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Closed-loop room temperature recycling of Elium 
CFRPs and its influence on the 2nd generation 
composite properties  

M. Gebhardt, S. Chakraborty, I. Manolakis, D. Meiners 

1 INTRODUCTION 

1.1 Current status of composite recycling 

The current status of composite recycling is generally divided into mechanical, 
thermal and chemical recycling [1,2,3]. Mechanical recycling is understood to be 
the crushing of composites by shredding and/or grinding. The use of the 
recyclate as fillers in concrete to improve its mechanical properties has already 
been reported [4,5,6]. Furthermore, the use of recycled fibres as short fibre 
reinforcement in composites is reported to have only minor deviations in 
mechanical strength compared to 1st generation short-fibre composites [7,8]. 
However, due to the shredding of the fibres and the matrix partially adhering on 
to them, the strength values of 1st generation continuous fibre-reinforced 
composites is seldom achieved [9].  

Thermal recycling includes pyrolysis, fluidised-bed pyrolysis and microwave 
pyrolysis [1,2]. Pyrolysis is currently the most mature industrial scale recycling 
technology [10,11]. Thermally recycled fibres are mainly chopped or milled and 
used as fillers, e.g. in injection moulding processes or in compression moulding 
of non-woven mats [12]. In thermal recycling, a reduction in mechanical 
properties caused by unavoidable variations in the surface chemistry and 
texture is often reported regardless of the process [13,14]. In addition, in all 
industrial pyrolysis applications the recycled fibres are shredded, which, as 
already mentioned, leads to significantly downsized potential.  

Chemical recycling is by far the most fibre-friendly recycling method (least 
influence on the structural integrity of the fibres) and can be divided into 
solvolysis and the supercritical fluid method [2]. In solvolysis, the matrix is 
depolymerized under elevated pressure and temperature [15,16]. The 
supercritical fluid method works similar to solvolysis while making use of the 
good mass transfer properties of supercritical fluids [2]. For both methods, to 
the best of the authors’ knowledge, industrial upscaling is only reported in very 
few attempts by now. Moreover, only a small number of studies have been 
reported on further processing of these reclaimed fibres. Oliveux et al. [16], for 
example, used recycled fibres to produce discontinuous carbon fibre tows. In 
another case, the direct re-infusion of the recycled fibre mats was investigated 
[17]. With regards to the recovery of long fibres and thus the preservation of 
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their structural properties, chemical recycling processes probably offer the most 
promising potential.  

1.2 New recyclable matrix materials  

In addition to the three recycling options described above, a fourth option can 
be the dissolution in a common solvent under benign conditions i.e. dissolving 
the matrix without excessively increasing the temperature and/or pressure. In 
this regards, the thermoplastic material Elium developed by ARKEMA in 2014 
has been investigated here. This material is a room temperature curable and 
infusible thermoplastic matrix [18]. This feature makes it possible to combine 
the advantages of a thermoplastic matrix with the simple processing ease of a 
thermosetting resin without the need for high processing temperature [19]. The 
material which consists of acrylic acid, methacrylic acid and their methyl esters 
and other unspecified acrylic copolymers [20], is polymerized in situ using a 
peroxide initiator and can be processed in the same way as conventional epoxy 
resins using vacuum assisted resin infusion (VARI) [19,21] and RTM [19,22-25]. 
From published literature, both the thermal [20,26,27] and mechanical 
properties [21,24-31] of Elium composites can be considered to be comparable 
to common epoxy based composites.  

Considering the high market potential of this material, it is therefore of crucial 
importance that within the aegis of circular economy concept to develop 
recycling strategies for Elium composites right from the market growth phase. 
However, according to best of our knowledge there is not much work detailing 
the recycling of Elium composites. Cousins et al. [32] demonstrated limited 
recyclability of ground Elium glass fibre composites by injection moulding. They 
also reported on the possibility of dissolving Elium in chloroform to recover the 
fibres. However, there seems to be a lack of studies that deal with the recovery 
of undamaged fibre preforms retained in shape by the stitches and 
subsequently used to manufacture second generation composites. 

Due to the obvious risks of using a solvent like chloroform [33,34] for scale up 
purposes, a common industrial solvent – acetone, is investigated here for 
dissolution. Acetone is a commonly used solvent to remove PMMA based 
photoresistor in the nanoscale electronic research industry [35]. Since MMA is a 
constituent of Elium, it seems to be a natural choice for this work.  

This experimental research work details the recyclability of Elium CFRP to 
recover both matrix (in contrast to thermoset solvolysis [15,16] where the matrix 
is degraded) and undamaged carbon fibres scrims by dissolution in acetone. 
The undamaged carbon fibres recovered were used to process 2nd generation 
laminates with virgin Elium. A range of tests showed that the 2nd generation 
composites have similar mechanical and thermal properties to the 1st generation 
ones. These analyses demonstrate that the proposed recycling technology 
leads to minimal downsizing of bulk properties and hence is advantageous 
when compared to current reported literature. In addition, this reported process 
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offers a high potential for industrial applicability, as it requires only a minimum 
energy input with good scale-up possibility. In our previous study [36], the 
influence of temperature was investigated as well as the solvent ratio and 
dissolution time were optimized to achieve the highest possible matrix recovery 
with a minimal damage to the preform and minimum energy consumption.  

2 EXPERIMENTAL SECTION 

2.1 Materials 

The composites were processed with Elium 150 from Arkema. The resin was 
polymerized in situ with the addition of 2.5 wt% of the initiator Perkadox CH-50X 
(dibenzoyl peroxide containing dicyclohexyl phthalate) from AkzoNobel. The 
0/90° carbon fibre scrim B-C-636 g/m², width: 1270 mm from SAERTEX was 
used as reinforcement. The stitches were made of polyester (areal weight: 6 
g/m²). Frekote 770NC from Henkel was used as the mould release agent. The 
dissolution trials were carried out with analytical grade acetone from Henkel 
(purity: 99.5%).  

2.2 Composite processing 

For the test specimens, CFRP laminates in the size 400x300 mm2 and a 
thickness of 1.7-2 mm were processed using the VARI method. Two fabric 
layers were used with a final fibre volume content (Vf) of 45% (approx.). The 
assembly layup was carried out on a glass plate coated with Frekote 770NC. 
The infusion process was based on the guidelines detailed by the manufacturer 
[19]. Elium 150 was mixed manually by gradually adding Perkadox CH 50-X 
and degassed for 10 minutes under a vacuum of 20 mBar. The subsequent 
infusion was carried out from the longer side of the reinforcement. After the 
infusion, the laminate was wrapped in a heat blanket and cured for 1.5 hours at 
65°C. In-house observations, as well as reports by Chilali et al. [21] and 
Kazemia et al. [30], confirmed that the post-cured composite (1 h at 65°C) does 
not have any noticeable difference in properties compared to a composite cured 
for 24 h at room temperature. Curing at 65°C was therefore chosen to reduce 
the curing time from 24 h to 1.5 h. After curing, the specimens were machined 
to the sizes required for dissolution and further testing. 

2.3 Recycling via Dissolution 

For recycling via dissolution, CFRP test specimens of the size 200x180 mm² (1st 
generation composites) were used. The test specimens were measured 
individually (dimensions, weight) and then placed in a closed container with 
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acetone at room temperature. The weight ratio was CFRP:Acetone :: 1:20. This 
was determined by pre-testing with bulk Elium as the best possible ratio for a 
complete dissolution. The test specimens remained in these enclosed 
containers for 24 hours at room temperature and were checked for pliability and 
layer separation immediately after removal. The fibres for the single fibre tensile 
test were also separated at this stage. The remaining preform was dried for 24 
hours under ambient conditions. Contemporarily, the dissolved matrix was 
recovered by evaporating the acetone at room temperature in a fume hood. The 
recycled matrix and fibres were then dried at 65°C for 8 hours under vacuum in 
order to remove any residual acetone.  

The described recycling process provides the possibility to reclaim both the 
matrix and the fibres for future reuse. It is possible to separate the individual 
scrim layers from each other without damaging the integrity of the layers / 
preform. In this context, preform is defined as fibres recovered as scrim. The 
matrix can also be recovered by evaporating the acetone. In contrast to our 
results on a smaller scale [36], further process optimization and upscaling to the 
laminates seemed to increase the recovery of the matrix significantly, Fig. 1. 

 

 

Figure 1:  Recovery rate of matrix in the recycling process, size of laminates 
200x180 cm² 

With the exception of a few fibres at the edge of the scrim - which were 
unavoidably displaced during the recycling process, the recovered preform was 
entirely intact and could be reused as it is. The average matrix recovery rate 
has been calculated at 81%. The amount of matrix remaining on the fibres was 
approx. 8% (with respect to the fibres). The remaining matrix became visible 
microscopically when removing individual fibre bundles from the recycled fibres 
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directly after the dissolution process, Fig. 2. The SEM section of this paper 
discusses this topic in more detail. 

  

Figure 2:  a) Preform after removal from acetone, b) Optical micrographs of 
fibres after acetone removal 

2.4 Processing of 2nd generation test specimens 

New composites are hereafter called 1st generation composites and composites 
produced with recycled fibres are hereafter called 2nd generation composites. 
With regards to the matrix and the single fibres tested, we refer to “virgin” for 
new/freshly polymerised material and “recycled” for recovered material.  

The 2nd generation composites were processed using the recovered and dried 
preforms. The preforms were infused with virgin/fresh Elium150 via VARI as 
described in Section 2.2 and cured for 1.5 h at 65°C in a heat blanket (Fig. 3).   

 

Figure 3:  2nd Generation CFRP made with recycled fibres a) top surface                 
b) bottom surface 
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Dynamic mechanical analysis (DMA) test specimens in the size 60x10 mm², 
three-point bending test specimens in the size 150x15 mm² and interlaminar 
shear strength (ILSS) specimens in the size of 20x10 mm² were machined from 
these laminates for testing. All samples had a thickness between 1.7 and 2.0 
mm. The infusion time was 40 % shorter than for first generation composites. 

2.5 Characterization techniques 

The chemical composition of the recycled matrix was studied by means of 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR). The device was Alpha T-IR from Brucker and the spectra was recorded 
in the frequency range of 400 to 4000 cm-1. All values were normalized against 
the 1720 cm-1 (ester carbonyl) peak. 

The thermal analysis of the recycled matrix was carried out by differential 
scanning calorimetry, DSC (DSC 2920, TA instruments) according to DIN EN 
ISO 11357-1 [37] and thermogravimetric analysis, TGA (TGA 2950, TA 
instruments) according to DIN EN ISO 11358 [38], both under nitrogen 
atmosphere. The DSC was used to determine the midpoint glass transition 
temperature (Tg). The Tg is strongly dependent on the molecular weight values 
and distribution, and thus allowed conclusions to be drawn about the 
characteristics of the recycled material in comparison to the virgin material. This 
in turn revealed information about the effect of the processing conditions and 
the thermal history of the material during the recycling process [39]. DSC 
measurements were conducted following a heat-cool-heat regime from -20 to 
200°C (heat up to 200°C at a ramp 10°C/min; cool down to -20°C at a ramp 
50°C/min; followed by heating to 200°C, ramp 10°C/min). The Tg values were 
always taken from the second run to exclude any effect of thermal history [40]. 
Two measurements were performed for each specimen for repeatability. The 
temperature range of the TGA measurement was 25-600°C at a ramp of 
10°C/min. The thresholds of 5%, 10% and 50% weight loss, which are important 
for the thermal stability of a material [41] were investigated. 

The single fibre tensile test was carried out with fibres with a length of 50-60 
mm using both virgin and recycled fibres in accordance to ISO 11566 [44]. The 
fibres required for the tests were randomly extracted from the individual 
preforms under a microscope immediately after the dissolution process and 
fixed between 2 pieces of paper by gluing with Araldite AW4859/HW4859. The 
free length between the glued areas was 30 mm. This fixture was clamped in a 
Zwick/Roell ZMART.PRO tensile testing machine operating with a load cell of 
20N at a preload of 0.001 N (Fig. 4). The failure load was measured to get an 
understanding of the influence of the recycling processes on the structural 
integrity of the fibres. The data obtained was evaluated by Weibull analysis as is 
common practice [45-48]. At least 20 fibres were always examined for statistical 
relevance. 
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Figure 4:  Single fibre tensile Testing a) fixture b) fixed single fibre c) close up 
single fibre 

The surface morphology of the carbon fibres (virgin and recycled) was probed 
using scanning electron microscopy, SEM (DSM 982 Gemini, Zeiss) with an 
accelerating voltage of 5 kV in the secondary electron (SE) mode. Energy 
dispersive X-ray (EDX) analysis of the fibre surfaces was performed in the 
same instrument. 

Dynamic Mechanical Analysis (DMA) was used to compare the 
thermomechanical properties of the 1st and 2nd generation composites. The 
measurements were performed with a DMA 2980 from TA Instruments 
according to DIN EN ISO 6721-1 [42]. The measurements were performed in 
the temperature range -10°C to 160°C using a heating ramp of 2°C/min in a 
double cantilever mode at a frequency of 1 Hz. The storage modulus (E'), loss 
modulus (E'') and loss factor (tan δ) were recorded. In each case, four 
measurements were carried out and the mean values reported. Two relevant 
values were noted: the onset glass transition (Tg(Onset)) which was calculated 
from E’, and the maximum of the tanδ curve (Tg(tanδ max)). 

The interlaminar shear strength (ILSS) of the 1st and 2nd generation composites 
were tested according to DIN EN ISO 14130 [43]. The ILSS tests, like the three-
point bending tests, were performed at an ambient temperature of 23°C and 45 
% humidity. The ratio of test specimen thickness to span was kept at 1:5 and 
adapted for each specimen.   

The three-point bend (3PB) tests to investigate the flexural properties of the 1st 
and 2nd generation composites were carried out according to DIN EN ISO 
14125 [28]. The test was carried out using a Zwick/Roell BZ2-MM100TL.ZW01 
universal testing machine operating with a load cell of 100 kN at a preload of 5 
N and a thickness to span ratio of 1:16. The specimens were tested with the 90° 
fibre layers on the outside.  
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3 RESULTS AND DISCUSSION 

3.1 Infrared spectroscopy (FTIR) 

Recycled Elium showed a very similar FTIR spectrum to the virgin material, and 
both polymers to that of standard poly(methyl methacrylate), PMMA [50, 51]. 
The characteristic absorption bands for methyl and methylene C-H stretching 
(2249, 2292 cm-1), ester carbonyl (1720 cm-1) and C-O-C (1143 cm-1) are 
present in both (Table 1), and the overall spectrum remains essentially 
unchanged between virgin and recycled Elium. Also the peak heights of the 
values normalized to 1720 cm-1 are almost identical (Table 1). Hence it can be 
postulated that the recovered Elium after dissolution in acetone has no effect in 
terms of chemical composition in comparison to the virgin Elium matrix.  

Vibration Virgin Elium Recycled Elium 

C-H stretching  
C-H stretching  

2992 cm-1  2992 cm-1 

2949 cm-1 2949 cm-1 

C=O 1720 cm-1 1720 cm-1 

C-H bending 
 

1448/1434 cm-1 1448/1434 cm-1 

C-O-C  1143 cm-1 1141 cm-1 

Table 1:  Characteristic FTIR Peaks of Elium before and after recycling   

 

Figure 5:  FTIR spectra of Elium matrix before and after recycling (normalized 
at 1720 cm-1 peak) 
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3.2 Thermal analysis of the recovered matrix (DSC / TGA)  

Differential scanning calorimetry (DSC) was used to compare the thermal 
properties of the recycled Elium with its virgin counterpart and to investigate any 
alteration in the thermal properties of the matrix upon recycling. Since the 
maximum service temperature of amorphous thermoplastics such as Elium is 
below the glass transition temperature, the latter becomes a critical reference 
value [52]. As can be seen in Table 2 the mean glass transition temperature 
(Tg) of the recycled material is 16°C higher than that of the virgin material.  

Sample name Tg (°C) 

Virgin Elium 98 (±2) 
Recycled Elium 114 (±3) 

Table 2:  Mid-point glass transition temperature values before and after 
recycling   

This increase of the glass transition temperature after recycling can be 
explained by a likely incomplete polymerization during the production of the 
composites and thus the presence of residual monomers. The polymerisation 
possibly continues during the dissolution and drying stage of the recycling 
process. Since the glass transition temperature is strongly dependent on 
intermolecular interactions between polymer chains and increases with 
molecular weight [53], a higher Tg indicates an increase in chain 
length/molecular weight [54] which may have been achieved during the 
dissolution and the drying stage.  

A probable explanation for the presence of residual monomer content after 
composite manufacture is the increasing viscosity of the material during the in 
situ polymerisation of Elium after infusion. The viscosity is then too high for the 
growing chains to react with the remaining monomers (no diffusion possible). 
When Elium is dissolved, the viscosity is again significantly reduced. This 
makes it possible for the chains to meet monomer or reactive partners again 
and to be extended. Although chemically related to Elium, PMMA is usually 
produced on an industrial scale by dispersion polymerization [55], its production 
by solution polymerization is also known, even at room temperature [56]. 
Accordingly, it can be assumed that solution polymerization may occur when 
Elium is dissolved in acetone. Furthermore, the polymerisation may continue 
during post-treatment under vacuum (65°C for 8 h) leading to longer chain 
lengths and a noticeable increase in the Tg. This leads to an extension of the 
recycled material's service temperature to higher values.  

The thermogravimetric analysis in contrast shows a slight reduction in the 
thermal stability of the matrix after recycling, when referring to the 95% 
threshold (onset of degradation, Td) [41]. However, this reduction is noticeably 
lower compared to the reduction without vacuum drying of the matrix [36]. 
Moreover, the shoulder observed between 100°C and 200°C as a consequence 
of absorbed acetone during dissolution [60-62] (explained in our previous work 
[36]) is no longer visible. Td, which is an important parameter for thermal 
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stability, is seen to reduce by 24.8°C from 215.2°C to 190.4°C upon recycling. 
In comparison, the reduction of Td for non-vacuum dried matrix is 55.5°C [36]. 
For other thresholds used in the literature, such as the 90% wt. loss level 
(17.8°C less) and the 50% wt. loss level (0.5°C increase), the values of the 
virgin and recycled material are comparable to those of PMMA [63]. 
Accordingly, from these analyses it can be said that the thermal stability of the 
matrix is nominally influenced by the proposed recycling technique, Table 3, 
Fig. 6. 

Sample name 95% threshold 
(°C) 

90% threshold 
(°C) 

50% threshold 
(°C) 

Virgin Elium 215 (±4) 273 (±3)    334 (±3) 
Recycled Elium  190 (±6) 255 (±10)    334(±7) 
PMMA [63]  280    337 

Table 3:  TGA measurements of virgin and recycled Elium  

 

Figure 6:  TGA Measurements of virgin and recycled Elium matrix 

3.3 Single fibre tensile test (SFT) 

Since the breaking strength of carbon fibres changes as a function of fibre 
length due to its small cross-sectional area (the longer the fibres, the more 
defects there are and higher the probability of damage leading to failure) [47], 
the gauge length was set at 30 mm for all single fibre tests. However, due to 
naturally induced different distribution of defects, a noticeable scattering 
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occurred even with large sample sizes. For this reason, Table 4 shows the 
average tensile strength of the individual fibres and the 63% Weibull 
distribution. The parameters required for the Weibull formula, Formula 1 
(scaling parameter σ0 and the Weibull modulus m), are calculated by linear 
regression using the modified Formula 2. 

𝐹(𝜎𝑓 , 𝜎0, 𝑚) = 1 − exp(−
𝜎𝑓

𝜎0
)𝑚 

Formula 1: Derivation Weibull analysis 1 

ln (ln (
1

1 − 𝐹
)) = 𝑚𝑙𝑛(𝜎𝑓) − 𝑚ln(𝜎0) 

Formula 2: Derivation Weibull analysis 2 

In line with published literature dealing with tensile strength of individual carbon 
fibres, the point considered was 63% of all fibres tested failed according to 
Weibull distribution [45-47]. 

Sample name Weibull 63%-
value (MPa) 

⌀ max breaking 
strength (MPa) 

Virgin fibres 3881  3619 (±673) 
Recycled fibres  3719  3482 (±585) 

Table 4:  Single fibre tensile strength results 

As can be seen from Table 4, the tensile strength values according to the 
Weibull distribution as well as the average breaking strength of the recycled 
fibres are very close to those of the virgin fibres. The reduction is by 4.2% from 
3881 MPa to 3719 MPa (63% Weibull values) and from 3620 MPa to 3482 MPa 
(average values) respectively is within the uncertainty of the measurement and 
can therefore be neglected. It can thus be claimed that the presented recycling 
technique has no influence on the tensile strength and hence the structural 
integrity of the fibres. 

3.4 Scanning electron microscopy (SEM) 

The recycled fibres can be visually divided into two groups. Firstly, fibres on the 
outer side of the preform, Fig. 8 a-b, with very little matrix adhesion, which are 
sometimes difficult to distinguish from virgin fibres, Fig. 8 c. Secondly, fibres in 
the middle or inner side of the preform which have a noticeable layer of adhered 
Elium, Fig. 8 d-e. This can be related to the dissolution behaviour of polymers 
and the lack of stirring. When dissolving thermoplastics, a rubber-like, highly 
viscous layer of swollen polymer is formed [66-68], which can also be observed 
when dissolving pure Elium in acetone, Fig. 7. In a test setup without externally 
applied flow, as in this case, the dissolution process is determined only by 
convection flow. This in turn depends on the difference in density between the 
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solvent and the swollen polymer, as well as its viscosity. The viscosity of this 
swelling layer is largely dependent on the size and concentration of the 
dissolved macromolecules [67]. 

 

Figure 7:  Rubber-like, highly viscous layer of swollen polymer at Elium 

When composites are dissolved, a further factor influencing the convection flow 
needs to be considered, as the solvent flow is hindered by the fibres. It is a 
general consensus that the polymer is bound to the fibres through the sizing. 
Accordingly, when the matrix dissolves, the rubbery layer forms at the surface 
of the fibres.  

As the dissolution process progresses, the matrix is dissolved in ever deeper 
layers of the composite. As a result, the convection flow between the inner parts 
of the composite and free solvent is hindered by an increasing number of fibres 
layers and their adherent rubbery layer. The reason for this is the adhesive 
forces between the rubbery layers and dissolved polymers in the convection 
flow.  

This leads to the fact that the dissolving process proceeds much quicker on the 
outer sides of the preform, seen as clean surface like the virgin fibre in the SEM 
pictures, Fig. 8 a-b. The theory of the formation of rubber-like layers around the 
inner sides of the composite pre-form which do not dissolve due to the 
hindrance of the convection flow through the outer fibres (and their rubber-like 
layers) can be substantiated by the pliability tests. When the preform is 
removed from the solution, it can be bent without any noticeable difficulty (Fig. 2 
a). After removal of acetone, considerably more force is required for bending, as 
if the rubber-like layers have strengthened solid and partly bonded the individual 
fibres together. Evidence that the Elium on the fibre is dissolved during the 
recycling process and solidified again when the acetone evaporates can be 
clearly seen in Figures 8d-f. The observed ridges,Fig. 8 d & 8 f, encircled red, 
were also reported by Zafeiropoulos et al. [67] after a single washing 
subsequent to dissolving LDPE on glass fibres by toluene. The connections 
between the fibres as observed in Figure 8f suggest that these preform layers 
were connected to the Elium matrix during the dissolution. When the fibres were 
removed, the minimal separation caused the attached Elium to be pulled apart 
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(as is commonly observed during crazing in thermoplastics), before the acetone 
evaporated and the matrix solidified. 

 

 

Figure 8:  SEM pictures of a-b) recycled fibres at the outer side of the preform     
c) virgin carbon fibres d-f) recycled fibres at the inner side of the 
preform showing Elium has been dissolved and is solidified again 
(encircled red) 

As shown in Figure 9, a thin layer is always observed on the surface after 
dissolution.  
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Figure 9:  SEM pictures of carbon fibres with surface coating after dissolution 

Since for the chemical bonding of the matrix to the fibres the presence of the 
sizing is essential [70-72], EDX was used to assess whether sizing signatures 
can be detected in the remaining layer. The layer can consist either of a thin 
adherent layer of Elium without sizing or, as in the case of supercritical 
solvolysis by Dauget et al. [73], the original sizing. The EDX measurements 
revealed that the fibre surface always contains a low atomic percentage of 
silicon (Si), which indicates the presence of the sizing [71] (Fig. 10, Table 5). 
This is a decisive advantage over recycling by pyrolysis or solvolysis, which 
generally strips away the sizing leaving bare fibres after recycling [1]. This 
retained layer, on the other hand, can be regarded as particularly beneficial if an 
Elium matrix is used to process composites with these recycled and reclaimed 
carbon fibre preforms. 

  

Figure 10: EDX measuring points 

Measuring point C  (%) O (%) Si (%) Pt (%) 

PT1 49.4 39.8 10.5 0.3 
PT2 61.0 28.8 9.9 0.3 
PT3 
PT4 

52.3 
73.3 

34.8 
22.1 

12.4 
4.3 

0.5 
0.2 

Table 5:  Elemental composition in atomic% from the EDX measurements 

The presence of both sizing and Elium on the fibres could be potentially linked 
to the mechanical responses observed by DMA and ILSS and has been 
discussed in the following sections. 

 3.5 Dynamic mechanical analysis (DMA) 

The 2nd generation composites produced with virgin Elium and recycled fibres 
were tested by DMA for their thermomechanical properties from which 
information about fibre-matrix adhesion can be derived [74, 75]. Gerard et al. 
[76], reported that the glass transition temperature and the storage modulus can 
be good indicators for fibre-matrix adhesion. The Tg(Onset) (+4.7°C) and Tg(tanδ 

max) (+3.1°C) were observed to increase slightly in comparison to the 1st 
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generation composites, Fig. 11,12, Table 6. This could be potentially attributed 
to post-polymerisation of the reclaimed matrix during vacuum drying (8 h, 65°C) 
to remove residual acetone (8% residual Elium w.r.t. fibres in the preform). 
However, it should be noted that the increase in Tg is marginal and therefore the 
thermal stability of the recycled composites can be considered comparable to 
their virgin counterparts.  

 

Figure 11: Storage modulus and tanδ of typical DMA curves for 1st and 2nd  
generation composites  

Sample name ⌀ Tg(Onset) (°C) ⌀ Tg(tan(δ) max) (°C) Stor. mod. (MPa) 

1st Generation  87.7 (±3.9) 116.0 (±5.0) 8952 (±969) 
2nd Generation  92.4 (±2.7) 119.2 (±2.4) 8210 (±763) 

Table 6:  Glass transition temperatures by DMA for first and second generation 
composites 

However, despite the signature of sizing remnants, the storage modulus (E') at 
room temperature (25oC) is seen to reduce by 8.2% from 8952 MPa to 8210 
MPa indicating a slight degradation in interfacial adhesion. In addition, an 
increase in the tanδ peak is observed, which indicates an increase in damping 
and is generally interpreted as a degradation of interfacial properties as well 
[75, 77]. Nevertheless, the reduction in thermomechanical properties is still 
relatively small and can be considered as acceptable, given the background 
that recycled fibres that are used.  
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Figure 12: Glass transition temperatures by DMA for first and second 
generation composites 

In conclusion, it can be considered that the thermomechanical properties of the 
recycled material detected on the basis of the DMA data are relatively near to 
the properties of the virgin material.  

3.6 Interlaminar shear strength (ILSS) 

Since the mechanical properties of composites are strongly dependent on the 
fibre-matrix interfacial interaction through the sizing which influences load 
transfer between the fibres and the matrix [78,79], ILSS testing was used to 
probe the fibre-matrix interface. According to Singh et al. [80], crack initiation 
and propagation under bending stress in composites occur mainly along the 
interlaminar surface, which in turn leads to delamination and failure. Especially 
in the case of reused fibres, the shear properties can be especially affected 
upon recycling [17].  

From Table 7, it is observed that the ILSS results do not reflect the slight 
degradation observed earlier from the DMA measurements. The averaged 
shear strength is practically unchanged with the recycled composites at 
31.4GPa is 99.8% of the virgin composite with 31.5 GPa, Table 7. The scatter in 
the data in both cases is relatively high, but that is common for ILSS 
measurements [81, 82]. 
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Table 7:  ILSS results of the Elium CFRPs 

Thus, it can be concluded that the proposed recycling has no noticeable 
influence on the fibre-matrix adhesion which can be explained by the 
viscoelastic behaviour of thermoplastics. In contrast to thermoset systems, the 
thermoplastic matrix is not cross-linked which means that the chains shear/slide 
against each other during crack propagation. However, the interactions between 
the chains are still present, leading to plastic deformation and a reduction in 
crack propagation [24]. Bhudolia et al. [31] observed during shear strength tests 
of Elium composites that the fibre-matrix adhesion is strong which usually leads 
to matrix-dominated failure under shear. Since in the present situation there is 
still sizing remaining on the recycled fibres (for further explanations please refer 
to Section 3.4), it can be assumed that sufficient fibre-matrix adhesion can be 
achieved even in the composites processed with recycled fibres and fresh 
Elium. In areas where Elium remnants are still present on the fibres, the 
solubility of polymerized Elium in Elium monomers can also lead to a very good 
bond between the old and virgin matrix. 

3.7 Three-point bending (3PB) 

The results of the three-point bending tests,Table 8, complement the assertion 
of a high fibre-matrix adhesion deduced from the ILSS (please refer to Section 
3.6). Macroscopically, none of the samples tested showed interfacial failure. 
Both 1st and the 2nd generation specimens failed by compression on the upper 
side, as has been reported earlier [25]. However, the modulus seemed to 
decrease by 12.2% and the flexural strength by 27.3%, Figure 13, Table 8.  

 

 

 

Table 8:  3PB results of the Elium CFRPs 

 
 

Sample name ⌀ Shear stress at 
break (GPa) 

1st Generation 31.5 (±5.3) 
2nd Generation 31.4 (±5.9) 

Sample name ⌀ Bending 
modulus (GPa) 

⌀ Flexural 
strength (MPa) 

1st Generation 12.5 (±2.5) 480 (±48) 
2nd Generation 10.9 (±1.3) 349 (±50) 
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Figure 13: 3PB results for 1st and 2nd generation composites 

The reduction in the flexural properties of the 2nd generation composites after 
recycling can be related to the observed compressive failure. As shown in 
Figure 14, during the infusion of the recycled fibres, small air bubbles were 
partially formed on the top ply of the laminate (in the direction of the infusion). A 
possible explanation is the higher infusion rate when using recycled fibres. The 
infusion time has been observed to reduce by about 40%. This may be caused 
by a lower compression of the preform due to the Elium remnants on the pre-
form. Unfortunately, despite the change in the directional media length as 
proposed by Bhulodia et al [23], it has to date proved impossible to avoid this 
issue (which is currently being investigated for future reports). Since the 3PB 
samples are machined at 90° to the direction of infusion, the air inclusions are 
located transversely in the top ply of the specimen. This results to less matrix on 
the top of the specimen which fails under pressure at this point during testing 
possibly resulting in reduced flexural properties of these materials as observed.  

 

Figure 14: Bubbles on the top ply of the 2nd generation composite (bubbles 
encircled red) 
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4 CONCLUSION 

This work presents a recycling strategy that enables reclamation of undamaged 
fibres in the form of scrims and reuse them almost completely in a similar form 
and quality. In addition, it is possible to recover 81% of the matrix with 
properties quite near to the virgin material.  

According to FTIR analysis, there is no significant change in the chemical 
structure of the matrix material due to recycling. Furthermore, no decrease in 
the upper application temperature of the recycled matrix could be observed by 
means of DSC measurements (Tg increases by 16°C). TGA measurements 
revealed a certain reduction of the degradation temperature (Td decreases by 
24.8°C); but overall, the properties of the recycled matrix were found to be quite 
near to the level of the virgin matrix properties. 

The tests carried out showed that reuse of the recycled fibres in the form of 
scrims is feasible. The suggested presence of the sizing on the fibres and 
retaining the preform structure are the main advantages of this recycling 
method. The recycled fibres, as has been demonstrated here, could be 
processed quite similar to the virgin ones using VARI. SEM/EDX observations 
suggested that sizing remains on the fibres which results in adequate fibre-
matrix adhesion and only a minor degradation of the interlaminar properties. 
The interlaminar shear strength according to the ILSS measurements was 
almost identical in both generation of the composites (negligible 0.2% reduction 
for the 2nd generation composites). This being said, a noticeable reduction in 
the flexural performance of the composite with recycled fibres was observed 
(bending modulus decreased by 12.2%). This was mainly attributed to small 
bubbles observed in the 2nd generation composites during processing.  

Based on the recycling process presented in this paper, a nearly quantitative 
recovery of the fibres is feasible. The recovered fibres can be subsequently re-
used for identical applications with comparable performance to pristine systems. 
Therefore, this work can serve as proof of concept of a Closed-Loop Recycling 
approach for infusible thermoplastic composites.     
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