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Abstract: This article assesses the technical feasibility of a recycling process based on grinding, melting and re-
shaping of carbon fibers (CFs) reinforced thermoplastic polymers, in order to obtain new products that can be
introduced in different markets, depending on mechanical properties retained. The idea at the basis of our study is
that this kind of recycling process lies at the edge of the stages of recycling and re-use of materials, considering
that the latter is preferable when considering the waste management hierarchy. Lower cost and similar mechanical
strength of virgin CFs allowed the spread of recycled CFs in the automotive sector in the form of composite
materials. Taking into account the Directive 2000/53/EC that sets out measures to prevent and limit waste from
end-of-life (EoL) vehicles and their components, and ensures that where possible this is reused, recycled or
recovered, we considered worth to investigate the recyclability of composite materials made with recycled CFs
when they will reach the state of EoL materials. Considering this premise, an additional scope of this paper is
therefore to provide some useful information about the possibility to perform a multiple closed loop recycling of
rCF thermoplastic composites. Experiments carried out demonstrated that re-shaping of composites is technically
feasible. Some square plates were produced without any setback. The mass balance of the recycling process
demonstrated that about 88% of the EoL material can be recovered. Calculation of energy consumption showed
that approximately 16 MJ are necessary in the treatment of 1 kg of EoL composites.
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1. Introduction

Composite materials based on polymers reinforced with carbon fibers (CFRPs) have been introduced since
some decades in many industrial sectors, including automotive, aerospace, construction and wind farm [1-5]
basically thanks to their ability to combine high mechanical performances with low weight when compared to
traditional materials (steel above all). As a consequence, the global demand of carbon fibers was estimated up to
101 tons in 2016 and an annual growth rate of about 12% is expected in the next years, reaching a global demand
of 194 tons in 2022 [6].

In particular, the advantages gathered in employing CFRPs in the automotive sector can include the reduction
of fuel consumption and therefore of CO2 emissions [7]. Despite these advantages, the spread of CFRPs in many
market shares, including automotive (apart from the luxury segment), was limited because the high cost of raw
materials and of the manufacturing process of virgin carbon fibers make them very expensive [8, 9].

To overcome this setback, in the last years many scientific works have been done to evaluate the possibility to
recover carbon fibers from End-of-life (EoL) composites and/or scraps. Scientific works demonstrated that carbon
fibers can be recycled at a very low cost if compared to the production of virgin carbon fibers (18%/kg to 26%/kg
vs 33%/kg to 66$/kg) [10]. This allows the use of composite based on carbon fibers to be enlarged into wider
market segments.

In the last years, a lot of recycling process have been tested for CF based composite materials (mechanical
grinding, conventional pyrolysis, microwave pyrolysis, high voltage fragmentation, solvolysis, combustion and
incineration) [11-15]. Among these, actually the mechanical recycling process has been in depth analysed from
several researchers [11, 16-21] and has achieved an average score of 6.3 in the TRL scale, indicating that
prototypes demonstration in a relevant environment is reached as technology readiness [22].

Mechanical grinding is a process in which the material is milled to the level of powder by means of hammer
mills or similar tools [19]. The obtained products are separated into two different fractions: one composed by large
particles and typically rich in matrix fraction, which can be used an reinforcement in new composites, and one
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composed by finer particles, more rich in fiber fraction and which can be used as a filler in several applications
[17].

However, at the moment there is no known mechanical grinding process for carbon fiber reinforced
thermosetting composites exploited commercially; it is only used for resizing composite parts into chunks before
feeding it into another process, such as pyrolysis [15].

In this work, a new approach in recycling of composites made with thermoplastic polymers and carbon fibers
(CFRTP) has been proposed, aiming to provide additional novel elements toward the exploring of different
approaches in recycling EoL composite materials. In particular, we investigated the possibility to re-shape EoL
components, by combining mechanical recycling with moulding technologies. The idea at the basis of our choice
is that this kind of approach can lie at the edge of the stages of recycling and re-use of materials, considering that
the latter is preferable when we refer the waste management hierarchy. A project focused on a similar recycling
process was carried out recently (TPC-Cyle) [23]. The project was focused on the optimum process and process
settings to cost-effectively reprocess TPC waste. Scrap TenCate Cetex TC1100 woven carbon fiber/polyphenylene
sulfide (CF/PPS) were used as composites. Authors claimed encouraging results, anyway no information were
found. Our method presents some differences when compared to TPC-Cyle project, comprising the presence of a
milling step before extrusion and a different thermoplastic resin (Polyamide 6).

The new products resulting from this kind of recycling process can be potentially used for the same or different
applications, depending on mechanical properties retained.

In particular, a compression moulding technology is employed. For plastics, it was one of the first industrial
methods. The basic process consists of heating polymers, under severe pressure, within a closed mould cavity.
Under pressure the polymer liquefies and flows, taking the shape of the mould cavity, and then hardens into the
desired part or product. Once sufficiently cooled and strong, the part is removed from the mould and the cycle is
complete although the curing reaction continues while cooling to ambient (room) conditions [24].

Compression Moulding has already been utilised from researchers to produce polymers reinforced with recycled
carbon fibers (rCFRPs) components from either random or aligned CF. They found that compression moulding
random rCFRP part costs only 59-67% of that for injection moulded random rCFRP part in the full life cycle.
Moreover, the compression moulding random rCFRP part with higher fiber volume fraction (20-40%vf) showed
better mechanical performance than injection moulded part, which results in greater weight reductions relative to
steel [25].

We focused our attention mainly on exploring the proposed approach from a technical point of view,
investigating the possibility to re-melt and re-shape the composites, the mass balance of the process and the energy
required in its implementation. A second part will follow, in which the attention will be focused on the mechanical
properties retained, in view of market exploitation and identification of potential applications.

At last but not least, taking into account the Directive 2000/53/EC [26] that sets out measures to prevent and
limit waste from end-of-life vehicles and their components, we found worth to investigate in particular the
recyclability of thermoplastic polymers reinforced with recycled carbon fibers, in place of virgin ones (rCFRTP).
An additional scope of this paper is therefore to provide some useful information about the possibility to perform
a multiple closed loop recycling of rCF thermoplastic composites.

2. Materials

Materials submitted to the proposed recycling process were composites made with virgin polyamide 6
reinforced with 10 wt.% of recycled carbon fibers (vPA6/rCF) in the form of glove compartments. They were
manufactured by FCA Group using the injection moulding technology, within the REVALUE Project and
therefore specifically made for this study.

RADILON S27 100 NT provided by RADICI Group was used as virgin polyamide 6. ELG Carbon Fiber Ltd.
provided recycled carbon fibers reclaimed by pyrolysis of EoL composite materials, having an average length and
diameter of about 6 mm and 5.4 um, respectively.

3. Recycling Process

The recycling method investigated is based on a multi-step process aimed at giving new shape to end of life
composite materials.

First of all, the glove compartments were heated up to 120 °C for 200 hours in a GHIBLI laboratory oven,
according to an internal recipe suggested by project partner Centro Ricerche Fiat, with the aim to simulate the
natural aging they undergo to during the lifespan. Then the recycling process under investigation took place.

The moulding of composites is feasible if materials are in the form of powder, therefore a grinding step is
necessary. Grinding is preceded by shredding, in order to reduce the average size of materials, which dimensions
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are commonly in the order of tens of centimeters. The glove compartments were therefore shredded down to
chunks below 50 mm by means of water cooled band sawing machine MEP model PH261-1,

Particular attention must be paid to the grinding step. Indeed, grinding of materials will be performed taking
into account that the ultimate average size of milled materials influences the final average length of carbon fibers.
It has been demonstrated that the strength of composites is strictly related to the length of fibers. In particular, the
strength of composites increases rapidly with the increase of the mean fiber length at small mean fiber lengths
[27]. Considering this evidence, together with the efforts that one has to put in place in order to reduce as much as
possible the formation of suspended dust during the operations, it is important to avoid excessive grinding of
composites. On the other hand, if particle diameter is high it can be difficult to carry out the extrusion step, because
of difficulties in drive the material along the screw or in assuring a complete melting of milled materials. As a
consequence, a reasonable compromise has to be chosen and for technical reasons it is not possible to significantly
change the average size of the particles. On the basis of the above information, the chunks obtained from shredding
were grinded further down into fragments by means of a cutting mill RETSCH model SM300 (Table 1) and using
a sieve with square holes of 2 mm.

Therefore, at the end of the grinding, the materials appeared in granular form with an average size of 2 mm
(Figure 1a).

Table 1. Main features of the Cutting Mill RETSCH model SM300.

Applications Size reduction by cutting

Feed material Soft, medium-hard, tough, elastic, fibrous

Size reduction principle Shearing, cutting

Material feed size < 60%80 mm

Speed 100 - 3000 rpm

Rotor peripheral speed 4.7-20.3m/s

Rotor diameter 129.5 mm

Types of rotors Parallel section rotor/6-disc rotor/V-rotor

Sieve sizes Square holes 2.00 / 4.00/ 6.00 / 8.00 / 10.00 / 20.00 mm
Drive power 3 kW
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Figure 1. Grinded material (a) and a detail of the cutting mill RETSCH model SM300 (b).

A thermogravimetric analysis (TGA) of grinded materials was then performed, providing a moisture content of
2.13%. It is important to underline that all Nylon plastic particles, like PA6, should be dried to a moisture content
of less than 0.2% before they will be used to moulding step. Indeed, when moisture content exceeds 0.2%, jet
surfaces will be formed on product surfaces and spoil the exterior appearance. This undesirable event can
negatively affect the mechanical properties of final moulds. With the aim to avoid this problem, the material was
dried in a vacuum oven model BICASA B.E.75 at 105 °C and for 8 hours and subsequently was cooled down to
the room temperature while kept into the vacuum oven, in order to prevent the contact with air. TGA analysis
performed after the drying step provided a residual moisture content of 0.22%, in line with the threshold above
highlighted.

After the shredding, grinding and drying steps, the materials are extruded in order to obtain compounds that
will be melted and shaped using rigid frames.

The grinded materials were therefore fed in a Thermo Scientific™ Rheomex™ 19/25 OS extruder which
technical features are highlighted in Table 2.

Downstream the extruder, some Post-ex (post extrusion) equipment were present to produce pellets by means
of “spaghetti cutting” method: the molten composite was continuously discharged from a die and formed
continuous filaments that, entrained by gears, were cooled in a water tank and were then cut at a low temperature
by a pelletizer consisting in rotating knives (Figure 2).
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Table 2. Main features of the Thermo Scientific™ Rheomex™ 19/25 OS extruder.

Max. Temperature 450 °C
Measuring sensors Melt temperature
Screw type Single screw
Screw diameter 19.05 mm

Max. screw speed 250 rpm
Temperature control zones 4

Heating zones 4

Screw type Single screw

Thermo Scientific™
Rheomex™ 19/25 OS
extruder

Figure 2. Extruder

——

and post-extrusion equipment.

The extruder was equipped with four heaters: three of them were installed along the screw direction and one at
the die section. The temperatures were chosen by performing a series of attempts, until the best condition in terms
of fluidity and proper formation of the filaments were found. The best condition was found when all the sections
were kept at 240 °C and the screw rotational speed settled at 20 RPM. Also in this case, the process parameters
(the temperatures of the heated sections and the screw rotational speed) cannot be varied without encountering
process issues.

The compression moulding of pellets was performed in a COLLIN P 300 P/M laboratory platen press (Figure
3a), which technical features are highlighted in Table 3.

Table 3. Main features of the COLLIN P 300 P/M platen press.

Plate dimensions 300 x 300 mm?

Max. force 200 kN

Max. temperature 300 °C

Heating rate up to 15 K-min'?

Cooling rate > 30 K-min'!

Special features The press is equipped with a load cell which allows very precise regulation

of the laminating pressure

(d)
Figure 3. COLLIN P 300 P/M platen press (a), extruded material loaded within a squared rigid frame (b), final
product before (c) and after (d) deflashing for sprue removal.

56



A. Donatelli et al. Journal of Materials and Applications 2021,10(2):53-62

A squared rigid frame was used to realize some square plates: pellets was charged into the frame (Figure 3b)
and then placed inside the platen press. The compression moulding taken place by keeping the temperature constant
at 240 °C and increasing the pressure from 50 to 150 bar. Moulding duration was 23 minutes, then the moulded
was extracted from the platen press (Figure 3c) and sprue materials due to flashing were removed (Figures 3d).

The recipe of the moulding step was chosen based on experience and knowledge gained on similar materials in
previous trials, and taking into account the molten temperature of PA6 declared on the datasheet (240 °C).

4. Result and discussion

All the previous steps were carried out without any setbacks. Table 4 summarizes the process parameters for
the overall recycling process. Five square moulds of recycled composites were manufactured, having a size of
160x160x3 mm, demonstrating that the investigated recycling process has proven to be able to manufacture new
recycled products, starting from EoL components.

In addition, the method has been applied on composites made with recycled carbon fibers, therefore an
additional result of this work has been the demonstrating that rCF thermoplastic composites can be submitted to a
multiple closed loop recycling step. The overall recycling process, with initial, final and intermediate products, is

depicted in Figure 4.

Table 4. Process parameters of mechanical recycling process.

Accelerated aging  Equipment laboratory Oven GHIBLI
Temperature 120 °C
Time 200 h
Shredding Equipment Band sawing machine MEP PH261
blade dimensions 2450%27x0.9 mm
Grinding Equipment cutting mill RETSCH model SM300
Speed rotation 700 RPM
Sieve size 2.00 mm
Extrusion Equipment Thermo Scientific™ Rheomex™ 19/25 OS
TS1 240 °C
TS2 240 °C
TS3 240 °C
TS-D1 240 °C
n 20 RPM
Compression Equipment COLLIN P 300 P/M lahoratory platen press
Moulding Temperature t=720s @ T=240 °C
program t=400s @ T=30 °C

Pressure program

t=300 s @ p=0 bar

p’= 1 bar/sec up to p=50 bar
t=200 s @ p=50 bar

p’= 1 bar/sec up to p=150 bar
t= 650 s @ p=150 bar

Grinded materials

Figure 4. Outline of the implemented Recycling process.
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Five rectangular specimens were obtained from the manufactured square moulds and their density were
measured by the displacement method based on the Archimedes' Principle: specimen were put into a graduated
cylinder fill with water and the raising of the water level is measured through a caliper, in order to determine the
volume of the specimen. The mass was measured by a laboratory scale and the density was determined as the ratio
mass to volume. The same was done for specimens obtained from starting glove compartments. The results are
highlighted in Figure 5, and compared with theoretical value determined on the basis of density of PA6 and carbon
fiber and mass fraction (1.183 g-cm®).

It is worth noting that both the initial and recycled composites have a lower density with respect to the theoretical
one. This can be explained with the presence of voids that unavoidably are associated with the composite
manufacturing process. This effect is more evident in the recycled process.
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Figure 5. Comparison of theoretical, starting and recycled densities of composites.

4.1 Mass balance

In view of potential applications on industrial scale, the mass balance of the overall process was estimated
(Table 5). Shredding & grinding as well as extrusion were continuous process steps, therefore the mass balances
were referred to the mass flow rate. Conversely, the compression moulding step was a batch step, therefore the
mass balance was referred to processed masses.

Table 5. Mass balance of recycling process.
Shredding & Grinding min [g-h1] 15000
ou [g-h?] 14892

yield (%) 99.3

Extrusion min [g-h?] 655
Mout [ghl] 650

yield (%) 99.2

Compression Moulding min [g] 475.0
Mout [0] 426.2

yield (%) 89.1

Overall recycling process vyield (%) 88.4

From Table 5, it can be stated that negligible losses of materials were observed in the shredding & grinding and
extrusion. Material loss in shredding, and in particular in grinding, is related to the production of fine powders.
With regard to this aspect, it is worth to underline the necessity to adopt any useful tool in order to preserve safety
and health of any operators (presence of powder extractor).

Conversely, a greater loss of materials occurs in the compression moulding due to the removal of excess material
which come out the rigid frame during the operation (deflashing), and resulting in yield of 89.1%. Of course this
value is strictly related to the form and the volume of the rigid frame used in moulding. As a rule one can state that
the greater the volume of the product, and therefore of the frame, the lower the percentage of loss material in
deflashing.

Considering all the previous steps, the overall yields of recycling process is quite high: 88.4 %.

4.2 Energy requirement

The recycling process has been evaluated also in terms of energy requirements. Specific energy consumption
(SEC) required to carry out the steps of shredding & grinding, extrusion and compression moulding have been
measured and/or calculated based on process parameters adopted for the experimental activities.
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4.2.1 Shredding & grinding

No direct measurements were performed for the evaluation of the energy required for shredding and grinding
of composites, and the specific energy consumption for these steps was therefore estimated by resorting to
formulations provided in Scientific Literature. In particular, it has been estimated as a function of the mass flow
rate of treated composites, as follow [28]

SEC, = 11.15 - 1076 1)

where SECy is expressed in MJ-kg? if m is expressed in kg-h.

Equation 1 returns a value of 1.42 MJ-kg?, in line with Job et al. [15] which states that the energy demand of
mechanical grinding of long fibers reinforced polymer composites lies between 0.1 and 4.8 MJ-kg, depending on
the used machinery and process scale.

4.2.2 Extrusion

The energy consumption during the extrusion process is the sum of two different contributes: the mechanical
energy required to drive the material (driving), and the thermal energy required to melt and heat the material up to
the process temperature (heating).

1) Driving

During the extrusion, the torque of the screw and its rotational speed were measured, from which the requested
power and specific energy are determined by means of equations:

21
P=T-Zn O]
SECy =+ ®)

where, T is Torque [N-m], n is rotational speed [s?], P is power [W] and 711 is mass flow rate [kg-s™].

Measured torque was 3.17 N-m from which a power of 6.64 kW and a SEC,4 of 0.04 MJ-kg™* were calculated.

2) Heating

The thermal energy required for the heating of materials is determined based on the powers that the heaters
supply during the experimental activities. The extruder includes three different 1 kW heaters along the screw.
Another heater (0.25 kW) is present at the die section. Once the temperatures of the three sections, as well as that
of the die section, were settled, a PID controller intervenes to establish to what percentage of their maximum load
the heaters have to supply the thermal energy. The overall thermal energy is the sum of each heater contribute
(Table 6), from which the SEC is determined as follows:

SEC, ==

The overall energy required for the extrusion of the material (SEC.) is the sum of the driving and thermal
contributes, which gives a value of 2.80 MJ-kg™.

Table 6. Thermal energy demand in extrusion.

Zone Heater ~ Max power Actual power Actual Power SECh
[kW] (%) [kw] [MJ-kg]
Section 1 Y1 1.00 21.8 0.22 1.25
Section 2 Y2 1.00 6.8 0.07 0.39
Section 3 Ys 1.00 10.9 0.11 0.62
Die Y1 0.25 354 0.09 0.51
Overall heating 0.48 2.76

Abeykoon et al. [29] found that the energy consumptions of extrusion of polymers such virgin high density
polyethylene (HDPE) and virgin polystyrene (PS) lie in the range of 1.2 — 2.0 MJ-kg™!, with the same rotational
speed of the screw (20 RPM) but a little lower temperatures of barrel zones. This is comparable with value we
obtained.

On the other hand, Anderson et al. [30] argued that the majority of polymeric materials demand specific energy
lies between 0.0822 and 0.1644 kWh-kg™ (equivalent to 0.30 — 0.59 MJ-kg) when they feed to the machine from
room temperature. These values are lower than that we calculated despite the fact that PA6/CF composite has
lower specific heat (1.07 vs 1.7 kJ-kg*-K1) and lower heat of fusion (62.6 vs 66.9 kJ-kg™) if compared to PAG.
The specific heat of both PA6 and PA6/rCF were estimated by resorting in Literature data [30], meanwhile the
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heats of fusion were measured by DSC analysis performed in our laboratories and they are in good agreement with
values reported in Literature [31, 33]. Differences in energy consumptions can in part be justified with high values
of heat dispersed during the heating step, due to a defective insulation of the extruder.

4.2.3 Compression moulding

To manufacture CFRPs via compression moulding, energy is required to melt the compound (thermal energy),
to compress the material up to the required pressure (kinetic energy) and for the subsequent steps of cooling and
finishing.

Thermal energy is calculated based on the temperature profile, the specific heat (c,) and the latent heat of fusion
of composite (L):

SEC, = ¢, - AT + Ly (@)

Kinetic energy is determined based on pressing speed (v), pressure ramp rate (p) and ram area (Ag), using the
equation reported by Meng et al. [34]:

SEC, = (pA = pado)v 5)

The energy required for cooling and finishing are estimated from literature data and assumed equal to 0.9
MJ-kg™? and 1.2 MJ-kg™, respectively [25].

The overall energy required for pressing by compression moulding (SECcn) is the sum of the above-mentioned
terms, which gives a value of 11.7 MJ-kg™.

Suzuki and Takahashi [35] state that the energy intensity of compression moulding applied on CFRPS is 10-13
MJ-kg?, in line with our result. Conversely, Das [36] reported a value of 62.8 kWh in compression moulding of
CFRPs having a weight of 25.6 kg; this is equivalent to 8.8 MJ-kg™. A bandwidth study on energy use in U.S.
Carbon Fiber Reinforced Polymer Manufacturing [37] states that the typical energy intensity in compression
moulding is 2632 BTU-lb! (equivalent to 6.12 MJ-kg?). The value we obtained is a little higher of the
aforementioned values, even if these studies referred to CFRPs with a higher mass fraction of carbon fibers (29 -
49 wt.%).

Using equations (1) to (5), the SEC for the overall recycling process (SECre) has been determined (Table 7)
and has been estimated to 15.9 MJ-kg™.

Table 7. Specific energy consumption of recycling process.

Shredding & Grinding SECq [MJ-kg] 1.42
Extrusion SEC. [MJ-kg™!] 2.80
Compression moulding SECem [MJ-kg 1] 11.67
Recycling Process SECrec [MJ-kg] 15.89

5. Conclusions

In the present work, a recycling process of carbon fiber reinforced thermoplastic polymers based on grinding,
melting and re-shaping has been developed. Experimental activities showed that new products can be
manufactured by means of the developed method and starting from EoL composites, without any setbacks.

In addition, the method has been applied on composites made with recycled carbon fibers, therefore an
additional result of this work has been the demonstrating that rCF thermoplastic composites can be submitted to a
multiple closed loop recycling step.

The method assures retains of materials, with an overall mass percentage yield of 88.4%. Loss of materials are
due at lesser extent to shredding & grinding, because of fine powder formation, and especially to compression
moulding, because of deflashing. It is worth to note that loss of materials in deflashing, and therefore the overall
yield of the process, is strictly related to the geometry of rigid frames and the volume of final products. As a rule
one can state that the greater the volume of the products, the lower the percentage of loss material in deflashing.

The recycling process has been studied also in terms of energy demand. The specific energy consumptions
(SECs) of each single step process have been estimated. The more demanding step is confirmed to be the
compression moulding, with values a little higher that those commonly referred to compression moulding of
CFRP. The SEC of the overall recycling process has been calculated in the order of 15.9 MJ-kg™.

6. Future work
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The proposed method appears technically feasible because allow the production of new products. Anyway,
further studies to establish at what extent the mechanical properties of recycled materials are retained is necessary.
Only based on this evidence one can address the materials toward potential applications, in view of possible market
exploitation.
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