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Figure 2. Examplary strain-stress curves for fibres made of neat PETG and rPETG.
sulted in thinner fibres, as was especially
observed for PETG processed at 210 °C a) b)
and 1000 rpm. Decreasing the diameters
of fibres is an important step in their fur-
ther application in CFRP. Using fibres
that are too thick decreases the volume
fraction of carbon fibres and, consequent-
ly, the mechanical properties of the lam-
inates.
Representative  strain—stress — curves
for both types of fibre are presented in
Figure 2. The first section of the curve
is rectilinear and indicates the elastic c) d)

deformation of the fibres. From this
part, Young’s modulus was determined.
After the yield point was reached, the fi-
bres started to deform more plastically,
which is associated with the orientation
of the amorphous phase and the forma-
tion of aneck in the sample. Interest-
ingly, in PETG, this resulted in strain
hardening and increased stiffness, while
rPETG fibres deform and become soft-
er, wihout hardening. This difference in
mechanical deformation may be related
to the shorter polymer chains in regran-
ulate and the effect of plasticisers from
the solvent used to remove inks from the
PETG foils.

It was noticed that rPETG fibres are
more flexible than PETG fibres, as is
confirmed by the higher elongation at
break values obtained for rPETG in com-
parison to PETG fibres produced under
the same processing conditions (7able 1).
Moroever fibres which have high elon-
gation also possess lower stiffness. For
PETG fibres, the highest Young’s modu-
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Figure 3. SEM images of laminates reinforced with neat PETG fibres (a, b) and recycled

PETG fibres (c, d).

lus achieved was 4.7 + 0.6 GPa when the
processing temperature was 210 °C and
the winding velocity 1000 rpm. Increa-
sing the fibre strength by applying higher
rotational speed was observed for cotton
yarns [10]. For fibres made from rPETG
this is only 1.7 £ 0.3 GPa for a process-
ing temperature of 200 °C and winding
speed of 600rpm. As expected, the ten-
sile strength is higher for PETG fibres

(205 + 26.5 MPa) and much lower for
rPETG fibres (25.1 + 4.05 MPa). The re-
duced strength of fibres fabricated from
PETG after recycling is related to shorter
polymer chains and the lower molecular
weight. However, the values of elonga-
tion at break obtained for rPETG fibres
are much higher than for recycled PET
fibres, for which the elongation was
around 22% [11].
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Figure 4. Mechanical properties of CFRP reinforced with fibres of neat PETG and rPETG.

Figure 5. SEM images of laminates after ILSS. Reference panel (a, b), panel with PETG
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RIARZS
PXHKK

9
&

S0
RS

SRR

X XXX

:
%
258

0

o
9

2
<
KR

TSTSTST
0. 0.9

KX

2R

>
5
S

5
S
ofo
2585
35
o

XK
KRS
S

LEELS

&
5

%

%020

255
%5
SRS

%5

:0. 25
28558

2

35
2%
2%

2R

XKL
O 00,0009,

R8KKKL

&
55
KRIERIIRIRLIKKLS

S
SRS
SRIRIRIIRRKIRS
2SRERRIRRRRERRRIRKKE

bod
K X X
22585

00,
K2
Pee

2

B ILSS
XA Flexural strength

reference

with PETG

FL D5.1 x200 500 um

with rPETG

FL D53 x800

100 um

FL D50 x200 500um

FL D51 x800

100 um

FL D52 x200 500 um

FL D52 x800 100um

fibres (c, d), panel with rPETG fibres (e, f).

64

Composite laminates

The incorporation of thermoplastic fibres
into CFRP should not affect the quality of
laminates, especially as it does not cause
the formation of many pores. The val-
ue of porosity calculated was 0.14% for
the reference panel, 0.01% for the pan-
el with PETG fibres and 0.02% for that
with rPETG fibres. It is confimed by the
cross-section of the laminates produced
with layers of PETG and rPETG fibres,
checked by SEM and presented in Fig-
ure 3. Generally neither laminates have
pores or other defects, which means that
the usage of thermoplastic fibres as ad-
ditional layers does not disturb the fab-
rication process of laminates. The curing
temperature and pressure applied result-
ed in the melting of both types of fibres
and the formation of continous layers be-
tween carbon fabrics (Figures 3.a, 3.c).
Images created at ahigher resolution
(Figures 3.b, 3.d) also showed a lack of
delamination and cracks in the compos-
ites, as well as satisfactory compatibility
between PETG or rPETG, carbon fibres
and epoxy resin.

The main goal of the introduction of
thermoplastic polymer into CFRP is to
improve the mechanical properties. Fig-
ure 4 shows that the flexural strength
is highest for the reference panel, and
is about 200 MPa and 300 MPa less in
the case of laminates with PETG and
rPETG, respectively. In the case of ILSS,
there was a visible improvement of about
20%, but only when PETG fibres were
inserted. For laminates reinforced with
rPETG fibres, there was no improvement
in interlaminar properties. The lack of
a significant increase in the mechanical
properties of CFRP by insertion of PETG
and rPETG fibres could be related to the
fact that the diameters of these fibres
were too large, which strongly affects
the effectiveness of strengthening due to
insufficient wetting of carbon fabrics by
the thermoplastic resin [12, 13]. The oth-
er possibility reported in the literature is
inhomogeneous distribution of fibres in
each layer, which leads to the formation
of alocal higher concentration of poly-
mer [14].

SEM images of the laminate’s surface af-
ter the ILSS test is shown in Figure 5. In
each case the laminate was not totally de-
stroyed, but there is a visible difference
in the broken area. The highest is for the
reference panel (Figure 5.a). while the
highest cohesion was exhibited by the
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laminate with PETG fibres (Figure 5.c).
Moreover in the reference panel the frac-
ture is brittle, showing a lot of broken fi-
bres in the destroyed area. Modification
of CFRP with both thermoplastic fibres
leads to less brittle fracture and better
cohesion of the sample (Figures 5.d, 5.f)
due to the reinforcement of weak inter-
laminar regions of the laminates [15].
Interestingly the application of rPETG
fibres as interlayers did not result in the
same improvement in ILSS but in even
lower values of ILSS than for the refer-
ence CFRP. From the SEM images (Fig-
ure 5.f), much deeper and sharp fracture
of fibres is seen, which could be related
to atrash amount of solvent remaining
in rPETG fibres, and consequently with
lower adhesion of the polymer to the car-
bon fabric, or due to higher fibre brittle-
ness.

B Conslusions

In this study, a melt-spinning process
was applied to produce fibres directly
from fresh PETG and from regranulate
of PETG obtained by washing out the
printing from post-consumer foils. It was
found that for fresh PETG, a suitable
processing temperature is 210°C, which
is too high for rPETG. The diameters of
PETG fibres were lower than for rPETG,
but they have asmoother surface and
higher flexibility. Application of both
types of fibres as interlayers in CFRP
resulted in good quality laminates, but
with lower flexural strength, while there
was significantly improved ILSS in the
case of fresh PETG fibres. SEM images
of laminates after the ILSS test confirms
that the application of thermoplastic pol-
ymer reduced the cracking area of CFRP.
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