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Graphene/polymer composites can be spun into fibers with remarkable mechanical, thermal and elec-
trical properties, but few studies have considered requirements for the pilot-scale production of such
fibers using commercially available graphene nanoplatelets (GnP). To address this limitation, we fabri-
cated melt-spun polyamide 6 (PA6) multifilament yarns in which 3% or 5% (w/w) GnP was incorporated
into the PA6 matrix by melt compounding during the initial process step. We tested a range of melt-
spinning process parameters and analyzed the properties of the resulting fibers in detail. We were
able to fabricate yarns containing 24 single filaments at a maximumwinding speed of 1800m/min while
applying a draw ratio of 2.5. The electrical conductivity of the as-spun yarns was in the 10 mS/m range,
which is suitable for the production of anti-static textiles. Furthermore, the degree of crystallization
declined as the GnP content increased, reducing the tenacity of the yarn but improving its elastic
modulus, allowing the production of composite textiles. In conclusion, we confirmed that large amounts
of graphene can be incorporated into PA6 polymers by melt spinning and that the resulting composite
fibers are suitable for multiple downstream applications in the textile industry.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Graphene is an allotrope of carbonwith a unique combination of
outstanding mechanical, thermal and electrical properties [1e4].
This makes it suitable for the development of composite materials
in applications such as high-performance electronics in the ter-
ahertz range [5,6], advanced sensors [7,8], and electrodes in charge-
storage devices such as batteries and supercapacitors [9,10].

The properties of several graphene/polymer composites have
been investigated. For example, graphene nanoplatelets (GnP) at a
concentration 3% (w/w) improved the mechanical and thermal
properties and barrier behavior of polypropylene (PP), increasing
its elastic modulus from 1.3 to 1.8 GPa [11]. PP composites con-
taining 0.5% (w/v) GnP achieved an electrical conductivity in the
mS/m range, which is 10 orders of magnitude higher than pure PP
[12]. The incorporation of 2.8% (w/w) exfoliated graphite into PP
increased its tensile strength from 28 to 43MPa, and doubled its
elastic modulus to 1.87 GPa [13]. PP composite films containing 3%
(w/w) graphene achieved an electrical conductivity of 100mS/m
(B.A. Weise).
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and a percolation threshold of 1e3% (w/w) [14]. Finally, the elastic
modulus of composites containing 0.42% (w/w) GnP was ~74%
higher than that of pure PP [15].

The improved properties of graphene/polymer composites are
ideal for the fabrication of fibers, which form the basis of yarns used
in clothing and technical textiles. Alternatively, graphene can be
used as a filler material for high-tenacity yarns or electrically-
conductive yarns in smart textiles. Several spinning methods can
be used to achieve this goal, including the widely used melt-
spinning technique, which is suitable for high-throughput
manufacturing [16], and wet spinning, which enables the incor-
poration of up to 100% filler materials [17].

Several reports describe the successful wet spinning of highly-
conductive graphene fibers [18e20]. However, one disadvantage
of wet spinning is that graphene oxide rather than graphene is used
as the starting material because outstanding electrical properties
reflect the highly-oriented carbon structures inside the fibers
caused by the nematic phases of graphene oxide. The graphene
oxide must be reduced to pure graphene using hazardous materials
such as hydrazine. The processing velocities reported thus far are
restricted to a few meters per minute.

To overcome these drawbacks, melt spinning has been used to
prepare polyethylene terephthalate (PET) monofilaments loaded
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with up to 4% (w/w) graphene, achieving a tensile strength of
640MPa with an elastic modulus of 16 GPa at 0.31% (w/w) gra-
phene [21]. Monofilaments of graphene and polyamide 6 (PA6)
have been prepared by the in situ polymerization of ε-caprolactam
monomers, initially achieving a tensile strength of 123MPa and an
elastic modulus of 722MPa [22], later improved to 387MPa and
3 GPa [23], and finally to 500MPa and 3 GPa [24]. Similar perfor-
mance has been reported in other studies, but all the above cases
involved a small-scale and low-throughput manufacturing process
[25e28].

To fully exploit the properties of graphene-modified polymer
fibers, two research projects thus far have addressed pilot-scale
manufacturing using commercially available graphene grades and
commodity polymers such as PP and PA6. In the first study [29], bi-
component fibers of PP modified with carbon black and up to 10%
(w/w) GnP yielded multifilament yarns drawn with a winding ve-
locity of 504m/min. A total draw ratio of 2.5 was applied but the
melt draw ratio was not reported. The electrical conductivity of the
as-spun yarns was 3.6 S/m [29]. In the second study, PP multifila-
ment yarns containing 0.2% (w/w) GnP were manufactured at a
winding velocity of 2000 m/min using a spinneret die comprising
36 capillaries each 0.25mm in diameter [30]. Analysis of the dis-
tribution of graphene revealed the presence of several micrometer-
sized agglomerations of GnP as well as PP crystals promoted by
graphene acting as a nucleating agent. The presence of graphene
improved the thermal stability of the polymer due to the higher
activation energy required for decomposition [30].

We have previously described the properties of graphene-
modified polymer fibers produced by melt spinning and wet
spinning, including melt-spun PA6 multifilament yarns containing
1% (w/w) GnP with conductivities in the mS range which were
suitable for processing into woven fabrics [31]. Here we investi-
gated the influence of commercially available GnP on the properties
of melt-spun PA6 multifilament yarns, incorporating 3% or 5% (w/
w) GnP into the PA6matrix bymelt compounding followed bymelt
spinning to develop a viable pilot-scale process for the
manufacturing of such composite fibers. Extending our previous
work [31], we tested different quantities of GnP in PA6 composite
multifilament yarns to determine whether there is a technical limit
for graphene incorporation, given that additives often affect the
spinnability of polymer melts. We also determined whether
graphene-modified fibers are suitable for downstream applications
despite the current technical limits.

2. Experimental

2.1. Materials

2.1.1. Raw materials
Commercially available graphene was obtained from Avanzare

Innovacion Technologica S.A. (La Rioja, Spain). We used AVAN-
graphene nanoplatelets (Av-PLAT-2) with a diameter of 2 mm and
an average thickness of 10 nm. Polyamide grade B24 N03 in gran-
ular form was obtained from BASF AG (Ludwigshafen, Germany).
This polymer grade is designed for yarn extrusion and can be
processed at temperatures up to 280 �C.

2.1.2. Compound fabrication
Graphene-modified PA6 nanocomposite fibers were prepared

from granular master batches containing 10% (w/w) GnP in PA6
fabricated by the melt-mixing of solid-state GnP powder and
molten PA6 in a twin-screw compounder. The master batches were
fabricated by Geba Kunststoff compounds GmbH, Ennigerloh,
Germany. To prepare the 3% and 5% (w/w) GnP/PA6 composites, the
10% (w/w) master batches were diluted with pure solid-state PA6
using an in-house solid-state stirring device.

2.2. Yarn fabrication

A pilot-scale melt-spinning line was used for yarn production
(Fourn�e Maschinenbau GmbH, Alfter-Impekoven, Germany). This
comprised a twin-screw extrusion line with three remote
controlled temperature zones, a melt line and a spinneret die. A
polymer mass throughput of up to 2 kg/h is possible using this
system. We produced multifilament yarns consisting of 24 single
filaments using a spinneret die with capillary diameters of 0.25mm
and a length-to-diameter ratio of 2.0. After falling through a quench
air chamber 175 cm in length, the as-spun yarn was wound using a
take-up systemmanufactured by Comoli Fermo Srl, Paruzzaro, Italy.
This comprised a godet duo, followed by two single godets and the
winder operating at 190e1800m/min. Bobbins were wound for
15min. The extrusion line and winding system are shown in Fig. 1.

2.3. Analysis

The as-spun yarns were analyzed by differential scanning calo-
rimetry (DSC) and thermal gravimetric analysis (TGA) to determine
thermal properties, and tensile tests were used for mechanical
characterization. Two-point DC resistance measurements were
used to determine electrical conductivity. The yarns were visual-
ized by optical and scanning electron microscopy (SEM) and the
structure was investigated by wide angle X-ray diffraction (WAXD).

DSC measurements were acquired on a DSC1 gauge (Mettler
Toledo AG, Greiffensee, Switzerland) in the temperature range
30e270 �C. The measurements comprised three steps: initial
heating at 10 �C/min, immediately followed by cooling at the same
rate, and finally heating again at 10 �C/min to isolate structure
formation effects induced by fiber spinning. TGA was carried out
over the range 35e600 �C at a temperature gradient of 10 �C/min.
Furthermore, we used TGA data to investigate the decomposition
behavior with respect to the required activation energy, using
Equation (1) according to the Horowitz-Metzger method [38]:

lnln
�

1
1� a

�
¼ Ea,q

R,T2max

(1)

where a is the already decomposed mass fraction at a certain
temperature, q is the difference between the current temperature
and the temperature maximum of the decomposition area, and R is
the universal gas constant. If the two parts of Equation (1) are
plotted against each other, the slope of the line allows the activa-
tion energy Ea to be determined.

Two-point DC measurements of Ohmic resistance were taken as
previously described with modifications [29] using a Picoammeter
Voltage Source Model 6487 E (Keithley Instruments Inc., Cleveland,
Ohio, USA). Fiber samples were clamped between two crocodile
electrodes at a given distance and the Ohmic resistance was
measured at 3 V. By varying the electrode distance, the specific
resistance could be determined by linear regression based on the
relationship between the Ohmic resistance RU and the specific
resistance r shown in Equation (2) [32].

RU ¼ r,
l
A

(2)

where l is the distance between the electrodes and A the cross-
sectional area of the fiber.

Tensile strength was determined according to standard DIN EN
2062 [33] using a Statimat M device (Textechno Herbert Stein
GmbH & Co KG, M€onchengladbach, Germany). The fiber was



Fig. 1. The pilot-scale extrusion line and winding system used to produce graphene-modified PA6 yarns.
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attached to two clamps initially 10 cm apart and a tensile force was
applied, increasing the distance between the clamps at a rate of
50mm/min. The strain was recorded using a dynamo/distance
meter connected to computer running software that generates an
average force-strain diagram based on 30 measurements per
sample. The fiber yarn count was based on three yarn samples of
100m each, which were weighed according to standard DIN EN
2061 [34].

Optical microscopy to determine fiber quality was carried out
using a Leica DM 4000M (Leica Microsystems GmbH, Wetzlar,
Germany). Scanning electron microscopy was carried out using a
LEO 1450 VP (LEO Electron Microscopy Ltd, Cambridge, UK).

Finally, WAXD was carried out using an IPDS II diffractometer
(Stoe GmbH& Co KG, Darmstadt, Germany) with monochromatic X
rays of 70.7 pmwavelength (Molybdenum Ka radiation) focused on
the samples for 30min. The intensity diagrams were converted into
intensity-over-angle diagrams thus revealing information about
the crystallinity of the fiber samples. If the intensity is plotted
against the diffraction angle, the diagram consists of an overlap of
crystalline peaks and the amorphous background. The area un-
derneath the crystalline peaks and the amorphous background can
be fitted using analysis software, and from the resulting peak areas
the degree of crystallization can be determined using Equation (3)
[41]:

Х c ¼ Ac

Ac þ Aam
(3)

where Ac is the area below the crystalline peaks and Aam is the area
of the amorphous background. Detailed information on the mea-
surement procedure (including sample preparation, the analysis
setup and data handling methods) are provided in Supporting
Information S1.

The influence of the spinning process on the fiber properties
was determined by measuring the melt draw ratio (MDR) and the
draw ratio, sometimes known as the solid-state draw ratio. The
MDR provides information about the solidification of the yarn and
the pre-orientation of the polymer. The MDR value was determined
by dividing the winding velocity applied on the godet duo by the
extrusion velocity as shown in Equation (4).
MDR ¼ vgodet duo
vextrusion

: (4)

Both the extrusion velocity and the godet duo velocity can be
adjusted using the extrusion line control electronics. The draw ratio
is related to the stretching of the fiber over the godet rolls, and is
calculated by dividing the velocity of the yarn winder by that of the
godet duo as shown in Equation (5).

Draw Ratio ¼ vwinder

vgodet duo
: (5)

3. Results and discussion

3.1. Spinning process

We prepared yarns using various MDRs and draw ratios at
extrusion temperatures of 240e265 �C for 3% (w/w) graphene and
270e285 �C for 5% (w/w) graphene, the latter to overcome the
higher viscosity of the polymer melt. Higher temperatures caused
the decomposition of the PA6 matrix, as indicated by TGA. The
process parameters used for the 3% (w/w) and 5% (w/w) graphene
products are summarized in Tables 1 and 2, respectively.

We found that it was possible to spin graphene-modified PA6
multifilament yarns continuously for 15min without fiber breaks
on the godets. For the 5% (w/w) graphene products, the pressure in
the spinneret die increased dramatically within 90min due to GnP
clogging the spinning filter, restricting the melt flow in the spin-
neret die. Examples of the as-spun bobbins are shown in Fig. 2.

3.2. Analysis of yarn properties

3.2.1. Thermal analysis
DSC and TGA measurements of the composite yarns were

compared to pure PA6. DSC thermograms of the second melting
stage revealed a double peak in the melting curve of pure PA6
caused by the existence of two crystalline phases (Fig. 3).

The first peak at ~210 �C corresponds to the gamma phase and



Table 1
Process parameters for the melt spinning of PA6 containing 3% (w/w) graphene.

Sample name Winding velocity (m/min) Draw ratio [1] Melt draw ratio [1]

V1 800 2.0 22
V2 1200 2.0 33
V3 600 2.0 17
V4 1600 2.0 37
V5 1800 2.25 37
V6 1800 3.0 28

Table 2
Process parameters for the melt spinning of PA6 containing 5% (w/w) graphene.

Sample name Winding velocity (m/min) Draw ratio [1] Melt draw ratio [1]

G_5_1 900 1.5 41
G_5_2 1200 2.0 27
G_5_3 1500 2.5 21
G_5_4 1500 2.5 21
G_5_5 1200 2.0 27
G_5_6 1500 2.5 21

Fig. 2. Examples of graphene-modified PA6 multifilament yarn bobbins. (A colour
version of this figure can be viewed online.)
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the second to the alpha phase [35]. The addition of graphene
reduced the prominence of the gamma peak, with the higher
concentration causing greater peak erosion, suggesting that gra-
phene at the concentrations we used causes a shift from the gamma
phase towards the alpha phase. Carbon nanomaterials have previ-
ously been shown to influence the structure of PA6 in a similar
manner [36]. The change in structure was not caused by the spin-
ning process because any effect caused by spinning was eliminated
in the first melt, yet we also observed the same phase-shift phe-
nomenon during the second melt. Therefore, the structural reor-
ganization during cooling occurs without polymer pre-orientation.

The addition of graphene also affected the crystallization
behavior of the polymer, causing a progressive increase in the
crystallization peak (Fig. 4).

The crystallization peak of pure PA6 fibers occurred at 189.5 �C,
but this shifted to 194.5 �C for the 3% (w/w) graphene composite
and 195.4 �C for the 5% (w/w) graphene composite. This agreeswith
earlier reports concerning the ability of carbon nanotubes and
graphene to act as nucleating agents in polymer materials [37]. The
peak width also increased at the higher concentration of graphene,
suggesting crystallization occurs over a broader temperature range
due to the nucleating activity of the graphene. Compared to the
temperature shift between pure PA6 and the 3% (w/w) graphene
composite, there was little additional change between the 3% and
5% (w/w) composites, suggesting that the high volume filling of
graphene in the polymer resulted in the GnP particles interfering
with each other's ability to promote nucleation.

TGA curves of the different fibers are shown in Fig. 5, focusing on
the 300e535 �C range for clarity. Both composites decomposed at a
slower rate than pure PA6.

For example, ~20% of the pure PA6 decomposed at 400 �C but
only 15% of the graphene composites decomposed under the same
conditions. The decomposition area can be determined by fitting
tangential lines to the decomposition diagram before and after
decomposition and marking the crossing points, resulting in the
data reported in Table 3.

The activation energies are summarized in Table 4. The addition
of 3% and 5% (w/w) graphene increased the activation energy
required for the decomposition of the fiber materials by 13.6% and
14.6%, respectively, indicating that graphene increases the thermal
stability of PA6. Similar observations have been reported for a
polypropylene composite with lower concentrations of graphene
[30].
3.2.2. Tensile analysis
Tensile analysis was carried out to determine the influence of

graphene on the mechanical properties of the melt-spun filaments.
Each sample was tested 30 times, allowing the average force-strain
to be calculated (Fig. 6). We tested samples with a comparable MDR
of ~30 and the highest attainable draw ratio of 2.5.

The tensile strength of the yarns decreased as more graphene
was included, reflecting the ability of the GnP particles to act as
grain boundaries and perturbing agents. This resulted in higher
internal yarn tension at lower strain rates and thus less force was
required for fiber rupture (Table 5).

The addition of graphene at levels exceeding 1% (w/w) therefore
diminishes the tenacity of the product, as shown by comparing the
slopes of the stress-strain curves in the elastic region of pure PA6
and the composites. Based on the definition of the elastic modulus



Fig. 3. DSC thermograms of graphene-modified PA6 yarns.

Fig. 4. Crystallization curves of pure PA6 yarns and graphene-modified yarns.
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[32], we conclude that GnP increase of the elastic modulus of the
yarns, making them suitable for selected composite materials.

Despite the unambiguous tenacity data, the higher elongation at
break value for the 5% (w/w) graphene composite defied our ex-
pectations and contrasts with the results of many earlier studies.
However, a greater elongation at break value was previously re-
ported for PA6 modified with nano-silicates, indicating that the
incorporation of filler materials does not automatically reduce
elongation at break [43]. We assume that process-induced effects
explain our observations, given that the pressure during fiber
fabrication increased rapidly during the first hour of spinning. This
reflects the fact that graphene particles progressively blocked the
spin filters, which would result in the heterogeneous distribution of
graphene particles within the fiber. This is supported by our optical
analysis data: light microscopy revealed the absence of graphene
voids in the fiber whereas electron microscopy provided evidence
of heterogeneity in the 5% (w/w) composite, with graphene form-
ing agglomerates on the fiber surface. These results are discussed in
more detail below (Figs. 7e9).
3.2.3. Electrical conductivity
The electrical conductivity of the yarns was measured by two-

point DC resistance analysis applying a voltage of 3 V, and yarns
with different draw ratios were measured to determine whether
the spinning process had any effect on the electrical properties. The
electrical conductivity of pure PA6 is 10�12 S/m [39]. The presence
of 3% (w/w) graphene increased the conductivity of the yarn by six
orders of magnitude. Furthermore, we observed an inverse rela-
tionship between the conductivity and the draw ratio (Table 6). This
indicates that the number of overlapping graphene sheets inside
the fiber declines when the fiber is drawn. In agreement with the
percolation model of electrical conductivity, this suggests there are



Fig. 5. TGA curves of graphene-modified PA6.

Table 3
Decomposition areas of pure PA6 and graphene-modified PA6.

Yarn sample Decomposition area [�C]

Pure PA6 406e461
PA6 þ 3% (w/w) graphene (sample V6) 409e463
PA6 þ 5% (w/w) graphene (sample G_5_4) 412e467

Table 4
Activation energies of pure PA6 and graphene-modified PA6.

Yarn sample Activation energy [kJ/mol]

Pure PA6 66.28± 0.24
PA6 þ 3% (w/w) graphene (sample V6) 74.60± 0.77
PA6 þ 5% (w/w) graphene (sample G_5_4) 75.93± 3.50

Fig. 6. Stress-strain curves of pure PA6
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fewer conductive paths in the fiber and thus a lower conductivity
[40]. The presence of 5% (w/w) graphene did not result in a further
significant increase in conductivity compared with the 3% (w/w)
graphene composite (Table 7). The Ohmic resistances of the fibers
with the highest electrical conductivities are shown in Table 8.

Overall, the electrical conductivity values were relatively low
compared to earlier reports using graphene and carbon nanotubes
[29], possibly reflecting the quality of the GnP. Interestingly, the
conductivity increased at higher draw ratios in the 5% (w/w) gra-
phene composite, in contrast to the effect observed in the 3% (w/w)
composite and also in disagreement with earlier studies [29,37]. A
potential explanation of this behavior is discussed below. Further-
more, the diameter of the 5% (w/w) graphene fiber was more ho-
mogenous at higher draw ratios compared to the 3% (w/w)
and graphene-modified PA6 yarns.



Table 5
Tenacities and yarn counts of pure PA6 and graphene-modified PA6.

Yarn sample Yarn-count related tenacity [cN/tex] Elongation at break [%] Yarn count [dtex]

Pure PA6 28.70± 1.53 97.27± 7.84 258.12± 0.02
PA6 þ 3% (w/w) graphene (sample V6) 24.40± 0.85 51.46± 5.23 141.83± 0.62
PA6 þ 5% (w/w) graphene (sample G_5_4) 18.97± 0.92 71.65± 5.80 213.51± 1.00

The yarn count unit is the decitex (dtex) whereby 1 dtex¼ 1 g mass per 10,000m yarn length.

Fig. 7. Scanning electron microscopy images of pure PA6 yarns (a) and PA6 containing 3% (b) and 5% (w/w) graphene (c).

Fig. 8. Optical microscopy image of a single filament modified with 3% (w/w) graphene and a draw ratio of 2 (a) and 3 (b).

Fig. 9. Optical microscopy image of a single filament modified with 5% (w/w) graphene and a draw ratio of 1.5 (a) and 2.5 (b).
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graphene fiber (see microscopy images below), avoiding the re-
striction of electron transport caused by intermittent fiber nar-
rowing (necking) observed in other conducting nanostructures
[42]. Another potential explanation for the conductivity behavior in
the presence of 5% (w/w) graphene reflects the mechanism of
electrical conductivity inside the graphene-modified filament, as
shown in the model provided in Supporting Information S2. Given
the higher quantity of graphene filler in the 5% (w/w) graphene



Table 6
Electrical conductivities of PA6 multifilament yarns containing 3% (w/w) graphene.

Yarn sample with draw ratio Electrical conductivity [mS/m]

V2 (DR¼ 2) 12.13± 0.44
V4 (DR¼ 2) 7.23± 0.03
V5 (DR¼ 2.25) 8.03± 0.03
V6 (DR¼ 3) 6.40± 1.25
PA6 reference 10�6

Table 7
Electrical conductivities of PA6 multifilament yarns containing 5% (w/w) graphene.

Yarn sample with draw ratio Electrical conductivity [mS/m]

G_5_1 (DR¼ 1.5) 8.26± 0.04
G_5_2 (DR¼ 2) 10.71± 2.14
G_5_4 (DR¼ 2.5) 14.56± 0.59
PA6 reference 10�6
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fibers, the probability of tunnel currents within the filament in-
creases which may compensate for the loss of conductivity caused
by fiber drawing. In order to achieve percolation, the mass fraction
of the graphene platelets must increase substantially in comparison
to the as-spun yarns, which is not possible in current pilot-scale
spinning processes due to the rapid clogging of the spin filter
systems.

Furthermore, according to the standard percolation model [46],
the conductivity of a composite material is almost identical to that
of the matrix material if there is a low concentration of filler, fol-
lowed by a sharp increase in conductivity within a very small
windowof filler concentration. In the case of graphene and graphite
platelets, even low concentrations of filler result in a continuous
increase in electrical conductivity over several orders of magnitude
[44,45], in contrast to the results seen with carbon nanotubes [37]
and thus highlighting the need for more detailed analysis of con-
ductivity mechanisms in composites containing two-dimensional
nanomaterials.

Although the conductivities we observed (in the mS/m range) are
far below the maxima reported in earlier studies [15,18,29], the as-
spun filaments are suitable for anti-static textile applications
because the filaments show dissipative properties. Furthermore,
although a higher graphene content would improve the electrical
conductivity of the fibers, making them suitable for high-
performance applications such as smart textiles, the presence of
more filler would alsomake the fibers stiffer, thusmaking them less
suitable for products like knitted fabrics in which high flexural
strengths are required. Accordingly, lower conductivities do not
necessarily restrict the usability of the fibers, because fibers with
different conductivities are required for different applications.
3.2.4. Optical analysis
The comparison of pure PA6 fibers with the 3% and 5% (w/w)

graphene composites by SEM revealed a significant difference in
surface features and graphene distribution (Fig. 7).

The pure PA6 fibers featured a smooth surface and a homoge-
nous, constant diameter. The incorporation of 3% (w/w) graphene
Table 8
Ohmic resistances of PA6 multifilament yarns containing 3% and 5% (w/w) graphene.

Yarn sample Ohmic resistance [GU

Distance: 2 cm

3% w/w graphene (sample V2) 172.2± 50.4
5% w/w graphene (sample G_5_4) 58.3± 21.1
resulted in heterogeneities caused by agglomerations of graphene.
Several ‘dents’ formed by graphene flakes were visible, indicating
that the graphene agglomerations were similar in size to the fila-
ment diameter (10 mm). These agglomerations were even larger
and more abundant in the 5% (w/w) graphene composite. Optical
transmission microscopy was carried out to determine the distri-
bution of graphene in the fiber and the potential effects of the
drawing process. Fig. 8 shows 3% (w/w) graphene fibers with draw
ratios of 2 and 3.

The heterogeneous graphene distribution was apparent at the
lower draw ratio as shown by the appearance of bright scales
representing areas with less graphene filling. When the draw ratio
was increased to 3, white spots appeared representing areas with
no graphene filling at all. Such voids would inhibit the passage of
electrons through the fiber, explaining the lower conductivity at
higher draw ratios. Fig. 9 shows 5% (w/w) graphene fibers with
draw ratios of 1.5 and 2.5. The distribution of graphene in these
samples is much more homogeneous, with fewer gray patches
indicating areas with less graphene filling, particularly in the
sample with the higher draw ratio. The electrical conductivities of
these fibers are therefore higher despite the higher draw ratio.
3.2.5. Structural analysis
Structural analysis by WAXD revealed that the intensity of the

reflection patterns declined progressively as the graphene content
increased, and the signal was almost obliterated in the 5% (w/w)
graphene composite (Fig. 10).

The WAXD patterns were converted into intensity-over-angle
diagrams (Fig. 11).

The degree of crystallization was determined for fibers spun
with a draw ratio of 2.5 (Table 9).

In the 5% (w/w) graphene composites, the degree of crystalli-
zationwas lower than pure PA6 and the 3% (w/w) composite, which
appears to contradict the assumptions made based on our thermal
analysis experiments. However, the ability of graphene to act as a
nucleating agent does not necessarily infer that the degree of
crystallization increases. Similar observations, i.e. that graphene
acts as a nucleating agent but does not increase the crystallinity of
the composite, have been reported for graphene-modified poly-
propylene [12]. We assume that the graphene platelets promote
crystallization (as shown by the higher crystallization tempera-
tures) but simultaneously impair crystallization due to the high
content of graphene, which results in mutual interference between
adjacent crystallites. We can exclude the influence of the spinning
process and/or the applied temperature because all yarns were
spunwith a draw ratio of 2.5 to achieve comparable samples, so the
influence of the solid-state drawing process would be the same for
each fiber sample. Although there were differences in the MDR
between samples, PA6 crystallizes more slowly than polypropylene
and polyethylene and the nano-composite fibers therefore adopt an
almost completely amorphous state as they are wound on the first
godet duo. Therefore, further drawing on the godets is responsible
for yarn properties such as tenacity. Even if pre-orientation had
affected the tenacity of the yarn, this would have been eliminated
because the yarns were heated to 80 �C on the godet during solid-
state drawing. This is above the glass transition temperature of PA6
]

Distance: 4 cm Distance: 6 cm

245.3± 38.8 402.0± 91.8
81.5± 11.1 105.2± 19.5



Fig. 10. WAXD image of pure PA6 (a) and PA6 containing 3% (b) and 5% (w/w) graphene (c). (A colour version of this figure can be viewed online.)

Fig. 11. Intensity-over-angle diagrams for pure PA6 and PA6 containing 3% and 5% (w/w) graphene.
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where the amorphous component is therefore movable, enabling
the polymer chains to be re-oriented during the solid-state drawing
process. Furthermore, the influence of the spinning parameters on
the thermal properties and phase transitions of the yarn samples
can be excluded based on the second heating curve of the DSC
measurements. The most important effects of graphene on the
behavior of PA6 composites can therefore be summarized as
follows:



Table 9
Degree of crystallization values for pure PA6 and composites containing 3% and 5%
(w/w) graphene.

Yarn sample Degree of crystallization (%)

Pure PA6 25.1± 3.0
PA6 þ 3% (w/w) graphene (sample V6) 26.9± 2.6
PA6 þ 5% (w/w) graphene (sample G_5_4) 12.4± 4.5

B.A. Weise et al. / Carbon 144 (2019) 351e361360
1. The incorporation of GnP increases the electrical conductivity of
PA6 by several orders of magnitude, up to 10 mS/m

2. Due to its high mass concentration, GnP impairs the develop-
ment of highly crystalline fibers even though carbon nano-
materials act as nucleating agents in polymers, as highlighted by
the observed increase in the crystallization temperature

3. GnP promotes transitions from the polyamide's gamma phase to
the alpha phase

4. The tenacity declines as the GnP content increases, whereas the
elongation at break recovers slightly as the content of GnP in-
creases from 3% to 5% (w/w); the tenacities are sufficient for
further processing of the as-spun yarns, e.g. by weaving.

4. Conclusion and outlook

We have developed a pilot-scale melt-spinning process for the
fabrication of graphene-modified multifilament yarns. We ach-
ieved graphene mass loadings of up to 5% (w/w) and were able to
fabricate multifilament yarns with winding velocities of 1800m/
min, which is the highest reported yield at thesemass loadings. The
as-spun yarns were characterized by thermal, mechanical, elec-
trical and structural analysis. Thermal analysis confirmed that
graphene acts as nucleating agent and increases the activation
energy for PA6 decomposition. This observation could be used for
the development of textile materials with enhanced flame retard-
ancy. Although the tenacity of the yarns declined with increasing
graphene loads, the elastic modulus increased as the slope of the
stress-strain curves increased in the elastic regime. We observed
electrical conductivities in the range of 10�6 S/m, suggesting the as-
spun yarns could be used for the development of anti-static textiles.
Finally, the influence of GnP on the structural formation of the
yarns was investigated by microscopy and WAXD. In future ex-
periments, the spinning process should be improved to fabricate
yarn materials with a better electrical and mechanical perfor-
mance. Our pilot-sale process is a step forward in the application of
graphene in the textile industry. The yarns prepared in this study
should be further processed into structures such as woven and
knitted fabrics in order to investigate the multi-functionality of
graphene-based textiles. As well as anti-static and flame-retardant
textiles, graphene-modified materials could be developed as bat-
tery electrodes, supercapacitors or shielding materials for protec-
tion against electromagnetic radiation.
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