also shows the variations
f FVF at a large scale, where the FVF of each micrograph is calculated
nd grouped according to its dough and its location in this dough. The
olid line and the grey band represent the mean and extrema of the
VFs for each location respectively. The doughs processed at 5 rpm for
0 min and 20 min – #1 & #5, and #2 & #6 respectively – all show
ery large variations in FVF, whereas FVF variations are much lower
or the doughs processed at 15 rpm (#3, #4, #7 and #8). This seems
o indicate that mixing speed has a more pronounced effect than mix-
ng time. The results of the analysis of variance also confirmed this for
he IoS and the SoS. Additionally, the micrographs show that a combi-
ation of large and small fibre clusters are found in doughs mixed at
 rpm. Fewer large clusters are found in dough processed at 15 rpm.
his result is visualised in Fig. 13 (b), which plots the BSD of several
oughs. This figure is the output of the refined Delaunay triangulation
nd shows the volume fraction of bundles of every given size. The frac-
ions of large bundles ( ⩾ 1,000 fibres) and small bundles ( ⩽ 100 fibres)
10 
ndicate whether the initial tows of 3,000 fibres were well dispersed.
he figure shows that doughs #1 and #6 (5 rpm) had very similar BSDs
ith more than 30% of their volume consisting of large bundles, while

he BSD of #8 (20 min, 15 rpm) results in a much lower fraction of large
undles. 

In conclusion, the analysis of variance shows that mixing time
nd speed improve all measures of QoM, with mixing speed having a
tronger effect than mixing time. This observation was confirmed by
nalysing the BSD, the large-scale variations of FVF and the micrographs
f doughs. 

.2. Reproducibility 

The previous results showed that intra-sample variability is of great
mportance, and the same might apply to inter-sample variability. Three
oughs made with various mixing settings (#1, #6 and #8) were repli-
ated (#15, #16 and #14, respectively) to investigate the reproducibil-
ty of the mixing process. The mean IoS of the six doughs is plotted in
ig. 13 (a). Their large-scale variations in FVF are displayed in Fig. 12 .
he findings from the previous section indicate that dough #1 has a
oderate QoM for all measures. Dough #6 showed some improvement
ue to a longer mixing time. Dough #8 demonstrates that it is among
he doughs with the highest QoM in the study due to a long mixing time
nd a high mixing speed. 

Limited inter-sample variability would lead to a clear grouping of IoS
y mixing settings: #1 & #15, #6 & #16, and #8 & #14. However, the
easurements in Fig. 13 (a) show non-groupable lines for all doughs. The

ituation is different, however, when looking at the large-scale variation
f FVF ( Fig. 12 ). Clearly, doughs #1 and #15 have very high variations
f FVF. Doughs #6 & #16 show reduced variability, whereas #8 & #14
xhibit very limited variations of FVF. Additionally, the BSD was also
nalysed for these six doughs ( Fig. 13 (b)). Two separate groups can eas-
ly be identified. The BSDs of doughs #8 & #14 are clearly distinct from
he other four: they have a higher fraction of small bundles (smaller than
ixteen fibres) and a small fraction of large bundles (larger than 1000
bres). The other four doughs cannot, however, be grouped by mixing
ettings, as was the case for the mean IoS. The fraction of large bundles
n these doughs is nonetheless considerable, ranging from 20% to 40%.
ough #16 is particularly striking, as it has the second worst IoS and



G.A. Vincent, T.A.d. Bruijn, S. Wijskamp et al. Composites Part C: Open Access 4 (2021) 100108 

(a) (b)

Fig. 13. The IoS and the BSD of the doughs analysed for the reproducibility study. 

(a) (b)

(c)

Fig. 14. (a) The IoS, (b) the BSD and (c) the large scale variations of FVF of the doughs processed with various FLDs. 
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he largest fraction of large bundles, but a small large-scale variation of
VF ( Fig. 12 ). Nevertheless, its SoS and the slope of the mean IoS are
verage (see Table A.3 in the Appendix section). 

.3. Effect of FLDs 

The last set of experiments concerns the effect of the FLD on the
oM. Sieved flakes and LFT pellets were used as described in Section 3 .
ig. 14 aggregates the IoS, the BSD and the variations of FVF for the four
11 
oughs #10, #11, #12 and #13. Table 2 summarises the measures of
he QoM for the four doughs. It also shows the standard deviation of the
ocal FVF for the two comparison materials and the randomly filled 2D
pace. As a reminder, the IoS is defined as the improvement in evenness
f the local FVF due to mixing. The results show that the evenness of
FT pellets improves less than for the other three doughs. However, its
tandard deviation of FVF is lower than for the doughs, showing a more
ven distribution of fibres. The standard deviations in Table 2 also high-
ights the differences between the compression moulded flakes (non-
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Table 2 

Summary of the measures of the QoM for the doughs processed with various FLDs. The standard deviations of local FVF are also listed for two comparison materials 
and the randomly filled space. 

dough material mean SoS at 

18.75 𝜇𝑚 [ 𝜇𝑚 ] 

mean IoS at 

150 𝜇𝑚 [ ×10 −1 ] 
bandwidth at 

150 𝜇𝑚 [ ×10 −1 ] 
slope of the IoS [-] standard deviation 

of the FVFs at 

150 𝜇𝑚 [ ×10 −1 ] 
#10 LFT pellets 177 2.0 0.64 − 0.67 0.30 

#11 sieved 16 mm 310 1.6 0.54 − 0.53 0.79 

#12 sieved 8 mm 224 0.94 0.35 − 0.72 0.52 

#13 sieved 2.8 & 4 mm 207 0.67 0.13 − 0.80 0.42 

compression moulded non-mixed flakes 1.49 

injection moulded short fibre composites 0.35 

artificial random fill 0.17 
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ixed), the moulded LFT and short fibre pellets (see Section 3.1 ),
nd the doughs made from sieved flakes: the evenness of the small-
st flakes is almost as good as the moulded short and long fibre
omposites. 

The effect of flake size and FLD on QoM is evident for all measure-
ents. Shorter fibres reduce IoS and SoS, and lead to a steeper slope of

he IoS. The intra-sample variations for IoS and SoS steadily decrease
ith the reduction in FLD (see Table 2 ). Additionally, in the dough pro-

essed with the smallest flakes, only 2% of bundles were larger than
,000 fibres, which is far lower than the 20% - 40% range obtained
or large flakes ( Figs. 14 (b) and 13 (b)). However, there is still a large
ifference between the BSDs of the dough made from LFT pellets and
rom the smallest flakes, but this was expected due to the completely
ifferent nature of the input material. In addition, the large-scale vari-
tions of FVF mainly reduce from large to medium-size flakes. The
oughs #10, #12 and #13 all show similar large-scale variations of
VF, for which no improvement is noticeable with a reduction in fibre
ength. This may be a limit for the prototype mixer used in this study
 Fig. 14 (c)). 

. Discussion 

When considering the whole recycling route studied in this arti-
le, the QoM obtained during the mixing phase affects the flow be-
aviour of the material in the mould and its mechanical properties after-
ards. The industrial application of this recycling technology requires

hat moulded components have consistent mechanical properties, and
ence low intra-part variability and good reproducibility. Additionally,
he flow behaviour of the dough is partially determined by the number
f bundle–bundle interactions, which translates to the bundle aspect ra-
io among others [36,37] . The homogeneity and reproducibility of the
ow behaviour of the doughs are also important factors, which can be

mproved by reducing intra- and inter-sample scatter. The conditions
ecessary to address these issues can be derived from different aspects
f the QoM. This leads to several measures of QoM that are to be either
inimised or be optimised. 

• Limited large scale variations of FVF are required. Figs. 12 and 14 (c)
demonstrate that variations of just a few percent can be achieved. 

• The IoS and the intra-sample variability of IoS are other properties
to be minimised. A locally even distribution of FVF helps reduce
variability both in terms of rheology and part performance. 

• A high reproducibility of QoM, all aspects combined, is also a key to
the successful application of such a technology. 

• BSD has a major effect on both flow behaviour and mechanical per-
formance. On one hand, a considerable fraction of small bundles
drastically increases the number of fibre–fibre interactions, which
increases the apparent viscosity [36] , where the upper limit is set by
the flow distance in the mould and the size of the intricate features
to fill. On the other hand, a substantial fraction of large bundles
reduces the average bundle aspect ratio, which tends to limit the
theoretical mechanical properties of the moulded component [38] .
12 
Nonetheless, it is rather difficult to draw a conclusion on the opti-
mum BSD without a proper study of its effect on the flow behaviour
of doughs as well as on the mechanical properties of moulded parts.

Regarding the list of criteria above, well mixed doughs (long mix-
ng time, high mixing speed) do show improvement of IoS, intra-sample
ariability of IoS, and large-scale variations of FVF. It was, however,
ound that the reproducibility of doughs is moderate for all measured
spects of QoM, although only two doughs were analysed per setting.
his lack of reproducibility can also be caused by the limitations in sam-
le size: twelve microscopic images of 6 × 6 mm 

2 per dough. In terms
f the process window, the oxidation of the polymer is more severe for
ong mixing times in the presence of oxygen, which should be prevented
n order to limit the degradation of the polymer. The results also pointed
ut that increasing the mixing speed is a more effective way to improve
oM than increasing mixing time. Thus, the authors recommend in-
reasing the mixing speed to limit polymer degradation, although high
hear rates may break fibres during mixing. This has not been a problem
et with the current mixing prototype, which has technical limitations
hat prevent its use at higher rpm. In addition, it was found that the SoS
f all the doughs were close, and of the same order of magnitude; in com-
arison to other finely-clustered materials, i.e. the injection-moulded
hort-fibre composites and the artificial random distribution of fibres.
n the contrary, the BSD varied drastically with respect to mixing set-

ings and FLDs. Hence, it is supposed that BSD and SoS do not exactly
haracterise the same aspects of QoM, or do not characterise them with
he same strength. BSD is an important material property, as explained
n the previous bullet list. This may indicate that the method chosen to
easure SoS is not the most suitable for this type of material or mixing

echnology. 
Concerning the effect of FLD on the QoM of doughs, large improve-

ents are noticed between doughs #11/ sieved 16 mm and #12/ sieved 8

m for all measures of QoM. These improvements seem to saturate be-
ween #12/ sieved 8 mm and #13/ sieved 2.8 & 4 mm ; and the large-scale
ariations of FVF, in particular, are comparable ( Fig. 14 (c)). Therefore,
he authors recommend using small flakes in this process, especially
ith a mean fibre length smaller than 15 mm. 

. Conclusions 

An experimental study was carried out to understand how to im-
rove the QoM of mixed doughs, made of long-fibre-reinforced poly-
ers. Contrary to other LFT processes and materials, the flake mate-

ial and the mixer used in this study are unconventional. The mate-
ial consisted of multi-layered, woven-fibre reinforced composites plus
olymer granulates. The mixer had a very low rotation speed to pre-
ent fibre breakage, thereby limiting blending efficiency. Several as-
ects of QoM were selected from literature, namely evenness and clus-
ering, and implemented for this study. The experimental methods in-
olved image analysis of a large set of cross-sectional micrographs. The
nalysis was based on quadrats to measure IoS and SoS, and on re-
ned Delaunay triangulation to measure BSD. Choices were made to
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easure the following aspects from the extensive set of cross-sectional
icrographs: 

• IoS, or evenness of the local FVFs. 
• SoS, representing a measure of the clustering of fibres. 
• Intra-sample variations of IoS, SoS and FVFs. 
• BSD, describing the size distribution of fibre clusters. 

The methods developed and implemented in this paper were found
dequate for the material in this article, as well as to characterise the
oM of other LFTs. The refinement technique performed on the De-

aunay triangulation is definitely beneficial, as it quantifies a mate-
ial property of LFTs: bundle sizes. This property can also be used for
he micro-mechanical modelling of LFTs. The IoS is a good measure
o compare other mixing devices to the one used in this study, or to
ompare the doughs with other materials. Further developments of this
ecycling technology or of LFT material should consider the measure-
ent of the IoS as a benchmark, similar to the current practice for poly-
er blends [39] . Finally, it is not sure whether the current implemen-

ation of SoS measurement provides information beyond the IoS and
SD. 

The effects of mixing time, mixing speed, temperature and filling ra-
io on QoM were analysed by performing a fractional factorial DoE. It
as found that the mixing time and mixing speed are the main drivers

o improve QoM for all measures. The reproducibility of the QoM in
oughs was inspected and was found to be marginal. On the other hand,
he effect of the FLDs on QoM was clear for all measures: smaller flakes
ignificantly improve the QoM. The recommendations for better mix-
ng for this particular mixing setup are first to shred scrap to a smaller
ize, yielding a mean fibre length under 15 mm. In addition, further im-
rovements can be made to the mixing machine by blending at higher
hear rates. This can be achieved by modifying the mixer design, but
pecial care should be taken to minimise fibre breakage. It is still un-
lear whether the best QoM obtained in this study is sufficient. Further
ork is required to understand the effect of QoM on the flow behaviour
f doughs and, subsequently, on mechanical properties of moulded
arts. 
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ppendix A. List of the QoM measurements 

ppendix B. Image segmentation and correction 

The image segmentation of all cross-sectional micrographs was au-
omatically performed by the peak locations of the image histogram. A
ection of a micrograph is shown in Fig. B.15 (a); its histogram is shown
n Fig. B.15 (b). The histogram contains a grey level peak for the epoxy
mounting resin for polishing), the PPS matrix and the fibres. The av-
rage grey level between epoxy & matrix, and between matrix & fibres
13 
s chosen to segment the images in the three phases (see the image seg-
entation axis in Fig. B.15 (a)). 

The magnified fibre at the bottom-left corner of Fig. B.15 (a) empha-
izes a black contour around the fibre, being an optical artefact captured
y the microscope. Such a defect systematically lowers the measured
VF of the image. Therefore, a global correction was performed for the
VF of each image. It was assumed that a large number of micrographs
as enough to represent the correct FVF of the samples, 20% on aver-
ge. The global average FVF of the sixteen doughs × twelve micrographs
as set to 20%. The results of this correction are shown in Figs. 12 and
4 (c). 

ppendix C. Centre-to-centre distance correction 

The micrographs studied in this article are cross-sections of discon-
inuous fibre composites. The cross-sections of cylindrical fibres with the
icrography plane are ellipses with various eccentricities and orienta-

ions. In Section 3.3.2 , the Delaunay triangulation of the ellipse centres
s refined by discarding centre-to-centre segments longer than a thresh-
ld distance. This refinement technique is required to cluster the various
bre bundles. However, the Euclidean centre-to-centre distance in the
lane of observation does not rigorously measure the distance between
he fibres. 

Consider the following situation; two ellipses in contact along their
ajor axes in the microscopy plane have a longer Euclidean centre-to-

entre distance than two touching fibres whose cross-sections are circles.
see Fig. C.16 (a)). Yet, the true distance between the centres is one
bre diameter in both cases. The relation with the observed distance
epends on the orientations and eccentricities of the two ellipses. Thus, a
orrected centre-to-centre distance is required to accurately distinguish
he various clusters. The objective of this section is to define such a
orrected distance. 

The strategy implemented here is to consider a sleeve of polymer
rowing radially around two fibres until the sleeves touch. When the
bres are cut in the micrography plane, the cross-sections of the sleeves
re also elliptical with the same orientation and eccentricity as their
arent fibre (see Fig. C.16 (b) to (d)). In the micrography plane, a non-
ormal orthogonal basis can be associated with each fibre and its sleeve
see Fig. C.17 ). The elliptical sleeves grow radially and isotropically in
heir respective bases. 

At the junction point of the two sleeves ( Fig. C.16 (b) to (d)), the
leeves have grown by the same amount in their respective bases. The
orrected centre-to-centre distance, noted 𝑑 𝑐 , corresponds to the size of
hese sleeves of polymer and is in all cases ≤ 𝑑 0 . This distance is related
o the change-of-basis matrices of each ellipse’s basis and the direction
f ⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′, as elaborated mathematically in the following paragraphs. 

Figure C.17 illustrates the cross-section of two fibres 𝐹 𝑃 and 𝐹 𝑃 ′ , in
he plane of observation. The fibres are oriented differently from each
ther, leading to different ellipse orientations and eccentricities in the
ross-sectional plane, whose centres are noted 𝑃 and 𝑃 ′. Each ellipse is
etermined by its major axis, minor axis and orientation in the reference
rthonormal basis of the cross-sectional plane,  0 : (a,b, 𝜃) and (a’,b’, 𝜃’)
espectively for 𝐹 𝑃 and 𝐹 𝑃 ′ . For all fibres analysed in this paper, 𝑏 ′ =
 = fibre diameter . Let ⃖ ⃖⃗Ω be the unit vector in  0 collinear to ⃖ ⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′. 

Additionally, consider an orthogonal basis for each ellipse,  and  

′,

hose unit vectors correspond to the axes of the ellipses. The change-
f-basis matrix from  to  0 is: 

 = 

( 𝑎 

𝑏 
cos ( 𝜃) 𝑎 

𝑏 
sin ( 𝜃) 

− sin ( 𝜃) cos ( 𝜃) 

) 

(1)

Therefore, 𝐓 

−1 ⃖⃖⃗Ω is the unit vector ⃖⃖⃗Ω expressed in  , and ||⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′|| ×|𝐓 

−1 ⃖⃖⃗Ω|| represents the length ||⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′|| expressed in basis  . Similarly,|⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′|| × ||𝐓 

′−1 ⃖⃖⃗Ω|| is computed for the basis  

′. 
As stated above, the elliptical sleeves grow radially and isotropically

n their respective bases. If one of the ellipses were a circle, the sleeve
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Table A1 

Summary of the measurement results of the QoM for the samples studied in this article. 

(a)

(b)

Fig. B1. Section of a cross-sectional micrograph on the left, showing that fibres, matrix and filled porosities have a different grey level. A close-up of a fibre shows 
its spurious black envelope The three grey levels are highlighted in the histogram of the image on the right. Automatic segmentation is performed based on the peak 
locations of the histogram. 

w  

e  

e  

r

𝑟  

w  

o
a  

c  

i

ould grow proportionally to ||⃖⃖⃗Ω|| (with ||⃖⃖⃗Ω|| = 1 ). However, for the
llipse centred in 𝑃 , the radius along ⃖⃖⃗Ω grows ||𝐓 

−1 ⃖⃖⃗Ω||−1 faster (this
xpression is ≥ 1 ). Thus the average growth factors of the two sleeves’
adii are proportional to: 

 = 

||𝐓 

−1 ⃖⃖⃗Ω||−1 + ||𝐓 

′−1 ⃖⃖⃗Ω||−1 
(2)
2 

14 
ith 𝑟 ≥ 1 . From this, it is straightforward that the ratio 𝑑 0 ∕ 𝑑 𝑐 is the ratio

f 𝑟 over ||⃖⃖⃗Ω||. Here 𝑑 0 = ||⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′||, i.e. the measured distance between 𝑃 
nd 𝑃 ′ in the orthonormal basis  0 of the micrography plane. 𝑑 𝑐 is the
orrected centre-to-centre distance mentioned earlier. Hence this ratio
s: 

𝑑 0 
𝑑 

= 

||𝐓 −1 ⃖⃗Ω||−1 + ||𝐓 ′−1 ⃖⃗Ω||−1 
2 

(3) 

𝑐 
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Fig. C1. Schematics of cross-sections of cylindrical fibres in a micrography plane. The few drawn cases highlight the differences between the Euclidean centre-to- 
centre distance 𝑑 0 and the true distance between the fibres 𝑑 𝑐 in comparison to the fibre diameter 𝑑 𝑓 . 

Fig. C2. Illustration of two fibres of different orientations and eccentricities. Their centre points are 𝑃 and 𝑃 ′, and their related fibre parameters are used for the 
calculation of the corrected centre-to-centre distance. Note that  and  

′ are orthogonal non-normal bases, because their unit vectors correspond to the length of 
the ellipse axes. 

a

𝑑

|  

t  

u

A

nd the expression of 𝑑 𝑐 is: 

 𝑐 = 

2 ||⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′||
||𝐓 −1 ⃖⃗Ω||−1 + ||𝐓 ′−1 ⃖⃗Ω||−1 (4) 

Note that this expression of 𝑑 𝑐 is also the harmonic mean of ||⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′|| ×|𝐓 

−1 ⃖⃖⃗Ω|| and ||⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑃 ′|| × ||𝐓 

′−1 ⃖⃖⃗Ω||. This corrected centre-to-centre dis-
15 
ance was calculated for all segments of the Delaunay triangulation and
sed for the refinement. 

ppendix D. Overview of image processing steps 
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Fig. D1. Schematic overview of the various steps involved towards obtaining the BSD, IoS and SoS from the microscopy figures. 
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