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Due to their mechanical strength and durability, the automotive industry increasingly incorporates glass fiber-
-reinforced composites. However, evolving environmental regulations necessitate the integration of recycled
materials, presenting challenges, particularly with fiber fragmentation, which compromises composite strength.
This study investigates the effects of recycling on the mechanical properties and carbon footprint of polyamide
composites reinforced with varying glass fiber contents (15 %, 30 %, 45 %, and 60 %). Injection-molded spec-
imens were subjected to tensile testing to evaluate the effects of varying fiber length distribution on mechanical
performance across multiple recycling cycles. Findings revealed that fiber fragmentation increased with suc-
cessive recycling cycles, decreasing tensile strength and modulus due to shortened fiber lengths. The long fiber
ratio of the composites decreased to half after the first recycling. If all fibers were assumed to break below the
critical length, strength would drop by 18 %, 28 %, 68 %, and 74 % for PA6-GF15, PA6-GF30, PA6-GF45, and
PA6-GF60, respectively, compared to when all fibers stay above the critical threshold. Despite these challenges,
the recycled composites retained acceptable structural integrity for specific automotive applications, high-
lighting their potential market value. Using recycled materials in injection-molded parts can reduce the carbon
footprint by up to 30 %, depending on fiber content. Despite increased emissions with higher fiber content, PA6-
GF45 offers the optimal balance of strength, modulus, and sustainability. This research provides insight into
optimizing fiber content and recycling cycles to balance environmental impact and performance, thereby sup-
porting cleaner production in the automotive sector.

1. Introduction (De. et al., 2024).
In engineering, fibrous structures are the most commonly used

In recent decades, sustainable development and environmental reinforcing materials for thermoplastic polymer composites. The me-

protection have become crucial worldwide. Lightweight thermoplastic-
reinforced composites gradually replace traditional materials with
excellent mechanical properties to reduce carbon dioxide emissions by
lowering vehicle weight and consequently reducing fuel consumption.
One of the economical production methods of thermoplastic composites
is fiber injection molding, but this technology generates a large amount
of waste. The waste mainly consists of the dropped distribution channel,
the recycling of which is a challenge. Thus, considering climate change,
global warming, and a sustainable and circular economy, waste man-
agement industries have moved towards whole fiber recovery methods

chanical properties of fiber-reinforced composites depend on the fibers’
distribution, size and orientation, and the amount of adhesion between
the fibers and the matrix. The compatibility between the phases and the
grade of fiber dispersion within the matrix also significantly affects the
mechanical properties. The most commonly used reinforcing fibers are
glass and carbon fibers, but carbon nanotubes, aramid, and basalt fibers
are also used (De. et al., 2024). The most commonly used reinforcing
fiber is glass fiber due to its low cost and good mechanical properties.
The waste reduction of fiber-reinforced thermoplastic composites has
received much attention in recent decades, and one solution is recycling.
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In the automotive industry, one of the most commonly used engineering
composites is glass fiber-reinforced polyamide; several studies focus on
its recycling and the properties of fiber length (Tamrakar et al., 2023;
Goncalves et al., 2022; Pietroluongo et al., 2020; Gopalraj and Karki,
2020; Karimi et al., 2023). Goncalves et al. (2022) wrote about the ef-
fects of mechanical recycling and investigated thermal and chemical
recycling, making reclaiming good-quality fibers possible. Fiber recy-
cling is indispensable for fiber-reinforced composites, but their energy
requirements have not yet been determined. Therefore, we used me-
chanical recycling as well. Pietroluongo et al. (2020) also investigated
the effects of mechanical recycling on a glass fiber-reinforced PA66
automotive component, comparing microstructural and rheological
behavior with mechanical properties. They found that mechanical
strength also decreased with recycling due to fiber breakage. However,
in spite of degradation, the material retained its mechanical character-
istics, which are acceptable for other automotive applications. Thus,
mechanical recycling can be a solution to the problem of disposal in
landfills. Gopalraj et al. (Gopalraj and Karki, 2020) reached a similar
conclusion in their study about the methods of recycling composite
waste containing carbon and glass fibers and the recovery of the fibers.

Not only recycling but also intensive processing can damage glass
fibers, which affects the mechanical properties of the composite. One of
the most common processing methods for thermoplastic fiber-reinforced
composites is injection molding. Fibers are subjected to great stresses
throughout the injection molding process, including hydrodynamic ef-
fects, fiber-to-fiber interactions, and fiber-to-device wall interactions,
which can reduce average fiber length (Karimi et al., 2023). One of the
main challenges of the injection molding of granules with fibers is the
relative orientation of the fibers in the part, which is affected by the high
shear rates and long flow paths during mold filling (Kugler et al., 2020).
Ensuring that the fibers are highly oriented with the expected loads is
challenging, but fiber breakage is also a problem during injection
molding, resulting from high shear stresses. A significant shortening of
the fibers impairs the mechanical properties of the part (Miscik et al.,
2024). Therefore, when the effect of recycling is examined, it is essential
to compare the effects of the processing parameters on the mechanical
properties of the fibers. Eriksson et al. (1996) investigated the me-
chanical properties and performance of a recycled PA6.6-30 w% glass
fiber composite. The results showed that recycling decreased tensile
strength, which the shortening of the fibers can fully explain. This
phenomenon was also investigated by Bernasconi et al. (2007) on
injection-molded PA 66 GF 35 samples with different grinding ratios.
Kuram et al. (2013) studied the effect of the number of processing cycles
and injection molding parameters on the mechanical properties of
recycled PA6-GF30 samples. The number of recycling cycles had the
most significant effect, which they proved with variance analysis. They
found that fiber breakage was considerable each time the material was
recycled. Giillii Abdulkadir et al. (Giillii et al., 2006) examined the effect
of glass fibers on the mechanical properties of PP and PA6. They also
examined the effect of fiber content and injection molding parameters
on fiber breakage. The experiments showed that fiber reinforcement
improved strength, but the improvement did not show a linear rela-
tionship with fiber mass fraction. They concluded that fiber breakage is
reduced with low screw speed and injection speed, and large gate size.

Rohde et al. (Rohde, 2015) comprehensively investigated the effect
of processing parameters on fiber length in the injection molding of long
fiber-reinforced thermoplastic polymer parts. They used a design of
experiments in which they varied injection rate, back pressure, holding
pressure, and screw speed. Their statistical analysis showed that only the
combination of increased back pressure and screw speed was significant.
However, they found it difficult to isolate the mechanisms that cause
fiber breakage due to the complex phase transitions and shearing pro-
cesses involved in injection molding. Most fiber breakage occurs in the
plastification stage, which various research groups along the different
zones of the screw investigated. (Turkovich and Erwin, 1983; Inoue
et al., 2015; Lafranche et al., 2005). Using a conventional injection
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molding machine, Turkovich and Erwin (1983) determined by exam-
ining the sections of the screw that most fiber breakage occurs in the
compression zone as a result of the high shear because, during plastifi-
cation, the fibers protruding from the solid bed bend and break off.
Inoue et al. (2015) and Lafrance and Krawczak (Lafranche et al., 2005)
also found this and showed that the part’s quality depends on the gate
type and the plastification unit’s design. They found that most fiber
shortening occurred in the cavity of the plastification unit (nozzle, gate).

There are various methods for measuring fiber shortening during
processing and recycling. Among these, the most widespread are optical
methods, which measure fiber length and study the relationship be-
tween the processing conditions and the fiber length and the mechanical
properties of the injection molded parts (Giusti et al., 2018; Kang et al.,
2021, 2024). ISO 23314:2006 describes the standardized fiber length
measurement for materials with short fiber reinforcement. Generally,
the proper measurement of fiber length requires measuring the length of
1000-2000 fibers. Eriksson et al. (1996) used fiber length distribution,
average fiber length, and weighted average according to fiber length to
characterize recycled 30 m% glass fiber-reinforced PA6.6 samples.
Average fiber length can be calculated with Eq. (1); average fiber length
indicates the damage of the fibers during processing. Weighted average
fiber length can be calculated with Eq. (2):
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The whole sample can be represented with a histogram containing n
classes, where each class contains N;j fibers of length 1;. The weighted
average fiber length (by weight or fiber length) is the characteristic
mean of the fiber length distribution (FLD), which emphasizes the pro-
portion of long fibers in the distribution. The number average and
weighted average fiber length are commonly used to describe the fiber
length distribution (Bernasconi et al., 2007; Bertnasconi et al., 2007;
Salaberger et al., 2011). In a further study, Bernasconi et al. (Bertnasconi
et al., 2007) investigated the fatigue behavior of reprocessed glass
fiber-reinforced PA6.6. The fiber length distribution was corrected for a
more appropriate calculation. A Weibull probability distribution func-
tion can describe the FLD, as studies showed that Weibull’s model could
accurately describe the statistical distributions of the mechanical prop-
erties (Breuer et al., 2021; Ding et al., 2024):

f-1

fsn=L(5) e ®
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where [ is fiber length, s is the scale factor, and f is the shape factor. On

the other hand the cumulative distribution function of the Wibull dis-

tribution, Eq. (4) can express the percentage of a measured fiber, which

is useful to describe the fibers below and above the critical fiber length:

p=F(lls,f) = /Olf-s’f Ale <§)fd2:1 —e <i>/ 4

where p is the probability that a single observation from a Weibull
distribution with parameters s and f falls in the interval [0, []. Since the
fibers are not of uniform length, repeated injection molding led to a
progressively narrower length distribution (Eriksson et al., 1996).
Studies showed that with full reprocessing, mean fiber length decreased
exponentially to an asymptotic value as the number of reprocessings
increased. This asymptotic limit was near critical fiber length, according
to Filbert (Curtis et al., 1978). Average fiber length after the nth injec-
tion molding cycle if new material is mixed with recycled material (De.
et al., 2024):

L(n) =aR exp(—na) + a(1 —R)exp(—a) +c, 5)
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where L(n) is the average fiber length after the nth injection molding
cycle, R is the ratio of recycled material, c is the asymptotic limit value,
and a and « are parameters depending on injection molding parameters.
L(0) = a + b is the initial fiber length. When 100 % recycled material is
used, R =1:

L(n)=aexp(—na) + ¢ 6)

Studies have shown (Kugler et al., 2020; Miscik et al., 2024; Eriksson
et al., 1996; Bernasconi et al., 2007) that the tensile properties of short
glass fiber-reinforced thermoplastics primarily result from a combina-
tion of matrix and fiber properties, fiber length distribution, and fiber
orientation distribution. Bernasconi et al. (2007) determined fiber
length distribution by measuring fibers taken from the samples. The fi-
bers were spread on a glass slide and photographed with an optical
microscope using a digital camera connected to a computer. The re-
cordings were processed using the image analysis software of the Matlab
Image Analysis package. They also used manual measurement to eval-
uate the fiber length, during which they measured and statistically
analyzed 1000 fibers per material. In order to increase the accuracy of
the statistics, they corrected fiber length distribution by taking into
account the fibers intersecting the image boundaries (Bernasconi et al.,
2007). As a result of this correction, the number of relatively long fibers
increased, changing the frequency distribution and causing a lower
frequency of short fibers. Salaberger et al. (2011) used sub-pm computed
tomography (CT) to determine the fiber orientation and fiber length
distribution. They applied two analysis concepts on four different fiber
content for long glass fiber-filled polypropylene for data evaluation. The
parameters of fiber orientation, fiber length distribution, and fiber
content have been investigated. The FLD derived from the CT data
analysis was systematically compared with the FLD obtained from
standard optical microscopy analysis. In a similar study, Cai et al. (2023)
investigated the failure mechanisms and the critical fiber length of short
glass fiber-reinforced composites, with a focus on the role of micro-
structural features such as fiber orientation, fiber-matrix interaction,
and pore defects. According to the study, the tensile strength of a
composite can be determined by considering the distribution of fibers
relative to the critical fiber length Eq. (6).

o, =1, Vsor +Em(1 *Vf*Vp) @]

where 7, is a fiber orientation factor, G,, is the average strength of the
matrix, V; is the fiber volume fraction, and V), is the volume fraction of
pores. The average tensile strength of of a short fiber can be calculated
based on a modified Kelly-Tyson model, taking into account both the
sub-critical fiber Eq. (7) and the super-critical Eq. (8) fiber contribution
(Cai et al., 2023):

1
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where 7; is the shear strength of the interface and 6,y is the maximum
tensile strength of the fiber, which can be defined with the fiber elastic
modulus E; and the maximum strain of the fiber &. Due to the intro-
duction of pores in the tensile strength of a short glass fiber-reinforced
composite, the prediction of the critical fiber length is more accurate
in evaluating glass fiber breakage. Vas (2006) developed formulas to
estimate the strength of short fiber-reinforced composites as a function
of fiber length and fiber content. In this model a critical adhesion length
(l;) can be defined during a fracture, the resistance of which against
pulling out is equal to the breaking load of the fiber:

Fs=Isf, (10)

where f;, is the specific resistance per unit fiber length, and 2I is called
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critical fiber length. If we take the fibers that intersects the breaking
cross section, a distribution function of the active beard length (I") can
be characterized obtained from distribution Q;(x) = P(I< x), on the
basis of the theory of fiber flow (Vas, 2006):

1-Qf()

S(x)=P(I' <x)= /x I dt 1)
0

where [ = E(1) is the expected value of the average fiber length L For a
given fiber, an active beard length [, can be applied. If [, < [ the fiber
intersecting the breaking cross section slips out, and in the opposite case,
when [, > [; the fiber breaks:

Iy =min (I*, 1) (12)

A distribution function S,(x) of length I, can be obtained from
beard-length distribution ba Eq. (13):
2Xx 1— t
Sn(x)=P(ln<x)= / le()dt 13)
0
The relationship between the average tensile strength of the rein-
forcing structure and the average fiber length, in the presence of
simultaneous damage, can be calculated as follows (Vas, 2006):

Fl=f, /OIS XdSp(x) + Fs(1 — Sm(ls)) a4

This relationship enables the effective determination of the tensile
strength of a short fiber-reinforced composite, accounting for fiber
fragmentation due to fiber content, as well as the presence of fibers both
above and below the critical fiber length.Injection molding is crucial in
manufacturing due to its versatility and precision in producing complex
components. (Moussaoui, 2024). However, the environmental footprint
of injection molding has become a significant concern, driven by the
energy-intensive nature of the process and the increased use of fossil
fuel-based polymers (Nguyen et al., 2024). Addressing the sustainability
of injection molding involves understanding the energy consumption
and the potential to reduce carbon emissions through optimizations and
material recycling (Dollischek et al., 2024).

Life cycle assessment (LCA) methodologies have been extensively
applied to evaluate the environmental impacts of various manufacturing
processes, including injection molding. However, limitations in current
LCA models—particularly in capturing the variability of energy use
across different machines and conditions—underscore the need for more
refined analyses. For instance, existing LCI databases often use averaged
data that does not account for specific factors like machine type, poly-
mer properties, or operational parameters, which can significantly
impact energy consumption. A more nuanced approach is necessary for
an accurate environmental assessment of injection molding (Nguyen
et al., 2024).

Moreover, recent studies highlight the benefits and challenges of
incorporating recycled materials in injection molding. By reintroducing
materials into production cycles, such as recycled glass fiber-reinforced
polyphenylene sulfide (PPS GF40), the demand for virgin resources can
be reduced, potentially lowering the carbon footprint (Dollischek et al.,
2024). However, recycled materials often exhibit altered mechanical
and rheological properties, which must be carefully managed to main-
tain product quality. The development of allocation methods for envi-
ronmental impacts, such as the Circular Footprint Formula, provides
frameworks for quantifying the benefits of using recyclates in open-loop
systems, though further research is needed to standardize these practices
for injection-molded products (Tinz et al., 2023).

Optimizing the injection molding process for sustainability requires
refining parameters like cycle time and specific energy consumption.
Design of experiments (DOE) studies have shown that process parame-
ters significantly impact energy efficiency, with optimized settings
capable of reducing both energy use and carbon emissions. This dual
focus on process optimization and material selection reflects a broader
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trend in the industry toward cleaner production methods (Moussaoui,
2024).

We aim to establish a connection between recycling and material
usage by optimizing fiber content and recycling cycles to balance
environmental impact and mechanical performance, thereby supporting
cleaner production in the automotive industry. This study provides a
novel contribution by systematically analyzing the impact of recycling
cycles on fiber length distribution and its correlation with the mechan-
ical integrity of polyamide composites. By investigating fiber length
fragmentation and its relationship with mechanical performance and
carbon footprint, we aim to understand how material properties change
during recycling. The research is designed to evaluate fiber length dis-
tributions through optical microscopy and assess mechanical properties
such as tensile strength, elasticity, and flexural performance, offering
insights to guide sustainable composite design.

2. Materials and methods
2.1. Materials

Tarnamid T27 PA6 (Grupa Azoty S.A., Tarnéw, Poland) was chosen
for this study due to its availability with different glass fiber contents
(15 %, 30 %, 45 %, and 60 %), enabling a comprehensive analysis of
fiber length distribution and mechanical performance (see Table 1). This
material is widely used in automotive applications, making it a relevant
candidate for industrial recycling studies. The glass fibers are pre-sized
with a coupling agent to enhance adhesion with the polyamide matrix,
improving mechanical properties and durability. Since fiber sizing af-
fects fiber behavior during recycling, its influence was also considered
when evaluating the effects of multiple recycling cycles on composite
performance. The material was dried in a Faithful WGLL-125 BE
(Faithful Technology, Cangzhou, China) drying oven at 80 °C for 4 h.
Altogether, 5 kg of material was dried for each fiber content.

Table 1
Manufacturer-provided data for material characteristics and processing (before
recycling).

Tarnamid T-27 neat GF15 GF30 GF45 GF60
Manufacturing
Melt temperature 240-260 240-280  240-290  240-280  260-280
(9]
Mold temperature 60-80 80-100 60-100 80-100 80-100
(§®)]
Melt volume-flow 120 60 45 20 n.a.
rate (MVR)
275 °C/5 kg (cm®/
10 min)
Injection rate (cm®/ high medium medium medium medium
s)
Injection pressure 80-110 80-110 60-110 80-110 80-110
(MPa)
Drying (°C) 80°C/4
h
Carbon Footprint (CF)
Average CF (kg COy/ 3.5 4 4.5 5 5.5
kg PA6)
Average CF of 5.75 6.25 6.75 7.25 7.75
injection molded
part (kg COo/kg
PA6)
Average nominal CF 43 31 26 24 23
per unit of
strength per kg of
material (g COy/
kg PA6/MPa)
Average nominal CF 1.13 0.70 0.47 0.34 0.28
per unit of

modulus per kg of
material (g COy/
kg PA6/MPa)
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The fiber content was checked with a burn-out test, for which the
matrix material was burned out in the Denkal 6B (Kaloria Hétechnikai
Kft., Budapest, Hungary) annealing furnace at 550 °C for 3 h. The fiber
contents of 12.4 m%, 29.7 m%, 44.2 m%, and 59.8 m% refer to mass
percent (m%), representing the proportion of glass fibers relative to the
total mass of the composite. The fiber content was determined using the
burn-out method according to the ISO 3451-1 and 3451-4 standards,
where the polymer matrix is removed through controlled heating, and
the remaining fiber mass is measured.

2.2. Methods

We analyzed injection molded specimens to demonstrate the effect of
glass fiber length and characterize the effect of recycling on mechanical
properties. In the first step, specimens were manufactured from the
dried glass fiber-reinforced polyamide granulate on an Arburg 270S
400 170 (ARBURG GmbH, Lossburg, Germany) injection molding ma-
chine in a two-cavity mold.

The processing parameters were set based on the material supplier’s
recommendations to ensure optimal conditions for Tarnamid T27 PA6.
The melt temperature was 280 °C. We used a commonly accepted
method for the barrel zone temperature settings (280 °C for the nozzle,
280 °C for the following zone, and 270 °C, 260 °C for the following two
zones, while the last was set to 250 °C). This temperature profile was
selected to ensure complete melting of the polymer while minimizing
thermal degradation. The mold temperature was set to constant 80 °C
for both mold halves. In addition, the injection rate was 45 em®/s,
following the ISO 1874-2 standard, which specifies processing param-
eters for polyamide materials to ensure uniform molding conditions and
reproducibility.

We used a 30 mm diameter screw with a peripheral speed of 20 m/
min and a back pressure of 40 bar. The dimensions of the test specimens
were 80 mm x 80 mm x 1.2 mm. Due to the placement of the gates, the
specimens contained a weld line (Fig. 2). Subsequently, the remaining
specimens at the end of each cycle were granulated using an SB Plastics
Machinery grinder, and the 100 % granulated glass fiber-reinforced
polyamide material was injection molded for five cycles under the
same conditions (Fig. 1).

Our goal is to examine the change in mechanical properties as a
function of the number of recycling cycles and, thus, the shortening of
fiber length. We characterized fiber shortening by measuring fiber
length. We measured it with an optical microscope and then plotted it in
a distribution function. We performed tensile tests to test and predict
tensile strength, the modulus of elasticity, and flexural strength and
modulus.

2.2.1. Microscopic examinations

For the microscopic examination of the glass fibers, we produced
samples by burning out the matrix at 550 °C for 3 h. The weight of the
samples was measured with a RADWAG PS200/200.RI (RADWAG Bal-
ances and Scales, Radom, Poland) scale (accuracy 0.001 g) in ceramic

“e L. OO0

® g UREZE

Fig. 1. Injection molding cycles (1, 2, and 5 loops) and mechanical testing of
PAG6 reinforced with 15 m%, 30 m%, 45 m%, and 60 m% glass fiber.
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Fig. 2. The part produced with the Arburg 270S 400-170 injection molding
machine and the specimens that were cut out, marked with the red area (The
center of the mold contains the sprue, while the ‘X’ in the center of the two
parts indicates the runner system. The specimens, measuring 80 mm by 80 mm,
are filled through two gates located at the corners. The vertical dashed line
shows the position of the resulting weld line.). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

cups. The samples were burned out in a Denkal 6B (Kaléria Hotechnikai
Kft., Budapest, Hungary) annealing furnace. The length of the fibers was
measured with a Keyence VHX-5000 (Keyence Corporation, Osaka,
Japan) optical microscope.

We used a glass plate to distribute the glass fibers before producing
the microscopic images and examining the fibers. The fibers’ length was
measured both manually and automatically by optical microscopy.
During manual measurement, the length of approximately 1000
randomly selected glass fibers was measured from the materials with
each fiber content. In the automatic setting, we did not consider fibers
shorter than 0.02 mm and the length of fibers that extended out of the
image. For automatic measurements, optical microscopy was combined
with image processing software. The computer fitted an ellipse to the
fiber, measuring the maximum and minimum diameters. To reduce
measurement error, only the ellipse with a Dyqy /Dpin ratio greater than 5
was considered a fiber, and the length of the major axis of the fitted
ellipse approximated its length.

2.2.2. Mechanical tests

Two 5 mm x 80 mm x 1.2 mm rectangular bars per sheet were cut
from the injection molded specimens with a cutting disc (Fig. 2) for the
mechanical tests. The rectangular bars were cut from the injection-
molded specimens using a precision cutting disc to ensure uniform di-
mensions and minimal thermal or mechanical damage to the material.
The cutting process was carefully controlled to avoid introducing
additional stresses or defects that could affect the mechanical properties.

The tensile tests and flexural tests were performed on a Zwick Z005
MT (Zwick Roell Group, Ulm, Germany) tester. Before the tests, the
specimens were dried at 80 °C for 4 h in Faithful WGLL-125 BE (Faithful
Technology, Cangzhou, China) drying oven. During drying, the speci-
mens were stored in a bag containing silica gel to prevent moisture
absorption.

The tensile test was performed according to the EN ISO 527-1:2019
standard at a speed of 5 mm/min and a clamping length of 50 mm on 20
dried specimens per test and cycle, but with a specimen geometry
different from the standard. We used a 10 kN clamp for the tensile test,
and the cross-head movement was used for the evaluation. Tensile
strength, Young’s modulus, and fracture work were determined from the
tensile test. The relationship between mechanical properties and recy-
cling was also investigated with a one-factor analysis of variance
(ANOVA). In a one-factor analysis of variance, the mean values of more
than two populations are compared according to specified criteria. We
examined two cases. First, we compared the average mechanical prop-
erties of a material with given fiber content as a function of recycling,
and then we compared the average mechanical properties as a function
of fiber content when the number of injection molding cycles was the
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same.
3. Results and discussion
3.1. Comparing the measurement methods

Our primary goal was to develop an automatic measurement method
that makes fast and accurate fiber length measurement possible. For this,
we used the automatic setting of the optical microscope software. We
measured 1000 of the glass fibers obtained by burning the virgin ma-
terials. In order to validate the automatic method, we measured the
same number of fibers by hand using the traditional method. In this
paper, we compare the two methods. For comparison, we used histo-
grams to calculate the relative density and distribution of fiber length
distribution. The relationship between the density function and the
distribution function is shown in Eq. (15):

f(x) =F(x) F(x) = /f(x)dx (15)

Selecting the number of bins and resolution is essential when plotting
histograms. At few bins, valuable information about the fiber length
distribution is lost, while with high resolution, the simple calculation of
correlations becomes complicated. Thus, to make the right choice, we
examined the changes in numerical and weighted averages for all four
materials for different bin numbers. The bins were analyzed on a loga-
rithmic scale in the histogram to emphasize the correlation.

To characterize the fiber length distribution, we used both the
average fiber length by Eq. (1) and the fiber length-weighted average by
Eq. (16):

SiawiNil

ka = n
k b
iaWEN;

(16)

where each bin contains N; fibers of length [;, and w; represents the
weight based on the fiber length, with k = 0, ...K indicating the intensity
of the weighting. The weighted average fiber lengths highlight the
proportion of longer fibers in the distribution, corresponding to the
volume ratio of fibers of different lengths.

We examined the weighted average fiber lengths using different
numbers of bins. The results showed that fewer bins led to higher
weighted average fiber lengths. To compare the differences across bins,
we normalized the average fiber lengths. First, we calculated the
average of the weighted fiber lengths for each material. Then, for each
group, we divided the average and weighted fiber lengths by that value
Eq. (17) and Eq (18):

L, n
Iy="==L,———, a7
N Ln " Z?:ILTU'
Ly, n
Lw:Tk =Ly (18)
Ly Zi:lLWki

After normalization, it becomes clearer how the averages change as
the number of bins increases, and at which point the average values in
different bins stop differing significantly. By applying a 5 % error margin
to the deviation from the average, we can approximate the minimal
number of bins relatively accurately (Fig. 3).

The results indicate that even with ten bins, the average fiber lengths
do not differ significantly, but to examine fiber length distribution, we
need a sufficient resolution of the data series, for which it is worth using
a larger number of bins. In this case, we used 30 bins for the higher
resolution of the histogram, with which we get far more accurate results.

The number of histogram bins can generally be determined by taking
the square root of the size of the dataset. In this case, the number of bins
would be approximately 30, which is a sufficient resolution for exam-
ining fiber length distributions and calculating all weighted average
fiber lengths. Therefore, we used 30 classes wherever we used
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histograms.

3.2. Measurement of fiber length

3.2.1. Fiber length of the initial materials

The effect of fiber shortening during processing was also considered
to examine the impact of fiber shortening due to recycling. Therefore,
we investigated fiber shortening as a function of both the number of
reprocessing cycles and the fiber content of the material. We examined
the effect of fiber content on average fiber lengths for the virgin material
using both manual and automatic measurements. We fitted an expo-
nential curve on the averages with Eq. (13) (Fig. 4) and found that the
linear regression model described our measurement results with suffi-
cient accuracy (0.8 < R? < 1). With this model Eq. (19), average fiber
length can be determined as a function of fiber content within the
examined range (15 m%-60 m%).

L(X)=a; -exp(—x-az) +d, 19
where L is the average fiber length of the given fiber content (X), a; and
ay are constants depending on the material, and d is vertical shift.

The results of both manual and automatic measurements indicate
that average fiber length decreased with increasing fiber content. The
significant decrease in the averages is presumably caused by fiber
breakage during fiber—fiber interaction during the compounding of the
material. We compared the weighted averages, and with manual mea-
surement, we did not find a decrease between the averages of 45 m%

800 1

=23
g

g

Average fiber length [um]
Py
8
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and 60 m% glass fiber-reinforced polyamide, while with the automatic
method, all average fiber lengths decreased with increasing fiber con-
tent. Although the averages are analyzed in the literature with non-
weighted and weighted averages, it is worth using stronger weightings
because weighting shows better the difference between the averages
with increasing fiber content. The advantage of this is, therefore, the
increasing sensitivity of measurement. With stronger weighting, the
slope increases, emphasizing the difference between the means. Due to
the slopes of the curves fitted to the averages, we did not find any sig-
nificant differences between the two measurement methods, so we
examined the fiber length distribution of the reference.

We represented fiber length distribution with the density function
belonging to the Weibull distribution, which we fitted to the raw data
(Fig. 5). The figures also show the critical fiber length range from the
literature (0.18 mm-0.23 mm) for glass fiber-reinforced polyamide (De.
et al., 2024).

The results show that there is increasing fiber fragmentation with
increasing fiber content. The results obtained from manual measure-
ments showed the expected tendency better, as expected from the
literature, i.e., the amount of shorter fibers increased with increasing
fiber content. Measurement with the automatic setting showed this
tendency to a lesser extent. In all our experiments, we obtained different
results with automatic measurement. This is because the automatic
image processor cannot account for overlapping fibers, those that hang
off the edge of the image, and faintly visible fibers, leading to less reli-
able results. Additionally, manual adjustments were required to separate
and measure the individual fibers. This explains the nature of the his-
tograms and the deviation of the averages from each other. Therefore, in
our further tests, we preferred manual measurement.

3.2.2. Fiber length results of recycled materials

We also examined the effect of the number of recycling processes on
the average fiber lengths, both for the simple average and the cubic
weighted average, using Eq. (20) to fit the curves (Fig. 6):

L(n)=a-exp(—x) + b, (20)
where L is the average fiber length after the nth injection molding cycle,
a depends on injection molding parameters, and b is the critical fiber
length based on the literature (asymptotic limit value).

As the number of recycling cycles increases, average fiber length
decreases due to the mechanisms present in processing, which are
fiber-melt, fiber—fiber and fiber-machine interactions, and hydrody-
namic effects. Based on the percentage difference between the averages,
the greatest decrease in fiber length was caused by the second injection
molding cycle, except for the 45 m% glass fiber-reinforced polyamide,
in which fiber length decreased most during the first injection molding
cycle. However, fiber breakage was most significant with increased

g

g

400 1
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N
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(=]

o
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Fig. 4. Average fiber lengths before injection molding as a function of fiber content for a) manual and b) automatic measurement data series.
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weighting during the first injection molding cycle. The fiber shortening
that occurs during recycling can be quantified. After the third injection
molding, the decrease in average fiber lengths was small, and after the
fifth injection molding, it was no longer detectable.

In addition to analyzing the recycling effect, we fitted a Weibull
probability distribution to the raw data derived from the fiber length
distribution of specimens that had undergone multiple rounds of injec-
tion molding (Fig. 7). We used the probability density function of the
Weibull distribution in Eq. (3).

The results show that by increasing the number of recycling cycles
and fiber content, we get more fibers below the critical fiber length. This
significantly affects the load transfer efficiency in the composite, as fi-
bers below the critical fiber length cannot effectively transmit shear
loads to the matrix, thereby reducing the overall load-bearing capacity
of the material. Consequently, this impacts the mechanical properties of
the composite. In addition to the fiber length distribution, we can see an
additional relationship if we examine the two parameters of the distri-
bution function: the scale and the shape factor.

For further evaluatioin we observed the scale and shape parameters
of the Weibull distribution function as a function of the effects of fiber
content and the number of recycling cycles. According to this,the scale
parameter is approximated by an exponential polynomial, as shown
below in Eq. (21):

s(X;) =1 - exp(BI) + 11, (21)

where s(X;) is the theoretical scale factor as a function of fiber content

(with 15 m%, 30 m%, 45 m%, and 60 m% glass fiber content), and a, 8,
and y are technology- and material-dependent parameters. We used a
similar relationship for the shape factor’s theoretical value, described by
Eq. (22).

f(Xi) =z exp(Bol) + 72, (22)

where f(X;) is the shape factor as a function of fiber content. The theo-
retical factors of the Weibull distribution are shown in Fig. 8.

The scale factors described by the exponential equation are related to
the average fiber lengths, which show a decreasing trend as the number
of injection molding cycles and the fiber content increase. This trend
requires further monitoring because the scale factors probably tend to
one point after multiple injection molding cycles due to the high degree
of fiber fragmentation. In the shape factor, on the other hand, we
experienced a significant difference in the trends between materials with
different fiber content.

With the theoretical Weibull parameters, the distribution function
for fiber length can be calculated with Eq. (3). The correlation coeffi-
cient between the values of the measured and theoretical Weibull fiber
length distribution function was R> = 0.981. The effect of fiber content
and recycling on fiber length distribution can be described with high
accuracy using Eq. (21) and Eq. (22).

To analyze the mechanical properties, we need to know the per-
centage of fiber lengths, which provides valuable information about the
amounts of fibers that exceed the critical fiber length (Fig. 9). For this,
we used the cumulative distribution function (CDF) of the Weibull
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distribution Eq. (4).

The percentage of fibers above the critical fiber length (Eq. (23)) can
be described from Eq. (4), using the critical fiber length and the Weibull
parameters for each material:

s

f
(L
lc:p:F(lc‘svf):lie ( ) (23)

This allows us to conclude how much fiber fragmentation occurs
during injection molding.

3.3. The effect of recycling on mechanical properties

We examined the effect of recycling on mechanical properties ob-
tained from the tensile tests (Fig. 10).

Although increasing the fiber content raised the strength, it also
increased the tendency for fiber breakage. The strength increase became
progressively smaller as the fiber content increased and decreased after
reaching 45 % due to the growing number of fibers below the critical
fiber length resulting from fiber-fiber interactions (Fig. 9). In contrast,
the modulus increased almost linearly with the fiber content, as it de-
pends on the total fiber volume rather than fiber length (Fig. 10, b). As
expected, strain and fracture work decreased exponentially for short-
fiber injection-molded composites, but slight variations were observed
at lower fiber contents (e.g., GF15), likely due to matrix-dominated
behavior and possible molecular degradation effects.

An ANOVA analysis was conducted to evaluate the differences in

mechanical properties across varying fiber contents and recycling cy-
cles. The results showed significant differences in tensile strength as
fiber content increased, except between 45 m% and 60 m% for the F2
cycle. Significant differences were observed between the F1 and F2 cy-
cles for most fiber contents, while differences between F2 and F5 cycles
were more pronounced for composites with lower fiber contents (e.g.,
GF15). These findings highlight the combined effects of fiber content
and recycling on the mechanical performance of the composites.

The mechanical properties of fiber-reinforced composites are greatly
influenced by fiber embedding, which depends on the adhesion at the
fiber-matrix interface and the distribution of fiber lengths. Fibers above
the critical fiber length contribute significantly to load-bearing capacity,
highlighting the importance of investigating how fiber length distribu-
tions influence mechanical properties. Fibers above the critical fiber
length mainly influenced mechanical properties, so we examined me-
chanical properties as a function of that (Fig. 11). Fiber content above
critical fiber length is given by Eq. (24):

X=X [m%], 24
where X is fiber content [m%] and A. is the percentage of fibers above
the critical fiber length [%].

As the number of injection molding cycles increased, the number of
fibers below the critical fiber length of the material increased consid-
erably, which led to a decrease in tensile strength (Fig. 11, a). The
modulus, however, was independent of the number of fibers above the
critical fiber length, as it is primarily influenced by the total fiber volume



M. Csapé and J.G. Kovacs

400 1
. O GF15
‘ O GF30
QGFa5
300 1 D GF60

Scale factor [jim]

Theoretical scale factor [jum]

Journal of Cleaner Production 511 (2025) 145678

404
-[ o GF15
O GF30
O GF25
400 4 O GFE0

o : v - - 0 v . - 1 ;
o 1 2 3 4 0 1 2 3 4 5
Number of injection molding Number of injection molding cycles
a) b)
24 F -
OGRS 0 GF15
oGFI0| O GFI0
191 O GFas
= _3 O GFEd
;‘.I_.I' Je 1.8 L]
g g |
T T _p e,
e ST o Q,,,
(-8 — Sy -
@ o3 - -
iy LT . o =
I = e
0 E B e @
1.5 15 Il TN,
14 ! 1 - : 14 1 . : , .
0o 1 2 3 4 0 1 2 3 4 5
Number of injection moulding Mumber of injection molding cycles
C) d)

Fig. 8. The actual scale factor (a), theoretical scale factor (b), actual shape factor (c), and theoretical shape factor (d) (The “0 injection molding cycle” refers to

measurements based on pellets.).

rather than fiber length and thus was not significantly affected by fiber
shortening due to recycling. The tendency of strain and fracture work
showed some variation; while both generally decreased with increasing
fiber content and recycling cycles, slight increases were observed in
lower fiber content samples (e.g., GF15), likely due to matrix-dominated
behavior and molecular degradation effects. The results indicate that
fiber content had a more significant effect on fiber fragmentation than
recycling. The fibers exhibit reduced shear-induced orientation and
diminished fiber-fiber interactions during molding at low fiber contents.
As a result, despite fiber breakage during multiple recycling cycles,
tensile strength remains nearly unchanged while elongation at break
increases, indicating enhanced ductility. This can be attributed to the
dominant role of the PA6 matrix in load-bearing at low fiber contents.
The reduced fiber length decreases stress concentration sites and mini-
mizes microcrack initiation, which would otherwise lead to premature
failure. The lower fiber content also allows the matrix to absorb more
deformation before failure, resulting in increased elongation. Unlike
higher fiber content composites, where fiber breakage significantly
compromises mechanical integrity, the ductility of the recycled low-
fiber composites is preserved, maintaining their structural perfor-
mance despite multiple processing cycles. This can be seen in the case of
samples containing 15 m% glass fibers (Fig. 11, a).

From the above curves, we extrapolated theoretical curves where all
fibers were either above or below the critical fiber length. These theo-
retical curves can help predict the properties of the injection-molded
composite based on whether the fiber lengths are preserved during
manufacturing or shortened during processing (Fig. 12).

The calculated theoretical curves (Fig. 12) were created based on the

percentage of fibers above and below the critical fiber length, calculated
with Eq. (15). For each fiber content (15 m%, 30 m%, 45 m%, 60 m%),
we determined the proportion of fibers above the critical length Eq. (16)
and correlated these with the measured tensile strength, modulus,
elongation, and fracture work values. Linear fitting equations were
applied to these measured properties, and using these equations, we
calculated the theoretical values, assuming all fibers were either above
or below the critical fiber length. This approach allowed us to define a
range for each property at any fiber content, extending from 0 m% (pure
PAG6 properties) to 60 m% fiber content. The modified rule of mixture
from Eq. (21) can be applied to determine the theoretical strength of the
composite as a combination of Eq. (6) and Eq. (14).

Due to several factors, very low fiber content can lead to weaker
mechanical performance than the pure matrix material. Fibers may be
unevenly dispersed at low fiber concentrations and inadequately bonded
to the matrix, creating weak points where stress concentrates, leading to
premature failure. Instead of reinforcing the material, these weak in-
terfaces can act as spots for crack initiation. Additionally, with fewer
fibers, stress may not be distributed uniformly, causing localized stress
concentrations and potential crack formation around the fibers, which
reduces performance. Non-uniform fiber distribution can also result in
regions where the matrix dominates, weakening the material locally and
causing failure. Low fiber content reduces toughness, as the remaining
fibers may not be sufficient to absorb energy during deformation,
leading to brittleness.
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3.4. Effect on carbon footprint

The carbon footprint of materials with varying levels of recycled
content (0 %, 15 %, 30 %, 45 %, and 60 %) was evaluated and compared
to entirely virgin (neat) materials. Specifically, we calculated the
average carbon emissions for injection-molded parts made from poly-
amide 6 (PA6) reinforced with glass fiber at various percentages (0 %,
15 %, 30 %, 45 %, 60 %) under neat and recycled conditions.

We examined the virgin, one, two, and five times recycled materials
in our work. However, in real-world injection molding proc-
esses—especially with cold runner systems—recycling occurs by
immediately grinding down the runners, which are then directly rein-
tegrated into production. This means that, depending on the level of
recycling (Eq. (24)), the material flow will include virgin material, one,
two, and, to a lesser extent, multiplied reground material.

m, =x"(mo)(1 —x), 249

where my, is the mass of material ground n times within the product, x is
the recycling (regrind) ratio, and my is the product mass.

At typical regrind ratios (10-40 %), with a proportion (1—x) of virgin
material, the most significant fraction will consist of material ground
once, and a considerable amount of twice-ground material will appear.
Materials ground more than five times will be present in only negligible
quantities. This is why we performed measurements in earlier experi-
ments with materials that had been entirely reground once, twice, or five
times, as the above equation allows for calculating the composite
properties for any recycling ratios.

This calculation also applies to carbon footprint, with the difference
being that only the carbon footprint of the injection molding machine,
temperature controller, and feeders must be considered for virgin ma-
terial. In cases involving recycled material, the carbon footprint of the
grinder also enters the calculation, though there is no need to account
for the carbon footprint of raw material production for the recycled
portion. We used guideline values from raw material and equipment
manufacturers for these calculations.

The initial results (Fig. 13) provide the average emissions (kg COy
per kg of PA6) associated with each material configuration. As antici-
pated, higher recycled content led to a reduction in carbon footprint
across all levels of glass fiber reinforcement, with a progressive decrease
in emissions as the proportion of recycled material increased. This
observation aligns with findings from previous studies on glass fiber-
reinforced composites, which emphasize the environmental benefits of
using recycled materials in polymer matrices.

Following this, we normalized the carbon footprint per unit of me-
chanical strength (g CO2/kg PA6/MPa) to evaluate the emissions rela-
tive to the material’s mechanical performance (Fig. 14). This analysis
reveals that increasing the glass fiber content enhances strength and
significantly raises emissions. As a result, configurations with higher
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reinforcement levels do not necessarily offer the best environmental
outcomes when balancing strength and sustainability. The findings are
consistent with recent studies suggesting that the degradation of me-
chanical properties in recycled polymers, such as fiber length reduction
and matrix viscosity changes, can impact the material’s strength-to-
emission ratio.

The data indicate that the highest glass fiber content does not yield
the optimal balance between mechanical performance and carbon
footprint. Instead, a moderate level of reinforcement (30 %, 45 %)
combined with recycled content provides a more sustainable option,
supporting structural integrity while minimizing environmental impact.
This optimal configuration reflects a growing interest in achieving a
circular economy in polymer manufacturing, where resource efficiency
is maximized without compromising product durability.

4. Conclusion

The findings of this study demonstrate that recycled glass fiber-
reinforced polyamide composites retain adequate mechanical proper-
ties for certain applications, even as fiber length and performance
degrade across recycling cycles. By examining the effects of glass fiber
content (15 %, 30 %, 45 %, and 60 %) and recycling cycles, we found
that fiber fragmentation increases with each cycle, reducing average
fiber length and negatively impacting tensile strength and modulus.
Notably, while higher fiber content initially enhances performance, it
declines beyond 45 % due to excessive fiber-fiber interaction-induced
breakage.

Using a Weibull probability distribution model, we characterized
fiber length distribution and found that recycling increases the propor-
tion of shorter fibers, which reduces tensile strength. However, the
elastic modulus remained stable, as it depends on total fiber volume
rather than fiber length. Low fiber content introduced weak points,
reducing toughness and mechanical integrity, sometimes performing
worse than the pure matrix material.

The approach presented in this study applies to a wide range of fiber-
reinforced composite systems, particularly those involving short or
chopped fibers such as glass, carbon, or natural fibers embedded in
thermoplastic matrices. The methodology for evaluating fiber length
distribution, mechanical performance, carbon footprint, and recycling
effects can be extended to other polymeric systems where fiber frag-
mentation and its impact on mechanical integrity are of concern.
Additionally, the statistical methods used in this study, including anal-
ysis of variance (ANOVA) and fiber length distribution modeling, can be
adapted to analyze similar degradation and performance trends in other
composite materials.

However, it is essential to acknowledge certain limitations. The
findings and interpretations are specific to the studied polyamide-based
composites with glass fiber reinforcement and may not fully capture the
complexities of other material systems, such as those with different
fiber-matrix interactions, processing conditions, or recycling methods.
Furthermore, while the statistical approaches provide meaningful in-
sights into fiber degradation trends, they may require adaptation or
additional validation when applied to materials with significantly
different mechanical behaviors or failure mechanisms.

In conclusion, optimizing fiber content and recycling practices is
critical to ensuring the long-term durability and reliability of recycled
composites. Moderate reinforcement levels combined with recycled
content provide an optimal balance between mechanical performance
and environmental impact, supporting their use in automotive appli-
cations. This highlights the importance of effective recycling process
control and composite design in transitioning toward a circular economy
in the automotive industry.
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