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Abstract

The online spinning process of commingled yarns is
investigated in terms of distribution homogeneity
and thermal shrinkage. In comparison with previous
hybrid yarns intermingled by air jet texturing
technology, the online spinning process could avoid
fibre damage and improved the yarn distribution
homogeneity. Our experiments show that both
hybrid yarn tensile strengths and mechanical
properties of unidirectional composites were
improved based on an optimized sizing for glass
fibres consisting of aminosilane and maleic
anhydride grafted polypropylene film former. We
found that the online commingled yarns do not tend
to thermal shrinkage, whereas air jet textured yarns
show shrinkage depending on the molecular
orientation during processing of hybrid yarns or
textile fabrics made thereof. Nanostructured
interfaces introduced by smallest amounts of carbon
nanotubes in sizings enable to achieve
multifunctional effects such as improved tensile
strength of glass fibres, modified morphology of
interphases, and new fracture mechanisms.

1 Introduction

The hybrid yarn technology is a cost-effective
processing method for continuous fibre thermo-
plastic composites, such as light weight components
for wvehicles. It could address a number of
challenging issues of thermoset composites,
including storage, long processing cycles, and high
brittleness. Previous research on commingled yarns
was mainly focussed on the air-jet texturing process.
Because of the very short flow paths of the viscous
polypropylene (PP) melt, commingled yarns offer an
ideal opportunity to achieve short cycle times at

improved homogeneity of impregnation. Both
investigations in theoretical and experimental
directions have been undertaken to utilize the high
potential of light weight construction and the wide
possibilities to design continuous-fibre reinforced
composites with thermoplastic matrices [1-3]. A
number of studies has been directed towards manu-
facturing of commingled yarn [1-5], properties of
composites made from commingled yarn and effects
of processsing conditions on impregnation, and
consolidation behaviour [6-18].

The use of the textile reinforced thermoplastic
composites in high performance light weight
structural parts offers advantages compared to
conventional constructions, particularly, in complex
light weight applications and the function-integra-
ting multi-material design. However, it was reported
that the mechanical properties of the composites are
strongly influenced by the hybrid yarn impregnation
homogeneity, the unidirectional/textile subassemb-
lies, the sizing on the glass fibre (GF), and the
consolidation processing conditions. The effects of
hydrothermal aging on commingled yarn GF/PP
composites have been investigated [19]. It has been
observed that an aminosilane sizing protects fibre
against water, resulting in a diminution of the
amount of absorbed water, where the interfacial
interactions act as barriers during absorption and
desorption. The extension and the profile of the
Young’s modulus of the interface between GF and
PP matrix, because of interdiffusion and different
chemical interactions, has been experimentally
determined using Atomic Force Microscopy (AFM)
[20]. Previous research on commingled yarns was
mainly focussed on the air-jet texturing process. The
literature contains few data about glass fibre/thermo-
plastic composites made from online hybrid yarns by
simultaneous spinning and commingling of GF and
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PP filaments. Presently, considerable efforts are
undertaken to investigate the fracture behaviour of
the commingled yarn composites. It is well known
that intralaminar and interlaminar stresses result in
relatively weak interlaminar fracture toughness,
often leading to interlaminar failures such as
delamination in composites under various loading
conditions. In order to engage these challenges,
researchers have developed 3D braided fibres as
well as through-thickness stitching. A detailed re-
view of these studies was given by Tong et al. [21].
However, these approaches do not account for all
issues, such as low in-plane strengths for the 3D
braided fibres and shorter tensile fatigue life and
lower compression strengths for the stitched fibre
laminates. Recently, carbon-nanotube reinforced
polymer composites have reported limited improve-
ments in the bulk mechanical properties compared
with traditional fibre-reinforced composites. An
effective utilization of nanotube mechanical poten-
tial in composites is a long standing problem, despite
huge promise, issues such as dispersion, alignment,
and interfacial strength still pose multiple challenges
for the researches [22]. Extensive research efforts
are required on the processing behaviour, the mecha-
nical analysis of short and long term behaviour, and
on the reliability models for dimensioning.

This paper deals with the equipment construc-
tion of online spinning of hybrid yarns, and with the
investigation of material properties of online
commingled yarn composites in comparison with
those intermingled by air-jet texturing based on our
previous work. We study the influence of different
sizings and processing conditions on mechanical
properties of the hybrid yarns, since the mechanical
properties of composites can vary depending on the
interphase between glass fibre (GF) and bulk matrix.
To identify the tailored fibre and composite
properties, we also investigated the distribution
homogeneity of the polymer and reinforcement
component, the thermal shrinkage and shrinkage
stress behaviour, and the melt and crystallization.
Further modification of fibre and interface properties
has been achieved by incorporation of both single-
walled carbon nanotubes (SWCNTSs) and differently
functionalized multi-walled carbon nanotubes
(MWCNTS) into the sizing of glass fibres.

2 Experimental

2.1 Materials

The commingled yarns are made by separate
spinning of E-glass fibre (GF) and polypropylene
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(PP) filaments with different sizings/finishs, which
in turn are intermingled by air-texturing process, as
described elsewhere [12]. The spinning speeds for
this separate spinning were 1000 m/min for GF and
3000 m/min for PP, respectively. Furthermore, a
commercial as received PP (Prolen-H, Chemosvit
Fibrochem a. s., Slovakia) was used for comparison
with self-made air-textured hybrid yarns. Two kinds
of PP filaments were produced from either a
commercial homopolymer (Borealis HH 450B) or a
maleic anhydride modified polypropylene (MFR =
36 ¢/10 min) which was produced from isotactic
homopolymer with the average molecular weight
M, = 16x10" g/mol by blending with maleic
anhydride grafted PP (Exxelor P1020 with M,, =
8.6x10* g/mol). To perform pull-out tests with
single-fibre composites the high molecular weight
homopolymer (M,, = 29x10* g/mol, Borealis HD
120M), also blended with maleic anhydride grafted
PP (Exxelor P1020 with M,, = 8.6x10* g/mol), was
used as polymer matrix to investigate the most
difficult conditions of alignment for the SWCNTs
due to the high melt viscosity of the polymer matrix
(MFR =8 g/10 min).

To achieve best interfacial interaction for
enhanced composite properties, we used standard
commercial finishes and our PP-compatible sizings,
namely S and G, respectively. As standard comercial
finish, S Fasavin HT11 (Zschimmer & Schwarz) was
applied to the polypropylene filaments. The special-
ly developed sizing G consisted of Aminopropyl-
triethoxysilane AMEO (Degussa) and a nanodis-
persed polypropylene film former grafted with
maleic anhydride having an average particle size
distribution of 90 to 100 nm and a molecular weight
of My = 9.4x10* g/mol. The sizing formulation was
prepared by slow stirring the AMEO in 50 % of the
distilled water and further 30 min stirring to
complete hydrolysis. The film former dispersion was
diluted with distilled water and added to the silane
solution. We explored different routes and stages to
apply the sizing/finish on the both GF and PP fibres
during the intermingling. Best results could be
obtained for the case where no finish was applied to
the PP-filaments and low amounts of sizing were
applied to the GF (Fig. 1). Additionally, during the
continuous spinning process, the GF were in-situ
sized by the above described aqueous sizing G
containing additional amounts of carbon nanotubes
0.04, 0.1, 0,2 wt% related to the sizing. The
SWCNTs and MWCNTs were purchased from
Nanocyl S.A., Belgium.
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Fig. 1. Pilot plant equipment for online commingled yarn
spinning of GF and PP. The insert shows the
intermingling of GF (perpendicular) and PP (from right
hand side)

The online hybrid yarns are made by simul-
taneous spinning and commingling of GF and PP
filaments at a speed of approximately 700 m/min
with fibre volume fraction of 50 % and a fineness of
about 160 tex. We comprised the spatial integration
of a thermoplastic melt spinning equipment into the
workspace of the existing unique equipment for
processing continuous GF filaments (Fig. 1) [24].
The optimised processing condition for a homoge-
neous mix of the GF and PP filament arrays has
been established after comparing different technolo-
gical routes including the adaption of the spinning
velocity and the use of applicable nozzles for the PP
spinning. The melt temperatures of GF and PP are
1200°C and 240°C, respectively. The cooling
behaviour of the filaments, controlled by the
processing speed, is crucial to determine the fibre
diameter and in turn the constructive design of the
filament haul-off, as well as the commingling and
the winding process. Besides the circular cross
sections of GF with diameters, Dy, of 12 to 24 pym,
the PP filament diameter, Dy, is varied in the region
of 12 to 45 um according to processing conditions.

The unidirectional composites made of
commingled yarns were processed in computer
controlled long-term cycle (heating, consolidation,
and cooling in the mould) at a temperature of 225°C
for 45 min. In detail, heating from ambient
temperature to 225°C took 23 min at a pressure of
0.5 MPa, followed by hot pressing at 3 MPa for 2
min and cooling down to 40°C for 20 min was
applied. During cooling the pressure was kept
constant at 3 MPa. To investigate the interfacial
adhesion between the GF fibre and PP matrix,
micro composites were prepared for the single fibre
pull-out test. The single fibre was accurately
embedded in the matrix (Borealis HD 120M with
2% Exxelor P1020) with embedding lengths of 800

pm.
2.2. Characterisation

The distribution homogeneity of reinforcement
and matrix components of the hybrid yarns was
analyzed with an optical microscope (OM) using
polished cross sections of hybrid yarns embedded in
epoxy resin. The samples were embedded in the
resin and subsequently polished to obtain cross
sections amenable to quantitative evaluation of the
distribution homogeneity. In order to judge an
representative amount of data four and five cross
sections of air jet textured and online commingled
yarns, respectively were evaluated. Because of
partly scattered yarns, each cross section was
divided into several areas, equal of width and
breadth. The amount of areas used for the specific
cross section partly differed due to sample prepara-
tion, but in any case the entirety of the used areas
comprised all filaments throughout the cross section.
After splitting up the cross section into several
fragments, the area fraction of GF and PP was
determined measuring every single filament within
the relevant area by using the image analysis
software analySIS. As a minimum, the evaluation of
each cross section comprised 600 measured fibres
and 10 sections. The weighted average relative
frequency provides information on the distribution
homogeneity of the examined hybrid yarns.

The thermal shrinkage behaviour was measu-
red with a TST 2 by Lenzing Instruments, Austria.
The instrument allows to record simultaneously the
thermal shrinkage and the shrinkage force, both
determined at a defined temperature and with a
certain initial load. In preliminary measurements an
initial load of 0,06 cN/tex was found to be a suitable
value to provide the necessary pre-stressing of the
hybrid yarn without dominating the small material
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response due to shrinkage after going suddenly from
room temperature to 165°C.

Atomic force microscopy (AFM, Digital
Instruments D3100, USA) is used to determine the
changes of the surfaces roughness of GF and PP
fibres due to the different surface modification [20].
The topography of samples was studied in tapping
mode. The phase images reveal differences in
surface properties of the material which are currently
only qualitative in nature and were produced using
the following settings: a setpoint voltage equal to
50~55% of the free vibrational amplitude within a
range from 2.0~2.5 V and integral and proportional
gains of 0.2 and 2.0, respectively. The difference
between the setpoint and the free amplitude is
directly related to the force applied to the surface
during imaging.

The differential scanning calorimetry (DSC)
measurements were performed using a DSC7
(Perkin Elmer, USA) equipped with the Pyris-
software in a temperature range from —60°C to
210°C. The temperature and heat of transition were
calibrated with In and Pb standards. The heating rate
used was always 20 K/min and the molten state at
210 °C was kept every time for 5 min to account for
the thermal history and destroy in that way the pre-
existing crystalline nuclei.

2.3. Mechanical testing

The tensile strength of single GF was measured
using the Fafegraph Mechanical testing device (Fa.
Textechno) equipped with a 100 cN force cell. The
gauge length is 20 mm and the velocity is 10
mm/min under 65 % relative humidity and 20°C
according to specification EN I1SO 5079. Based on a
vibration approach, the diameter of each selected
fibre, Dy, was determined using a Vibromat ME (Fa.
Textechno) according to specification EN 1SO
53812 and ASTM D 1577. To verify the effect of
surface properties on the statistical distribution of
fibre tensile strength, the failure probabilities were
fitted through the least squares method by single
two-parameter Weibull model [25] using

P=1- exp[—(sg)"“] 1)
0
where P is the cumulative probability of failure
(i/(n+1)) at the tensile stress . The parameters m,
and s, are the Weibull modulus and the scale factor
of fractured fibres, respectively.

The single fibre pull-out test was carried out on
a self-made pull-out apparatus with force accuracy
of 1 mN and displacement accuracy of 0.07 um with
identical pull-out velocities (0.01 pum/s) at ambient
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temperature. From each force—displacement curve,
the force at start of debonding, Fy, the maximum
force Fnax, and the embedded length I, were derived.
The fibre diameter D; of each pulled-out fibre was
measured with an optical microscope. Every GF/PP
combination was evaluated by about fifteen single
tests. The apparent adhesion strength z and the
critical interphase energy release rate, Gj. were
calculated, according to

r= Fmax/ﬂDer (2)
Fy =7(D; /2)2(— p+yp° —q(Gic)) ©)

where p and q(Gi.) are terms depending on fibre and
matrix mechanical properties and specimen
geometry; their expressions and the derivation are
given in [26], based on the theory originally
presented in [27].

The transverse tensile strength o; is measured
according to specification 1SO 527 with a velocity of
1 mm/min (specimen dimensions of 4x15x140 mm).
The intralaminar shear strength z, of samples (10%10
x4 mm) is measured by a self-made compression
shear test equipment with a deformation velocity of
1 mm/min.

3 Results and discussion

3.1 Distribution homogeneity

The performance of commingled hybrid yarns
with high volume contents of reinforcement is
intrinsically tied to the issue of distribution
homogeneity of the components. Filament
distribution homogeneity of online commingled and
air jet textured hybrid yarns are compared. Fig. 2
shows a typical cross section of an online
commingled hybrid yarn divided into various areas
for subsequent evaluation.

Regardless the processing route of hybrid yarns,
the ideal distribution of every single GF adjacent to
PP could not be achieved neither in the case of
online commingling nor air jet texturing. In any case
the examined cross sections reveal agglomerates of
either GF or PP filaments, but the size of these
agglomerates differs significantly with regard to the
chosen processing route. The hybrid yarns were
determined to have a glass weight fraction of 75
wt%, equal to approximately 50 vol%. Based on
these figures the aforementioned ideal state of
distribution should result in an area fraction of 50 %
GF for each evaluated cross section.
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Fig. 2. Polished hybrid yarn cross section, sectioned for
glass area fraction determination
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Fig. 3. Comparison between the distribution homogeneity
of air jet textured and online commingled hybrid yarn

In Fig. 3 the averaged values for all examined
hybrid yarns manufactured by either air jet texturing
process or online commingling are shown and
compared directly to each other. At first glance, both
air jet textured and online commingled hybrid yarns
show sections with unfavourable area fractions of
glass being significantly different from the desired
GF area fraction of 50%. For the online commingled
yarns a distinct maximum of the relative weighted
frequency around 50 % can be found and the
outlying GF area fractions contain relatively few
filaments, whereas the distribution homogeneity of
the air jet textured yarns exhibits a comparably
rugged shape. The limitations of the air jet texturing

process for achieving good intermingling of the
components became evident as the highest value for
the weighted relative frequency is found to be at 100
%. In terms of distribution homogeneity of the yarn
this can be interpreted as bundled GF agglomerates
of significant dimensions.

Independent of the chosen commingling tech-
nique the results of the evaluated cross sections
demonstrate the necessity of further improvement of
intermingling, leading to an improved distribution
with every GF being next to a PP filament. An
optimised arrangement of the filaments would allow
for shorter hot pressing cycles of the composite and
thus further facilitate cost-efficient manufacturing.

3.2 Thermal shrinkage

Before hot pressing, the hybrid yarns usually
undergo a preheating step where the thermoplastic
filaments are molten to shorten cycle times. During
this preheating process the flow-imposed molecular
orientation of PP filaments tends to vanish and with
increasing mobilization of the chains the thermo-
dynamically beneficial random-coil state is approa-
ched. These mechanisms on the molecular level are
associated with a macroscopically measurable shrin-
kage of the textile. As soon as the textile structures
become more complicated, the inhomogeneous
structure of the textile will result in a hardly
predictable shrinkage behaviour and distortions of
the textile which finally complicate the subsequent
hot pressing process.

+—— ProlenH

shrinkage [%]
IS

air jet textured

—=—online commingled
T T

T T T T
0,0 05 10 15 20 25 30
time [min]

elongation [%]

Fig. 4. Shrinkage/elongation as a function of time of air
jet textured and online commingled yarns measured at a
temperature of 165°C



Fig. 4 shows the recorded shrinkage behaviour
for selected online commingled yarns in comparison
with air textured yarns. Each curve represents the
average of at least five measurements. The displayed
curves comprise an representative selection of online
and air textured yarns, including the air textured
yarn based on commercially available Prolen-H
filaments, showing interestingly the highest shrin-
kage among the air textured yarns. Depending on the
type of hybrid yarn, two distinct regimes can be
observed. The air jet textured yarns show an
immediate response with the shrinkage shooting off
and leading to a pronounced maximum in a plateau-
like region within approximately 30 sec. Afterwards
the measured shrinkage drops gradually, for two
cases already reaching zero shrinkage within the
measuring time. A totally opposed response is
exhibited by the online commingled hybrid yarns.
After starting the measurement, the hybrid yarns
slightly elongate before the curves level off. Distinct
local maxima like for the air jet textured yarns
cannot be observed. The little increase in length can
be attributed to the applied initial load being
constant throughout measuring time and thus affect-
ting the recorded elongation. Figure 4 demonstrates
that the online commingled yarns do not tend to
shrink at any time, thus, they are gradually pulled
apart by the applied load until GF are fully stretched
and further elongation is impeded. An explanation
for the described behaviour of the two hybrid yarn
types can be derived from the corresponding
shrinkage stress vs. time curves in Fig. 5.

0,15

air jet textured
—=— online commingled

-— ProlenH

0,10

0,05

shrinkage stress [cN/tex]

0,0 0,5 10 15 2,0 25 3,0

time [min]

Fig. 5. Shrinkage stress as a function of time of air jet
textured and online commingled yarns determined at a
temperature of 165°C

All curves start off from the adjusted initial
stress of 0,06 cN/tex. For the air textured yarns the
recorded shrinkage stress rises quickly until it rea-
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ches a distinct maximum before falling off and stress
relaxation phenomena take over. For the online com-
mingled yarns at no time an increase in shrinkage
stress can be recorded. The comparison of the gene-
ral thermal shrinkage behaviour points out clearly
the differences between the two hybrid yarn types.

During the shrinkage process mainly two
forces contribute to the shrinkage process as
becomes evident by Fig. 5: Before starting the
measurements the only acting force is the initial load
that generates a certain stress level in the clamped
yarn. As soon as the temperature is applied the stress
relaxation starts. In the case of the air jet textured
yarns only a few seconds later the shrinkage stress
builds up quickly acting in the opposed direction
causing measurable shrinkage of the yarns. At the
beginning of the measurement the shrinkage stress
build-up is significantly faster than the stress
relaxation mechanism taking place at the same time,
however, the shrinkage stress ceases to affect the
course of the measurement after approximately 30
seconds and again the stress relaxes gradually. The
fact of the air textured yarns being proved to be
more shrinkage-prone is attributed to the following
reasons. Firstly, the PPs used for air jet texturing are
spun at velocities causing a pronounced molecular
orientation which is necessary to increase the
strength level for textile manufacturing. Secondly,
by air jet texturing a certain amount of GF is broken
thus lowering their reinforcing effect and contribu-
tion to the yarn integrity, whereas in the case of
online commingled yarns no filament damage occurs
and lower take up velocities are used resulting in
partly orientated yarns (POY).

3.4. Yarn and composite properties in
dependence of the polymer/surface modification

Fig. 6 displays the yarn tensile strengths of
online COM and two different air textured COM
yarns. The online COM and air textured hybrid
yarns compared contain the same sizing G, but no
finish on the PP-filaments. Furthermore, the PP-
matrix and modification is kept constant. The ratios
D/Ds (in um) are 24/17 for online COM and 12/12
for air textured yarns, respectively. The fibre volume
content is kept constant at 50%. In comparison, the
commercial PP-filaments used are unknown in both
polymer and finish. Clearly, the air textured yarns
show a significant decay of the tensile strength,
which is due to damage of glass filaments caused by
the high air pressure during intermingling. The two
air textured yarns show a variation of the tensile
strength which might be due to the different strand
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integrity introduced by sizings/finishs. Similarly, we
observed a remarkable improvement in mechanical
properties of the composites made by the online
hybrid yarns (Fig. 6b), although the diameters of the
filaments are greater than those of the air-textured
yarns. Particularly in transverse tensile strength a 30
% increase was achieved, which is attributed to
better impregnation homogeneity and different inter-
facial states, as being introduced by the unknown
commercial PP and finish on it. The air textured
yarns possess somewhat reduced Young’s modulus
values induced by disorientations of reinforcement
fila[gents.
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Fig. 6. Yarn tensile strengths (a), transverse tensile
strengths and Young’s moduli 0° of unidirectional
composites (b, fibre volume fraction of 50 %) of online
commingled and air textured yarns with diameters of
matrix and reinforcement filaments (Dy,/Ds, pm) and
surface modification (S/Ss, wt%) (G glass sizing, O no
finish). Error bars represent standard deviations

We further investigated in detail the mechanic-
cal properties of unidirectional composite plates
made of commingled yarns with different PP and
surface modifications. It shows that the use of modi-
fied PP leads to significantly increased transverse
tensile strengths (about 23 MPa) compared to homo-

PP (about 6 MPa). In comparison with unfinished
PP-filaments the standard finish used for homo-PP
filaments deteriorates the transverse tensile strength
only marginally, e.g. variations in diameter ratios
D./D¢ from 12/12 up to 24/17 and surface modifica-
tions Sy/Ss. O/G revealed transverse tensile strengths
variations between 18 and 24 MPa [30]. However,
the huge difference is due to the presence and
absence of covalent bonds for PPM and homo-PP,
respectively.

It is well known that unidirectional fibre
reinforced composites have a very low transverse
tensile strength. This strength is normally lower than
the strength of the pure matrix and limits the
performance of the composite system. Assuming a
perfect interfacial adhesion in the laminates, the
transverse tensile strength, oy, can be estimated from

[28]
= - (v o, @

where oy, is the matrix tensile strength. V and E are
volume fraction and Young’s modulus of the
materials and the subscripts f and m refer to the
properties of the fibre and the matrix, respectively.
Taking Ef = 72 GPa, E,, = 1.2 GPa, 6, = 30 MPa for
E-glass fibre and PP, respectively, we can calculate
or to be ~26.9 MPa, which is a fairly good
agreement with experimentally determined values of
the composites with the modified PP matrix, while it
is much higher than that of the composites with the
homo-PP associated with poor interfacial adhesion.
This indicates a predominant effect of the interfacial
adhesion properties on transverse tensile properties
of laminated composites. It is evidenced that the
enhancement of the adhesion by acid-base interact-
tions or covalent bonds is possible only by the func-
tionalisation of the PP combined with effective
sizing on GF.

3.5.  Nano-structured surfaces of online
commingled yarns and model composites

SWCNTs or differently  functionalized
MWCNTs were concentrated in the interface by
applying surface sizings with 0.04 wt% nanotubes

related to the sizing or 6.7x10™ wt% related to the

PPM-matrix of the composite. In detail, we present
results for the sizing G applied to GF and PPM-
filaments with diameters of (Dn/Df (um): 17/17,
sizings of Sy/Sf (Wt%): O/G=1.0), and added 0.04
wt% SWCNTSs related to the sizing. During online
commingling the nano-structured surfaces are made
simultaneously on GF and PP filaments. In the nano-
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dispersed sizing we could reveal SWCNTSs in AFM
phase images of GF [30]. Although the concentra-
tion of CNT is very small, a positive effect on glass
fibre tensile strength was observed. Interestingly, the
average strain of the GF with SWCNTSs increased by
10 %. As shown in Fig.7, both the Weibull plot lines
and Weibull modulus, m,, of nanotube coated sys-
tems shift to higher values corresponding to healing
of surface flaws, which implies that the strength-
controlling surface defects have lower heterogeneity
of distribution and the size of defects is reduced
[22]. In other words, the healed flaws on the fibres
with SWCNTSs show similar flaw size, severity and
homogeneity relative to those without SWCNTSs.

The interfacial parameters in GF/PP systems
were characterised by single fibre pull-out tests. The
data indicates a local adhesion strength of 30.2 MPa
with SWCNTs compared with 22.1 MPa for the
same GF/PP/sizing system without SWCNTs. The
critical interface energy release rates determined are
31.8 and 14.0 J/m?, correspondingly. The significant
improvement of adhesion strength seems to be
caused by a different failure mechanism (local
interfacial bonding and crack bridging). Due to the
mechanical interlinking with SWCNTs the rough-
ness of the fracture surfaces is increased (Fig. 8 a,b)
and the phase image (Fig. 8c) shows material inho-
mogeneity possibly caused by carbon nanotubes.
Overall, the in-situ commingling process technology
and nano-structured coatings show promising
potential in cost-effective processing continuous
fibre thermoplastic composites for different applica-
tions.

A GF without CNT
14 = GF with CNT

In(L/(In(L-P)))

T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
In(c, GPa)

Fig. 7. Weibull plots of fibre fracture probability for GF
with/without SWCNTS in the sizing
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Fig. 8. AFM topography images of fracture surfaces of (a)
GF without SWCNTSs and (b) GF with SWCNTSs in sizing
after fibre pull-out test (X, y =3 um, z = 400 nm). (c)
AFM topography and phase images of GF with SWCNTs
in sizing (X, y =1 um, z = 20 nm, 50 °)

3.6 Crystallisation behaviour

In order to further investigate the impact of the
carbon nanotubes on the crystallisation of the PP
matrix, DSC measurements were carried out. Fig. 9
shows the heat flow for isothermal crystallisation at
140°C of online commingled yarn containing vari-
ous amounts of MWCNTs. To account for the
slightly varying amount of glass fibres within the
samples, the displayed heat flow refers to the PP
mass fraction of the samples, determined by subse-
quent pyrolysis of the hybrid yarns. As it was alrea-
dy reported in several studies [31-33], it is not sur-
prising to find accelerated crystallisation kinetics for
the samples containing a certain amount of
MWCNTSs, however, the applied weight fractions in
this study are several orders of magnitude lower than
it is usually the case for the nanocomposite mate-
rials. Compared to the reference case for the sizing
without MWCNTSs, the other hybrid yarns with
MWCNTSs show an accelerated crystallisation beha-
viour, where the onset of crystallisation as well as
the point of maximum heat flow are shifted to
notably smaller times. However, the content of
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Fig. 9. Isothermal crystallisation at 140°C of online
commingled yarns containing various amounts of
MWCNTSs

MWCNTSs in the sizing does not affect notably the
crystallisation kinetics, suggesting that a saturation
of nucleation density is already reached for the low
weight fractions applied to the sizings. An evalu-
ation of the heating step after the isothermal crys-
tallisation revealed increased enthalpies for the
samples containing MWCNTSs: Whereas for the
reference sample a melt enthalpy of 124.7 J/gep was
found, the samples with 0.04, 0.1, and 0.2 wt%
MWCNTSs within the sizing showed 129.46, 133.2,
and 128.99 J/gep, respectively, thus providing
evidence for the altered composite morphology in
presence of the MWCNTSs. Assuming the MWCNTSs
as spots for heterogeneous nucleation on the fibre
surface, one can imagine that high nucleation densi-
ty impedes the lateral growth of crystallites resulting
in a transcrystalline layer around the GF. Light
microscopy observation of the crystallisation using
polarized light and a hot stage confirm these results
(micrographs not shown). The existence of a trans-
crystalline layer around the GF fibre is known to be
specific for the chosen fibre/sizing/matrix combina-
tion [34]. In the case of the used GF/PP system, the
concentration of MWCNTSs in the GF/PP interface
by incorporating them into the GF-sizing provides
an effective way to stimulate the growth of a
transcrystalline layer.

4 Conclusions

Highlighting several processing relevant as-
pects of the commingling techniques, it could be
shown that the online commingling technique offers
various advantages over commingled hybrid yarns
made by air jet texturing. Besides the glass filament
damaging, inherent to the air texturing process and
directly affecting the composite properties, also the
distribution homogeneity was found to be improved

and no thermal shrinkage could be observed for the
online commingled yarns. The realization of minimi-
zed flow paths for the thermoplastic component
associated with homogeneous filament distribution,
thus, short hot pressing cycle time. We found that
the online commingled yarns cause reduced thermal
shrinkage. It facilitates the manufacturing of com-
plex shaped textiles avoiding severe distortions du-
ring the pre-heating step, therefore, the thermal
shrinkage appears to be one of major importance for
the manufacturing of light weight structural parts
based on hybrid yarns.

Regarding the surface modification of the fib-
res, promising first results could be obtained for the
concentration of smallest amounts of SWCNTSs in
the interface. Those nanostructured interfaces invol-
ve multifunctional effects such as improved tensile
strength, modified morphology of interphases, trans-
crystalline layers, and new fracture mechanisms.
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