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Abstract

Recycling of thermoplastic composites has attracted considerable attention in the recent years.

Several recycling solutions include shredding scrap to centimetre-sized flakes to retain long fi-

bres, followed by a remanufacturing step that prevents fibre breakage. Determining the exact

fibre length distribution (FLD) for these routes is crucial, as it is of importance for the proces-

sibility of the material as well as the mechanical performance of the recycled parts. In this paper,

novel analysis methods are introduced to calculate FLDs based on photographs of flakes. The re-

liability of the method and of the sampling was found to be high. The relation between flake size

and FLD was studied, showing that offcut layup barely influences the FLD in comparison to flake

size. The effects of shredding settings and sieving were studied, showing a strong correlation be-

tween machine parameters and FLD, whereas the offcut size was found to have no effect on FLD.

Keywords: A. Discontinuous reinforcement, C. Statistical properties/methods, E. Recycling,

Fibre length distribution

1. Introduction

With the demand and production of continuous fibre thermoplastic composites (TPCs) rising in

the aerospace industry, the volume of production scrap has also grown and is expected to con-

tinue to grow in the future [1]. This scrap material is generated over the course several process-
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ing steps of, for instance, three of the main manufacturing routes of TPCs, as shown in Figure 1.

There, the top flow chart represents a route where unidirectional tape prepregs, are placed into

a mould, in which they are subsequently post-consolidated and/or formed. The middle process

route represents autoclave consolidation and forming of prepregs. In the bottom flow chart, the

prepregs are press-consolidated and then formed, e.g. by stamping. The dark-grey arrows repre-

sent the steps that produce scrap in these three manufacturing processes. Although many oper-

ations generate scrap, the bulk of the scrap is composed of nested offcuts and trims in a consoli-

dated form, which are therefore multi-layered and may have various layups, such as in Figure 2a.

In addition to the production scrap, end-of-life (EoL) TPC waste will later join the recyclable

waste feed and become a critical issue. Recycling these streams is economically attractive because

of the high value of composite waste and will probably become mandatory from an environmental

perspective in the future. Several European directives have already put restrictions on disposal

and require that specific waste streams be recycled [2, 3].

[Figure 1 about here.]

Several recycling solutions specific to TPCs have been implemented in recent years to convert

this production scrap [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. They all follow the same scheme: size

reduction, sorting impurities if necessary, and manufacturing a new part. In all cases, the recy-

cled part is manufactured with a process that resembles compression moulding of discontinuous-

fibre composites. In these various approaches, the desired fibre length ranges from sub-millimetric

to centimetric. Besides, some of these recycling solutions require the addition of pristine poly-

mer to the recyclate to lower its fibre fraction [5, 6, 10, 8], while other solutions enable process-

ing at the input fibre fraction [4, 7, 9, 11, 8, 12, 14]. Cradle-to-cradle approaches have also been

proposed by some authors [7]. These recycling approaches, except the one reported by Roux et

al. [7], contain a mechanical size reduction step using shredders, cutting mills or hammer mills.

These types of comminution processes offer a large range of possibilities in term of output size,

from powder to centimetre-sized flakes [15], depending on the requirements of the recycling route.

Recently, De Bruijn [5, 6] has proposed a solution that aims to retain most of the value and me-

chanical performance of TPC production scrap, consisting of shredding scrap to centimetre-long

flakes, melting and mixing those flakes into a dough using a low-shear mixer, and transferring the

dough to a press for compression moulding. Long fibres, and therefore large flakes, are required
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to achieve high mechanical performance [16]. In addition, this solution is capable of processing

consolidated scrap, which represents the bulk of production scrap, discarded components and EoL

TPC waste.

[Figure 2 about here.]

In this recycling route, the micro-structure of recycled composite parts consists of entangled bun-

dles instead of overlapping flakes such as in [4]. Both the flow behaviour of the dough during

compression moulding and the mechanical properties of the recycled part will depend, among

other parameters, on the fibre length distribution (FLD) [17]. As this recycling solution was de-

veloped in order to avoid breaking fibres during processing, it is important to determine the FLD

of the shredded flakes rather than just the flake sizes, or particle size distribution (PSD).

Additionally, industrial applications of this recycling route may require tailored materials with

specific flow behaviour or a certain part performance, in order to manufacture of certify a par-

ticular part. The production of various FLDs, with short or long fibres, with narrow or wide dis-

tributions, is an important criterion here. It is therefore essential to understand which factors

influence the FLD and how to tailor these to specific requirements.

The literature already presents several methods to characterise the FLD, which can be categorised

as direct and indirect. Methods are considered direct when all fibres in a sample are measured,

whereas indirect methods only produce an estimated FLD. Direct measurements have been exten-

sively used for short-fibre composites [18]. A typical example is injection moulding, where many

fibre-length characterisations are carried out to determine fibre length reduction. In a signifi-

cant share of these direct measurement methods, fibres are reclaimed by burning off the matrix,

for instance, after which they are spread out on a piece of paper or scanner to be captured in a

photograph. Image analysis is performed to determine the exact FLD [19, 18]. This methodol-

ogy works well for fibres of moderate length (length/diameter (L/D) < 1000). Longer fibres may

bend considerably or overlap, which makes characterisation difficult. The latter method has been

widely used for thermoset-composite recycling processes, particularly because the fibres are sep-

arated from the matrix during the process anyway [20, 21, 22]. However, many studies stopped

characterising reclaimed long fibres (L/D > 1000) and started investigating flakes obtained from

the size reduction process instead. This is primarily due to the image analysis methods used, as

their technical limits are stretched at these lengths. For such long fibres, indirect measurements
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methods are used instead. In the case of recycling fibre-reinforced plastics, shredded scrap is

sorted using sieves or air classifiers [23, 24] and the PSD is obtained based on the sorted out-

put. The FLD is estimated indirectly by being considered equal to the PSD. This may be true

[25, 24, 26, 27, 28, 29] for flakes in slender cured bundles form, as particle length is equal to fibre

length in this case. However, when the output flakes have an aspect ratio close to unity, such as

in [6] and as shown in Figure 2b, the FLD can be far apart from the PSD [30]. This is mostly the

case when fibre orientations differ from the principal directions of the flakes, in which case the

FLD may not be approximated to the flake length. Therefore, in addition to the PSD, an alter-

native method is required to determine the FLD of large, possibly multi-layered, flakes. To the

knowledge of the authors, this problem has, thus far, not been tackled.

The objectives of this article are: 1. to develop and implement a reliable method that calculates

the FLD based on a batch of multi-layered flakes; 2. to understand the relations between flakes

and FLD to determine whether flake shape, size and layup affect the resulting FLDs; and 3. to

understand whether and how offcut size, shredding settings and sieving can influence the FLD of

the resulting flakes.

The current paper will elaborate on these three issues. Firstly, details on the materials, shred-

ding/sieving processes, and the implemented method will be presented, followed by a results and

discussion section, which will answer the objectives of this article.

2. Materials

The offcuts used in this article were collected at various manufacturing plants. For the purpose

of this study, offcuts are defined as the remainders from the nesting or trimming stage of from

prepregs or laminates (see Figure 1). However, the offcuts collected in this study only consist of

trims from the stamp-forming stage (shown in Figure 2a), and trims from the press-consolidation

stage (later referred as offcut 2nd type). Both types of offcuts consist of TenCate Cetex R⃝ TC1100

carbon/PPS (C/PPS) 5-harness satin consolidated in a quasi-isotropic layup, as shown in Fig-

ure 2a. The trims from the stamp-forming stage were arbitrarily classified into three categories

based on their offcut weight and are listed in Table 1. The second type of offcuts was not cate-

gorised because the offcuts in question were very similar in terms of size and is named: C/PPS

offcuts - 2nd type. The trims collected in this study are composed of quasi-isotropic laminates as

4



stated above. However, this will not always be the case, as the industry can use various layups to

manufacture components.

[Table 1 about here.]

Multiple shaft shredding was the size reduction method of choice for this study for its ability

to produce large and uniform flakes unlike other technologies, such as hammer mills or cutting

mills [31]. Two- and four-shaft shredders manufactured by UNTHA shredding technology Gmbh

(hereinafter UNTHA) were used for this purpose. This type of machine was designed to shear

the input material rather than impact it, as in hammer mills, which is achieved by having the

shafts rotate at low speeds [31, 32, 33]. Practical experience of UNTHA and a project partner,

Nido RecyclingTechniek, had shown that these machines produce a small fraction of fine particles

compared to single-shaft shredders or hammer mills. Here, fine particles are defined as being five

to ten times smaller than the intended main output of a machine. Most flakes are therefore in

the desired size range, as one can see in Figure 2b. The comminution mechanism of these shred-

ders can be summarised as follows. The incoming material falls into the shredder, where teeth lo-

cated on rotating blades force it to move downwards (see the blue vertically hatched areas in Fig-

ure 3a). The rotating blades overlap and therefore shear the material in the orange horizontally

hatched area in Figure 3a. When a screen is placed directly beneath the blades, the flakes will

either, fall through the screen, if they are small enough, or be caught by the teeth on the outer

shafts, after which they are moved upwards to be shredded again. Obviously, blade width and

screen size will influence the PSD. Apart from these two parameters, previous work on size re-

duction showed that the clearance between blades, small variations in rotational speed or sharp-

ness of the blades/teeth have a major influence on the fracture mechanism but seem to have very

little influence on the PSD [31]. Consequently, only the influence of blade width and screen size

will be studied here. Various UNTHA shredders were used, depending on desired machine set-

ting and availability, namely S20, RS30, RS40 and RS50. A summary of the shredding tests and

the settings used is listed in Table 2. Apart from the blade width and screen size, shaft diameter,

maximum torque, maximum throughput and number of shafts varied [32, 33]. The first three are

known to affect the input volume and size, but not the PSD a priori. Similarly, four-shaft shred-

ders allow the machine to be auto-cleaned, whereas the two-shaft shredder (S20) does not, but no

variation in PSD is expected.
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[Figure 3 about here.]

[Figure 4 about here.]

[Table 2 about here.]

Shredding experiments performed in collaboration with Nido RecyclingTechniek and UNTHA

were found to produce very limited amounts of dust. The amount of dust in a workplace, espe-

cially when it comes to fibre-reinforced composites, must comply with the guidelines of the

European Scientific Committee of Occupational Exposure Limits, which recommends that work-

ers are not exposed to more than 1 fibre/cm3 per 8-hour time-weighted average (8-hour TWA) [34].

RPS B.V. (Delft, the Netherlands), an external company certified to measure particles in work-

places, was commissioned to carry out a study on our S20 shredder to measure its small carbon

fibre emissions when shredding the same C/PPS offcuts used in this study. The objective was to

confirm or disprove the limited dust production with this comminution method and TPC ma-

terial. Workers were given personal air sampling pumps and several stationary air pumps were

installed in the lab during the measurements to record dust exposure. All fibre exposure mea-

surements were found to be below 1% of the 8-hour TWA limit, which is a considerable safety

advantage, showing the benefits of shredding thermoplastic composites. In comparison, Nido Re-

cyclingTechniek and UNTHA had previously experienced that shredding and grinding thermoset

composites produced large amounts of dust. The volume of dust generated during the thermoset

composite shredding process was not measured.

After shredding, a 6 kg batch of shredded flakes was sieved using multi-stage vibrating sieves (see

Figure 4). A set of perforated-plate sieves and woven wire sieves, specified by ASTM E323 and

ASTM E11 respectively, were used with the following sizes: 2, 2.8, 4, 5.6, 8, 11.2, 16, 22.4 and

31.5 mm. The PSD of sieved flakes is evidently correlated to the aperture of the sieve [23] but

the exact relation is unknown, and the same goes for FLD and sieves. This study aimed to un-

derstand how sieving affects FLD, and to relate FLD to sieve size in particular.

3. Image processing analysis

Two alternative methods were developed to characterise the FLD of a batch of flakes. This sec-

tion describes the various steps of the methods, which will later be used to characterise the FLD

of shredded scrap in Section 4.
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The steps of the two methods, named measured-orientation method and assumed-orientation

method, are detailed in Table 3 and Figure 5. The differences between the two alternative meth-

ods are highlighted in Table 3 in italics.

Specifically, the measured-orientation method requires knowledge about the offcut layup (for step

4) and the identification of the fibre orientation of the top layer (for step 2b). The identification

can either be performed automatically using fibre detection tools and image analysis or manually.

The purpose of this study was not to develop these fibre detection tools, which is why the fibre

orientation was determined manually. Although such a measurement method indirectly estimates

the FLD in each flake, it is considered to be the correct FLD by definition based on the following

assumptions:

1. the flakes are flat;

2. the crimp percentage, if any, is null;

3. the edges of the flakes are sharp;

4. the fibres are not bent or sheared in the flakes.

The corrections required for these assumptions are not taken into account and may be time-consuming

to implement or unknown to the user of the method. In the case of the C/PPS offcuts - 2nd type,

assumptions 1 and 4 are valid because the offcuts originate from (flat) press-consolidated lami-

nates. The other types of offcuts were coming from the trimming of press-formed components,

which means assuming 1 and 4 is less accurate. However, visual inspection of the flakes revealed

a limited number of bent flakes. Assumption 3 was found to be mostly valid for the shredded

flakes in this study (see Figure 6). The variations induced by protruding fibres were very lim-

ited. Additionally, the crimp percentage of the 5-harness satin used in this study (see Section 2)

is <0.5 %, and thus negligible [35].

Contrary to the measured-orientation method, the assumed-orientation method disregards fibre

orientation in the flakes by selecting an arbitrary set of fibre orientations (step 4). This way, the

assumed-orientation method calculates an FLD that is independent of the actual flake layup. It

does not require prior knowledge of the layup of the flakes, nor detection of the fibre orientation

of the top layer. For this study, an angular increment of 10◦ was chosen, representing a virtu-

ally isotropic in-plane layup. The angle of 10◦ remained unchanged when different scrap or a dif-
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ferent scrap layup was used. The angles are always measured in the reference orthonormal ba-

sis of the photographs (see (e1, e2) in Figure 5). The effect of the angular increment on the re-

sulting FLD was tested for all the following increments: 5◦, 10◦, 20◦ and 45◦. Increments < 10◦

were found not to improve the accuracy of the method, and thus 10◦ was chosen for this study.

Such a method evidently results in less accurate FLDs than when calculated with the measured-

orientation method, but it can be adapted to any batch of flakes without prior knowledge about

the scrap in question. Consequently, it is beneficial to determine its accuracy compared to the

measured-orientation method. The first part of the following section will answer this problem.

[Table 3 about here.]

[Figure 5 about here.]

4. Results and discussion

The various C/PPS offcuts were shredded and sieved, using the settings as detailed in Section 2:

blade width, screen size and offcut size. Overall, most flakes had a shape resembling a parallel-

ogram or a trapezoid as shown in Figure 6, while the average flake size was found to vary with

shredding settings.

[Figure 6 about here.]

The first subsection will address the reliability of the methods defined in Section 3, particularly

the reliability of the assumed-orientation method in respect to its manual counterpart. Addition-

ally, possible reasons that explain the discrepancy and similarity between these two methods will

be discussed. Consecutively, the assumed-orientation method will be used to characterise FLDs in

order to clarify which parameters affect FLDs and to which extent.

4.1. Reliability study

Batches were sampled randomly for the two implemented methods. Since this may induce statis-

tical variability, a reproducibility and repeatability study was performed first, using the measured-

orientation method. Six kilograms of flakes were obtained from shredding C/PPS 2nd type using

an RS30 with a 19 mm blade width and a 40 mm screen size. These were then kept stationary

after shredding to prevent the finer particles from sinking to the bottom of the container. Seven
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batches were sampled without replacement, i.e. flakes were drawn once and not returned to the

population, from the top of the container. The first five batches were sampled by the first opera-

tor and the last two by another operator on a different day.

[Figure 7 about here.]

4.1.1. Measured-orientation method

The FLDs of the seven batches were calculated using the measured-orientation method. Exam-

ples of such FLDs are shown in Figure 7a, which can be characterised as a uni-modal distribu-

tion peaking at around 20 mm, which is close to the blade width of 19 mm. This apparent cor-

relation will be discussed in further paragraphs. These distributions were found not to fit with

regular probability density functions that might characterise FLDs, such as log-normal [17] or

Weibull [36, 37]. This is mostly due to the characteristic long tail and high peak of the presented

FLDs. All seven batches resulted in FLDs similar to Figure 7a. A correlation coefficient, rN ,

based on the Pearson correlation coefficient, can be calculated to quantify this similarity [38].

Ideally, rN would be the correlation coefficient between the FLD of batch number N and the

FLD of the parent population. However, due to the difficulty of calculating the FLD of the entire

population, the weighted average of the seven batches is considered to be the best approximation.

Thus, rN compares the FLD of each batch to this average:

rN =
Σn

i=1(xN,i − x̃N )(Xi − X̃)√
Σn

i=1(xN,i − x̃N )2Σn
i=1(Xi − X̃)2

(1)

where N refers to batch number N (from 1 to 7), xN,i is the length fraction (or volume in this

case) of batch N for the fibre length i, x̃N refers to the arithmetic mean of all xN,i and X refers

to the weighted average of the seven batches. Table 4 lists the rN for the seven batches, which

are all larger than 0.978. Even though these numbers are close to 1, it is difficult to objectively

conclude whether they are large enough. As an example, Figure 7a displays two FLDs that each

have an rN of 0.985, showing what level of variability is expected for such an rN . To sum up, it

can be concluded that the sampling method induces a low statistical variability from the rN co-

efficients in Table 4 as well as from the FLDs displayed in Figure 7a. It is also important to note

that these levels of correlation can be achieved for small batches (Table 4), featuring between 59
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and 93 flakes per batch. This improves the robustness of industrial recycling solutions. Batch-

process routes, such as in [5, 6, 9], result in virtually identical FLDs from one batch to another.

[Table 4 about here.]

4.1.2. Assumed-orientation method

Next, the assumed-orientation method was employed to calculate FLDs, which were compared to

those computed with the measured-orientation method. As a reminder, the assumed-orientation

method disregards the actual flake layup when computing FLDs. All the flakes in the current

study are shredded quasi-isotropic offcuts. However, the industry uses or will use various layups

to manufacture TPC components. Therefore, the accuracy of the assumed-orientation method

must be tested against various flake layups. For that purpose, the actual layup of the seven batches

of flakes was considered when analysing the flakes (the case presented in the previous paragraphs),

or they were considered to have a virtual layup (cross-ply and unidirectional (UD)). The resulting

FLDs for each layup configuration were then compared to the results of the assumed-orientation

method. Correlation coefficients were calculated between the FLDs computed using the assumed-

orientation method and the FLDs calculated with the measured-orientation method for each

layup situation and for all seven batches. An expression of such a coefficient is defined as:

r =
Σn

i=1(xi − x̃)(yi − ỹ)√
Σn

i=1(xi − x̃)2Σn
i=1(yi − ỹ)2

(2)

where x and y refer to the two FLDs to be compared. Similarly to Equation (1), xi corresponds

to the volume fraction for the fibre length i of the FLD represented by x, and x̃ is the arith-

metic mean of all xi. The various layups are denoted by rquasi,N , rcross,N and rUD,N . The names

quasi, cross and UD refer to the layup (true or virtual) of the flakes when running the measured-

orientation method. As before, N corresponds to the batch number, ranging from 1 to 7. Ta-

ble 4 lists the results for these three coefficients for all batches and Figure 7b shows a few typi-

cal FLDs to help visualise the correlation levels between the assumed-orientation method and the

measured-orientation method for different layups.

Table 4 highlights that all rquasi,N and rcross,N coefficients are very high. The rUD,N coefficients,

on the contrary, show some deviations, as they range from 0.70 to 0.91. The FLDs in Figure 7b

illustrate an example for batch 1, computed with a virtual UD layup on the one hand and with
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the assumed-orientation method on the other. This results in a mediocre correlation between the

two FLDs, validated by rUD,1 = 0.854. Although the two FLDs look different, the major charac-

teristics are well captured: a high peak at 20 mm, a very good correlation for fibres smaller than

20 mm and a long tail for long fibres.

Two main results can be derived from this study of the assumed-orientation method. Firstly, the

assumed-orientation method can be used instead of the measured-orientation method, as it char-

acterises FLDs well when flakes have a quasi-isotropic layup, which is the case in this study (see

Section 2). Secondly, the results on rquasi,N , rcross,N and rUD,N seem to show that flake layup

hardly influences the FLD in most cases, as opposed to flake shape.

[Figure 8 about here.]

4.1.3. Discussion

The possible origins of the influence of flake layup and shape on the FLD are discussed here.

First, flakes obtained from multiple-shaft shredders mainly look like parallelograms, or possibly

quadrilaterals, as shown in Figures 2b and 6. As offcuts might be shredded from any orientation,

fibres might also have any orientation, irrespective of flake layup, indicated as θ in the referen-

tial of the flake (see Figure 8). However, there are two phenomena limiting the influence of θ on

FLD. To make matters simpler, consider a single rectangular flake. Figure 8a illustrates that vari-

ations in fibre length (∆L(θ)) are small when θ is small, whereas variations in L(θ) are large for

large angles, in which θ is defined with respect to either of the principal directions of a parallel-

ogram flake (e1 and e2 in Figure 8). When the fibres are randomly oriented in the flakes, there

will be many more fibres with a length close to the flake width and flake height. Consequently,

the offcut layup has less influence on the FLD than the flake shape and size. Figures 8b and 8c

highlight the areas of constant fibre length in grey. It is clear from these figures that there are

more fibres of length L(θ) for a small angle θ than for a large angle. This, again, indicates that

there are more fibres with a length close to the flake width and flake height when the fibres are

randomly oriented in flakes.

[Figure 9 about here.]

[Figure 10 about here.]
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These phenomena demonstrate that FLDs are dependent on flake size and shape as well as on

the orientation in which the offcuts were shredded. However, the offcut layup has no influence

when the orientation of the offcuts in the shredders is completely random. The shredding experi-

ments performed in this study showed that this orientation seemed random if the hopper is large

enough to be fed by offcuts in every orientation. Measurements were made for a batch of flakes

that closely matches these conditions: C/PPS offcuts - large shredded with an RS40 shredder

(test #5 in Table 2). The fibre orientation of the top layer was measured from pictures of the

flakes. The orientation of flakes on the pictures was also set to be the 0◦ reference. A histogram

plot of the results is shown in Figure 9. The number of fibres is relatively low around 20◦-25◦

and 60◦-65◦, while relatively high numbers of fibres are found at 0◦, 45◦ and 90◦. However, these

peaks are fairly flat and most angles are well distributed. The offcuts used in this section, C/PPS

2nd type, have a much larger aspect ratio and were fed into the shredder less randomly. As a con-

sequence, the orientation distribution of the top layer is more centred at 0◦ and 90◦. Because

of this, one would expect variations between the FLDs computed with the measured-orientation

method for various flake layups. These differences are visible for the UD case (see Table 4). The

rUD,N coefficients vary, indeed showing correlations that range between marginal and good. Still,

the rquasi,N and rcross,N coefficients are high confirming that offcut layup has far less influence

on FLD than flake size.

Additionally, the argumentation for a single rectangular flake can be extended to explain the

shape of the FLDs. As there are more fibres with a length close to the flake width and flake height,

it is expected that the FLD can be obtained from the distribution of flake width and height. This

statement becomes more accurate for flakes with a high aspect ratio as it strengthens the two

phenomena. It also remains true for variations in flake size, as there are independent of flake size.

However, changes in flake shape can diminish the effects. This should be studied case by case

and probably depends on flake convexity and the number of edges of the flake in question. One

of the possible representations is to use maximum and minimum Feret diameters, which corre-

spond to the maximum and minimum lengths of a random shape that can be measured with a

calliper [39]. Figure 10 shows the distribution of these minimum and maximum Feret diameters

of flakes obtained from the image processing analysis. The distribution of the minimum Feret di-

ameters is narrow, peaking at 22 mm, while the maximum Feret diameter ranges from 20 mm to

100 mm. This explains the peak at 20-22 mm in Figure 7, obtained with a 19 mm blade width,
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as well as the long tail next to this peak. The discrepancy between blade width and the minimum

Feret diameter can be explained by various factors. On one hand, blade clearance and wear of the

shredder may lead to slightly larger cuts than the expected 19 mm. On the other hand, the ob-

served flakes have small protruding fibres or broken particles next to the flakes, which artificially

increase the Feret diameters.

Nevertheless, the assumed-orientation method was shown to reliably capture FLDs of quasi-isotropic

flakes.

4.2. The influence of shredding settings and sieving

The results of the previous section explained the development and reliability of the methods,

especially the assumed-orientation method, which will be used for the rest of the study. These

results enable us to proceed to the last aim of the paper: to understand whether and how, off-

cut size, shredding settings and sieving influence the FLD of the resulting flakes. Three cases are

tested in this section.

• The first considers offcuts of different sizes shredded with the same parameters, to deter-

mine whether offcut size influences the FLD of the shredded flakes. Three offcut sizes were

used for this purpose.

• The second case tests the influence of varying shredding parameters, namely blade width

and screen size, on the FLD. Shredding experiments with four combinations of blade width

and screen size were performed.

• The third case involves the sieving of shredded flakes, to determine the relation between

sieve size and FLD. A set of different sieves was used to sieve one batch of flakes.

First, offcuts of the various sizes listed in Table 1 were shredded using an S20, a two-shaft shred-

der without a screen. The shredded output was fed through the shredder four times to create

multiple cuts and to simulate the effect of a screen. A visual inspection revealed that slightly

more fine particles were produced than with the four-shaft plus screen system. A single batch was

sampled and analysed for each of the three offcut sizes. The corresponding FLDs are displayed

in a boxplot in Figure 11 (top three rows). The peak location is also indicated and is situated at

20 mm for all three cases, which was expected as the blade width is 19 mm (one of the dashed

13



lines in Figure 11). Besides, the scatter of the FLD, regardless of whether interquartile range or

90 % spread is considered, is nearly constant. For comparison purposes, a correlation coefficient

was calculated between the FLDs resulting from tests #1 & #3, and #2 & #3, following Equa-

tion (2). This resulted in r#1,#3 = 0.910 and r#2,#3 = 0.990 respectively, which confirms their

apparent correlation. Although FLDs shift slightly towards longer fibres when offcut weight in-

creases, this effect is very limited compared to the differences between the average offcut weight

and size (see Table 1).

[Figure 11 about here.]

Secondly, the shredding parameters of four-shaft shredders were varied while processing the same

type of offcuts. The following combination of blade width [mm] and screen size [mm] were used:

(29 - 25), (19 - 40), (29 - 40) and (29 - no screen). The bottom four rows in Figure 11 summarise

the resulting FLDs, and one batch was sampled and analysed for each combination of settings.

Similarly to the previous case, the peak value is equal to blade width when screen size, if ap-

plicable, is larger than the blade width (tests #5, #6 and #7). Otherwise, when the screen is

smaller than the blade width, the shredded flakes had much smaller fibre lengths (tests # 4 and

#6). This is a direct consequence of flakes being cut multiple times in the shredder before they

pass through the screen. For those tests, flake area was also measured by means of image anal-

ysis, confirming the results. The average flake area for test #4 was 379 mm2, while #5 and #6

resulted in 603 mm2 and 950 mm2 respectively. In addition, larger blade widths result in larger

flakes and shift the bulk of FLDs to longer fibres (tests #5 and #6), as a result of increased flake

size.

Overall, the seven FLDs in Figure 11 show that the bulk of fibre lengths is narrowly distributed

at the peak, in addition to having long tails on the right-hand side. This is in accordance with

the findings of the previous section.

[Figure 12 about here.]

Thirdly, flakes shredded from C/PPS large offcuts (19 mm blade - no screen - 5 cuts) were sieved

using a multi-stage vibrating sieve, as described in Section 2. One batch of flakes was sampled

from the material resting on each sieve. The FLDs were calculated and are shown in Figure 12

in a boxplot form. The aperture of the sieves from between which the flakes were retrieved, is
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overlaid on the FLDs. As expected, based on the results of the previous section, the FLDs are

directly correlated to their related sieves. Flake size is linked to the sieve aperture, and so is the

FLD. A small percentage of flakes did not pass through the 22.4 mm sieve. This may be due to

the S20 shredding machine, to which no screen could be attached, which might produce these

large flakes. The fraction of flakes retrieved from the 11.2 mm and 22.4 mm sieves represents

70%, which is in agreement with the expectations and previous results: most of the flakes have

a size close to the blade width. The flakes resting on sieves of aperture 8 mm and lower start to

delaminate when using this shredding system and these blade/screen parameters. Importantly,

different comminution techniques may induce delamination of flakes at different flake sizes from

what it observed here. This primarily depends on the dominant comminution mechanism, impact

or shearing [15].

5. Conclusion

The objective of this paper was to develop and implement a new method that calculates FLD

from a batch of multi-layered flakes. Recycling routes, such as those presented in [6] can benefit

greatly from knowing the fibre lengths in the recyclate. The next step was to use this newly im-

plemented image processing method to understand whether and how shredding parameters can

influence FLD, as well as seeing how FLD could be adjusted by means of sieving.

In this study, an image processing method that disregards the actual flake layup was successfully

implemented and used to calculate FLDs from pictures of flakes. It was found that FLD is closely

related to flake size and is barely affected by offcut layup, if the offcuts are fed into the shred-

der at random orientations. This characteristic extends the validity of the method to shredded

composites when there is no prior knowledge of the layup. However, the methods and the results

remain valid only if flakes do not delaminate during the shredding process.

Additionally, the researchers noticed that production scrap can vary in size. However, this was

shown to have no influence on FLD/PSD, which is a significant result when setting up a pilot

plant or production line to recycle collected scrap. Along the same lines, it was demonstrated

that sampling batches from a population of shredded flakes is reproducible even when batches are

as small as 60 flakes. Such a stable FLD/PSD, from batch to batch or in a continuous process,

will be a minimum prerequisite for any application requiring reproducible part performance.

15



Finally, it was shown that changing the blade width and screen shifted FLD location and peak,

as well as modifying the overall scatter of FLDs. Sieving provides a simple way to separate fine

and coarse particles. It was also found that the aperture size of the sieves is closely correlated to

the FLD of flakes resting on each sieve. These results were obtained with flakes shredded from

quasi-isotropic offcuts but the authors believe that similar results can be expected if the scrap

layup varies.

This study focused on TPCs, but the results presented here, as well as the assumed-orientation

method, can be easily used for the recycling of thermoset composites. Although recycling solu-

tions for thermoset composites are different from those for TPCs, the comminution step can be

similar, which results in similar needs to characterise FLDs.
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(a) C/PPS offcuts prior to shred-
ding

(b) C/PPS flakes obtained after
shredding

Figure 2: Pictures of scrap material before and after shredding
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Figure 3: Schematics of a shredder, top and front views in 3a, and inside view of a four-shaft shredder (image
courtesy of UNTHA) in 3b.
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Figure 4: Photograph of the multi-stage vibrating sieves used in this study.

25



length

%

𝜃=10°
𝜃

length

%

𝜃=20°

etc. for 𝜃=30°, ..., 180°

steps 2 - 3 step 4 step 5 step 6

length

%
𝜃steps 2 - 3 step 4 step 5 step 6

Measured-orientation method

Assumed-orientation method

𝜃

and for the angles: 
ply orientation+𝜃

e1

e2

Figure 5: Sketch of the process steps for the measured-orientation (top) and assumed-orientation (bottom)
analysing methods. Step numbering refers to the process description in Section 3.

26



Figure 6: Picture of some C/PPS flakes with a 70 mm × 100 mm set square.
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Category Average Width Length Smallest
Weight [g] [mm] [mm] dimension [mm]

C/PPS offcuts - small 8 60 150 20
C/PPS offcuts - medium 164 160 420 50
C/PPS offcuts - large 328 260 760 70
C/PPS offcuts - 2nd type n/a 50 700 80

Table 1: List of the offcut types used in this study. The widths and lengths are averages.
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Test
number

Blade Aperture
Scrap type width of the screen Shredder Remarks

[mm] [mm]
#1 C/PPS small 19 n/a S20 (2-shaft) No screen, 5 cuts
#2 C/PPS medium 19 n/a S20 (2-shaft) No screen, 5 cuts
#3 C/PPS large 19 n/a S20 (2-shaft) No screen, 5 cuts
#4 C/PPS large 29 25 RS50 (4-shaft) 1 cut
#5 C/PPS large 19 40 RS40 (4-shaft) 1 cut
#6 C/PPS large 29 40 RS50 (4-shaft) 1 cut
#7 C/PPS large 29 n/a RS50 (4-shaft) No screen, one cut
#8 C/PPS 2nd type 19 40 RS30 (4-shaft) 5+2 batches
#9 C/PPS large 19 n/a S20 (2-shaft) No screen, 5 cuts,

used for sieving

Table 2: List of the various performed shredding tests. Section 4 will refer to the tests numbers listed here.
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Measured-orientation method: Assumed-orientation method:
step 1: sample a batch of flakes from an ini-

tial population;
step 1: sample a batch of flakes from an ini-

tial population;
step 2a: capture photographs of the flakes —

a diffuser box has been used for this
purpose;

step 2: capture photographs of the flakes;

step 2b: identify the fibre orientation of the
top layer — this was done manually
here but can be possibly performed
automatically;

—

step 3: convert the pictures to binary images
by thresholding the flakes;

step 3: convert the pictures to binary images;

step 4: generate arrays of lines oriented along
the fibre direction(s) of each ply,
which can be recovered from the scrap
layup and the orientation of the top
ply for known scrap;

step 4: generate arrays of lines for an arbi-
trary set of orientations: every 10◦

from 10◦ to 180◦;

step 5: intersect the binary images and their
respective arrays of lines;

step 5: intersect the binary images and the
arrays of lines;

step 6: compute the line length distribution
of the intersected images, which is the
FLD.

step 6: compute the line length distribution
of the intersected images, which is the
FLD.

Table 3: Description of the process steps of both methods. The cells in italic highlight the differences between the
measured-orientation and assumed-orientation methods.
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Batch #1 #2 #3 #4 #5 #6 #7
rN 0.985 0.990 0.985 0.980 0.991 0.978 0.986
Flakes per batch 63 63 64 61 93 59 60
rquasi,N 0.986 0.990 0.975 0.989 0.961 0.973 0.982
rcross,N 0.950 0.960 0.885 0.882 0.923 0.925 0.970
rUD,N 0.854 0.907 0.696 0.811 0.853 0.904 0.896

Table 4: Correlation coefficients of the batches used for the reliability study as defined in Equations (1) and (2)
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