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1 | INTRODUCTION

In recent decades, there has been a growing focus on the
research and development of biodegradable polymer
composites and polymer composites of renewable

Zsolt Juhasz' |

Roland Petrény"’

Abstract

We produced poly(lactic acid) (PLA) matrix carbon fiber and carbon
nanotube-reinforced hybrid composites with enhanced thermal conductivity
(0.48-0.59 W/mK) and electrical conductivity (0.35-0.97 S/cm). The conduc-
tive fillers greatly decreased the toughness, which was compensated with oligo-
meric lactic acid (OLA). Since fillers and plasticizers greatly alter the flow and
thermal properties of the material as well, it was necessary to optimize several
parameters of the injection molding process that were predetermined based on
theoretical considerations. Based on oscillatory shear rheometry, we explored
the rheological behavior of the materials in a wide temperature and shear rate
range for the optimum injection molding temperatures, injection volume rates.
We showed that by adding 15 wt% OLA as a plasticizer to the composites, the
optimal processing temperature decreased by 45-135°C. This remarkable
change illustrates the need for rheological studies of PLA compounds. The
injection molded hybrid composites containing 5% oligomeric lactic had a ten-
sile strength, modulus of elasticity, and work of fracture higher by 41%, 10%,
and 150%, respectively, compared to samples without OLA.

KEYWORDS

biopolymers and renewable polymers, conducting polymers, fibers, graphene and fullerenes,
nanotubes, plasticizer

resources. Requirements for sustainability have prompted
research on poly(lactic acid) (PLA). The properties of
PLA can be optimized for a specific application if we
combine PLA with other materials." One of the main
directions of research on PLA-based composites is the
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development of thermally and electrically conductive
materials. The need for thermally conductive polymers is
driven by the increasing energy density of electronic
devices and the corresponding increasing cooling
demand. The need for electrically conductive polymers is
mainly seen in electromagnetic shielding and anti-static
coatings, capacitors, fuel cells and medical devices. This
is typically achieved with some form of conductive filler,
like carbon nanotubes (CNT), or carbon fibers (CF),
which must be present in the polymers in a volume frac-
tion that ensures the formation of thermal and electri-
cally conductive pathways. Of course, combining PLA
and CF results in high-strength and high-modulus com-
posites.>* Our previous studies showed that PLA matrix
hybrid composites with CF and CNT have enhanced
mechanical and functional properties. When CF are
added besides CNTSs, the shear stress increases during
processing, which helps to disperse the CNTs properly
and thus allows them to provide reinforcement.*> CNT
enhance electrical conductivity® and electromagnetic
shielding’ if they are well dispersed in a PLA or PLA
foam matrix.® The combined effect of CFs and CNTSs on
electrical conductivity in hybrid composites has also been
demonstrated.*’

However, the problem is that the PLA itself is rather
brittle. Thus, the load-distributing potential of the matrix is
not exploited—under load, shear stress is induced at the
interface due to the modulus difference between the matrix
and the fiber. The brittle matrix cannot absorb
the deformation, so it separates from the fiber, resulting in
failure. One way to delay the separation is to improve the
interfacial adhesion between the fibers and the matrix.
Studies have long demonstrated that surface modification
techniques, for example, oxidation or plasma treatment
can be used to enhance mechanical properties. Combined
surface treatments can even improve the compatibility of
natural fiber composites.’® Mina et al."* also showed that
surface treatment of multi-walled CNTs also leads to
improvements, as PLA reinforced with acid-treated CNTs
exhibited improved tensile strength and modulus. There-
fore, the conductive fillers often further reduce the elonga-
tion at break and the modulus and tensile strength as well,
so good conductivity is at the expense of mechanical prop-
erties."* Conductive fillers not only cause a deterioration in
mechanical properties but also affect the processing: con-
ductive fillers tend to increase the viscosity of the material,
which causes difficulties, particularly in melt processing
such as extrusion or injection molding. PLA is also prone
to degradation by increased temperatures and shear; there-
fore, lower temperatures and shear rates are preferred."
Another problem is that both the matrix and the reinfor-
cing materials have low coefficients of thermal expansion,
which results in low shrinkage during cooling, and this

makes the product difficult to remove from the injection
mold.™*

The aforementioned issues can be solved by using
various plasticizers. Plasticizers act as lubricants during
processing: reduce viscosity, allow processing at lower
pressures and temperatures, and improve impact resis-
tance by toughening the matrix in a composite. Oligo-
meric lactic acid (OLA) is often used to improve the
ductility of PLA and PLA-based composites.’> It comes
from renewable resources, and due to similarities
between their chemical structures, it is compatible with
PLA and less prone to phase separation.'® The other con-
dition for good compatibility is that there must be an
appropriate viscosity ratio; otherwise, phase separation
occurs.’” In the literature, OLA is typically mixed with
PLA in a concentration of 5%-20%. Tejada-Oliveros
et al.'"® prepared PLA blends with dicumyl peroxide and
OLA by reactive extrusion. The authors reported an
increase in toughness with 10 wt% OLA content. Lascano
et al.'® pointed out that with the right choice of injection
molding parameters, a higher modulus can be achieved
despite the plasticizing effect of OLA, and they reported a
significant increase in impact strength at 15 wt% OLA
content. However, the plasticizer also decreased elonga-
tion at break and tensile strength. Similarly, Avolio
et al.*® also found that plasticizing PLA with OLA is at
the expense of tensile strength and modulus.

While conductive fillers generally increase viscosity and
heat distortion temperature and reduce impact strength,
plasticizers have the opposite effect. The combination of
the two additives can enhance, weaken, or compensate for
each other depending on how they are distributed in the
matrix and the contact they establish with the matrix. The
unexplored nature of this behavior not only affects the
mechanical properties but can also cause problems during
processing, for example, injection molding. Therefore, in
order to determine processing parameters (such as melt
temperature, injection speed, mold temperature or cooling
time), the rheological and thermal behavior of the resulting
material must first be known.

Our goal was to produce PLA-matrix hybrid compos-
ites containing CF and CNT. Our previous research
showed that in CF/CNT hybrid composites, reinforcing
materials have a synergistic effect, which improves both
mechanical properties and conductivity.* In this study,
we aim to determine the optimal processing parameters
while preserving the improved mechanical properties.
For hybrid composites, the following must be ensured:
proper distribution of the reinforcements and the plasti-
cizers, and knowledge of rheological and thermal charac-
teristics as a function of the additives. The first
requirement assures the desired mechanical properties,
while the latter can guarantee processing with reduced
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thermal degradation. Knowledge of manufacturing cri-
teria is crucial for mass production, which can broaden
the range of applications for bio-based composites.

2 | MATERIALS AND METHODS

2.1 | Materials

We used PLA 4060D amorphous polylactic acid pellets
manufactured by NatureWorks LLC, Plymouth, MN,
USA, as the matrix for the composites. It has a density of
1.24 g/cm®, an MFI (200°C/2.16 kg) of 24.5 g/10 min*
and a D-lactide content of 12%-12.3%.® According to the
technical data sheet, the recommended processing tem-
perature is between 190 and 210°C. As nanoscale rein-
forcement, we used Nanocyl NC7000 multi-wall CNT
(Nanocyl S. A., Sambreville, Belgium) with a diameter of
9.5 nm, an average length of 1.5 pm, and a specific sur-
face area of 250-300 m*/g. As micro-sized fibrous rein-
forcement, we applied chopped CF (Panex 35 chopped
fiber (Type-95) supplied by Zoltek Zrt, Nyergesujfalu,
Hungary) with a diameter of 8.3 pm, a length of 6 mm,
and a density of 1.81 g/cm®. Lastly, as a plasticizer, Gly-
plast OLA2 (Condensia, Barcelona, Spain) was used with
a density of 1.10 g/cm?® and a viscosity of 90 MPa-s at
40°C. To study the effect of the plasticizer, 3 different
OLA contents were used. The weight fraction of each
component is determined based on previous
research,”'®?! and the composition of the materials is
shown in Figure 1.

2.2 | Processing and testing methods

2.2.1 | Extrusion

Before extrusion, the PLA pellets were dried for 4 h at
45°C, according to the recommendations of the manufac-
turer. A Thermolift 100-2 drying unit (Arburg GmbH, Lof3-
burg, Germany) was used to dry the pellets, and then an

LTE 26-44 twin-screw extruder (Labtech Engineering,
Samutprakarn, Thailand) (screw diameter: 26 mm, length/
diameter (L/D) ratio: 44) and an LDF-1.6 liquid dosing sys-
tem (Labtech Engineering, Samutprakarn, Thailand) were
used to mix the OLA with the PLA. The filaments formed
during the continuous extrusion were passed through an
air-cooling conveyor belt to an LZ-120/VS pelletizer
(Labtech Engineering, Samutprakarn, Thailand) to produce
the pellets. First, the OLA was compounded with the PLA,
with a screw speed of 40 rpm. The temperature profile
from hopper to die was 180, 190, 190, 190, 190, 200,
200, 200, 200, 200, and 190°C. For materials with 10 and
15 wt% plasticizer content, the OLA was heated to 80°C for
the required viscosity, and the melt temperatures were
reduced by 30 and 40°C, respectively, which was necessary
due to the decrease in viscosity. For the composites, the
reinforcing materials were first dry mixed with the previ-
ously Ola-plasticized pellets and then compounded in a
second extrusion step on the same twin-screw extruder.
Figure 2 shows the compounding line.

222 | Hot pressing

We pressed 160 x 160 mm, 2 mm-thick sheets with a
PressPlate 200E (Dr. Collin GmbH, Munich, Germany)
hydraulic press using a pressing temperature of 180°C.
Pressing does not cause large shearing in the material
like injection molding. First, the plates and the press
frame were heated for 3 min. The pellets were then
placed in the press frame for 1 min, then pressed at
0.625 MPa for 1 min, 1.25 MPa for 1 min and finally
2.5 MPa for 3 min. Between pressure increments, the
compression die was opened for outgassing. The resulting
sheet was cooled to room temperature under pressure.

2.2.3 | Dynamic rheological measurements

Dynamic rheology tests were performed with an
MCR-301 (Anton-Paar, Graz, Austria) oscillatory shear

PLA_30CF_075CNT_150LA 54.25 W | S Y/ 3 () 0.75
PLA_30CF_075CNT_100LA 59.25 %10 30 0.75
PLA_30CF_075CNT_50OLA 64.25 % 5 /M3 () 0.75
PLA 30CF_150LA 55 . | S v/ ()
PLA 30CF_100LA 60 | () 77— )
PLA_30CF_50LA 65 %5 /M3 ()
PLA_150LA 851 W | 5
PLA_100LA 90 10 %
PLA_50OLA 195 %457
PLA 1100
FIGURE 1 Composition of the
0 20 40 60 80 100

materials. [Color figure can be viewed at
wileyonlinelibrary.com]

PLA #zOLA mCF mCNT
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FIGURE 2

rheometer in a parallel-plate geometry setup with a plate
diameter of 25 mm and gap size of 1 mm and a Q800
dynamic mechanical analyzer (DMA) (TA instruments,
New Castle, DE, USA) using a shear sandwich clamp.
The tested samples were cut from the pressed sheets. Fre-
quency sweeps were carried out in small amplitude oscil-
latory shear (SAOS) mode at several temperatures
between 60 and 160°C, above the glass transition temper-
ature (T,) from 0.01 to 100 Hz. The amplitude of strain
excitation was varied as a function of temperature for lin-
ear viscoelastic responses, which were verified by ampli-
tude sweeps. Using the Q800 DMA, we also carried out
temperature sweeps on 10 x 60 x 4 mm specimens cut
out from the middle part of the injection molded speci-
mens. The temperature range was 0-100°C with a heat-
ing rate of 2°C/min. The amplitude of deformation
excitation was 0.1%, and the frequency was 1 Hz. The
glass transition temperatures were determined based on
the tan § peak.

2.24 | Thermal conductivity

The thermal conductivity was measured with a hot-plate
conductivity meter on 80 x 80 x 4 mm press-molded
sheets specimens. For this purpose, we used 2 pieces of
the 2 mm thick sheets for each measurement, and for
better heat transfer, heat-conducting paste was placed
between the two samples and the sheets of the sample
and the equipment. The lower plate of the apparatus was
cooled by four Peltier cells. The upper plate was heated
with a heating wire. This AlCr wire was 850 mm long, its
diameter was 1 mm, and its nominal resistance was
1.5Q. The temperature was measured with two

Chilled p
conveyor

belt

through liquid
dispenser (b)

Compounding production line. [Color figure can be viewed at wileyonlinelibrary.com]

thermistors on each side. When a steady state condition
in heat flow is reached, measurement is simplified to one
dimension, and Fourier's law can be used®?:

qx,t)=—1-VT(x,t), (1)

where g=6 [W] is the transmitted heat flux, A
[W/(m-K)] is thermal conductivity and VT [K] is the
measured equilibrium temperature difference between
the two plates.

2.2.5 | Injection molding

Before injection molding, an Arburg Thermolift 100-2
drying unit (Arburg GmbH, Lofiburg, Germany) was
used to dry the pellets. The injection molding experi-
ments were performed on an Allrounder 320C 400-170
injection molding machine (Arburg GmbH, Lof3burg,
Germany) with a mold tempering unit (Wittmann Tech-
nology GmbH, Wien, Austria). We used a two-cavity
cold runner mold with a type 1A geometry according to
the EN ISO 527 standard. The screw speed during plas-
tification was 25 1/min. The other parameters of the
injection molding process were determined for each
material type, based on the measured rheological and
thermal properties. These parameters are detailed in
Section 3.1.1.

2.2.6 | Electrical conductivity

A four-pin resistance meter with an Agilent 34970A data
logger was used to measure the electrical conductivity of
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the injection molded materials. The specific resistance 3 | RESULTS AND DISCUSSION
of the materials was determined using Equation (2),
¢ (cm) is the thickness of the sample, R is the measured 3.1 | Optimization of processing
resistivity, and G is electrical conductivity.** parameters
3.1.1 | Determination of the injection

f(S)-Es o

2.2.7 | Tensile test

The injection molded EN ISO 527 1A specimens were
tensile tested on a Z020 tensile tester (Zwick Gmbh.,
Ulm, Germany) using a 20 kN load cell with a resolu-
tion of 0.1 N and 20 kN-rated Zwick 8355 screw grips,
with a grip length of 110 mm and a test speed of
2 mm/min. Five of each material were tested. For frac-

ture work, the force-displacement curves were
integrated.
2.2.8 | Scanning electron microscopy

Scanning electron microscope (SEM) micrographs were
taken of the fracture surface perpendicular to the pulling
direction of the tensile tested specimens with a JSM
6380LA SEM (JEOL, Tokyo, Japan) after the surface was
sputtered with gold.

molding parameters

The content of reinforcing and plasticizing agents
strongly influences the rheological and thermal proper-
ties of the materials to estimate shear rate—dependent vis-
cosity over a wide range of shear rates, we used the
method in Figure 3. For every unfilled OLA/PLA mate-
rial, based on the method proposed by Virag et al.** a
complex modulus master curve was constructed with the
use of the time-temperature superposition (TTS) princi-
ple, described in detail by Ferry.*

The complex modulus curves measured at different
temperatures (Figure 3a) were reduced to an arbitrary
reference temperature, Ty = 160°C (Figure 3b). Then,
the Williams-Landel-Ferry model (WLF model)
(Equation 3)*® was fitted to the resulting horizontal shift
factors (ar) (Figure 3c):

—c1-(T—Try)

1 = ,
B 4 (T~ To)

(3)

where ¢, (1), ¢, (K) are empirical constants. The ¢, and c,
constants were determined using the method of Oseli
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FIGURE 4 Temperature dependence of the shift factors for

poly(lactic acid) with different oligomeric lactic acid content. [Color
figure can be viewed at wileyonlinelibrary.com]

et al.”” The method uses a two-dimensional coordinate
system, where x=T — T, and y= Tlggj;”;f . The data were
plotted in this coordinate system and a linear trend was
fitted as y(x) = mx+b to them (coefficients of determina-
tion (R?) are shown in Figure 4). Then, the WLF con-
stants were given as ¢; = —1 and ¢; =2

The applied shift factors and the fitted WLF models
are shown in Figure 4.

Then, we calculated the complex viscosity from the

complex modulus according to Equation 4:

|G ()]

(@) |=——, (4)

The complex viscosity master curve 7n*(w) we
obtained this way was converted to a shear flow viscosity
curve 7(7) assuming the Cox-Merz rule®® (Equation 5)
over the whole frequency range (Figure 3d):

|77 (@) |=[n(7)]; ()

After that, we estimated the shear rate-dependent vis-
cosity at a given shear rate and temperature, Y (7 reds Mred)

(Figure 3e) using the 7,,; reduced shear rate (Equation 6)
and the 7,,4 reduced viscosity (Equation 7):

J}red =yar, (6)
n
Myed = a_T (7)

The initial parameters for the injection molding of
the unfilled PLA were determined based on the
literature,'>* that is, the reference melt temperature for
the neat PLA was set to 180°C, and the injection rate to
40 cm®/s. For injection rates of a few tens of cm?®/s and a
nozzle with a diameter of 2 mm, the shear rate is in the
order of 10° 1/s. Since the viscosity can be adjusted more
easily and precisely by changing the temperature than by

varying the shear rate, we kept the shear rate constant
and varied the temperature to achieve the desired viscos-
ity. Figure 5a shows the viscosity curves of materials with
different OLA contents for a temperature of 180°C. Our
aim was to choose the injection molding temperature of
each material in such a way that its viscosity curve coin-
cides with the viscosity curve of pure PLA (OLAO) at
180°C, in the range of 10° 1/s shear rate. Thus, using the
temperature dependence of the displacement factors
(fitted WLF models), based on Figure 3e, we reduced the
temperature until the OLAS5, OLA10, and OLA15 curves
coincided with the neat PLA (OLAO) curve at T = 180°C
in the shear rate range determined by the injection rate
(Figure 5b). Based on these, the injection molding tem-
perature was set to 165°C for OLA5, 145°C for OLAI10,
and 135°C for OLA15. These temperatures are far lower
than the temperature range generally used to process
PLA (180-200°C). The plasticizer significantly increases
flowability (i.e., decreases viscosity); therefore, a much
lower injection molding temperature is recommended.
These temperatures were also used for the injection
molding of the composite materials.

For the calculation of the required cooling time, it is
important to know the glass transition temperature of the
materials, as in the case of amorphous materials, this can
be considered as the upper limit for the ejection tempera-
ture. Figure 6 shows that the use of OLA plasticizer in
the PLA causes a slight reduction in the glass transition
temperature. In this case, this is a positive effect, as we
expect an increase in toughness with a reduction in T.

For the calculation of cooling time, the thermal con-
ductivity and the specific heat capacity of the materials
should be measured. The melt temperatures were calcu-
lated from the viscosity curves, and as the lowest glass
transition temperatures for the materials plasticized with
15 wt% OLA were ~38°C, we set the ejection tempera-
ture (Tejecs) to 30°C to avoid the deformation of the final
product. For this ejection temperature, mold temperature
(T'moia) Was chosen to be 25°C. Cooling time was calcu-
lated with Equation 7.%°:

n? 4 (Tpeu—T
tcooling =——:In|- M , (7)
2r-a T Teject — Told

where a is the thermal diffusivity, calculated with
Equation 8:

a=—, (8)

where 1 is thermal conductivity, p is density and c, is
specific heat.
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FIGURE 5 Viscosity curves of poly(lactic acid) with different oligomeric lactic acid contents at T = 180°C (a) and at different

temperatures to coincide in the deformation speed range of injection molding (b). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Glass transition 60 yy
temperature in the pure, and in
plasticized poly(lactic acid) (PLA), PLA £ 8) 35 1
=0
+ 30CF and PLA + 30CF + 075CNT =% 50 ®PLA
materials. CNT, carbon nanotubes; CF, g E PLA 30CF
carbon fibers. [Color figure can be ZE 45 -
. N . ﬁ 2. mPLA 30CF 075CNT
viewed at wileyonlinelibrary.com] = g = —
O B 40 N
35 A
0 5 10 15
OLA content (%)
FIGURE 7 (a) Coefficient of (a) 0.7 (b) 25
thermal conductivity and (b) specific - 0.6 - - / 2PLA
heat in the pure, and in the plasticized %‘ 0.5 - %‘ 201 PLA 30CF
poly(lactic acid) (PLA), PLA + 30CFand 5o, | & _ 154 -
PLA + 30CF + 075CNT materials. CNT, TE o3l = % = PLA_30CF_075CNT
carbon nanotubes; CF, carbon fibers. ° % ’ 2 "Z 1.0 1
. s~<= 024 o o
[Color figure can be viewed at g £ 051
Q -
wileyonlinelibrary.com] = 0.1 2
0 - “ 0.0
5 10 15 5 10 15
OLA content (%) OLA content (%)

It can be observed in Figure 7 that the thermal con-
ductivity of the carbon fiber composite is much higher
compared with pure PLA, and the addition of CNT can
further increase the thermal conductivity. This is
explained by the fact that the CF in the injection molded
material are unoriented and, therefore, cross each other
at several points to form a thermal conductive network,
while the CNT cross each other and the CF to form a sec-
ondary conductive network.**" In addition, the OLA con-
tent also has a thermal conductivity enhancing effect,
presumably since the small molecules of the plasticizer
are much more mobile and, therefore, more efficient in
heat transfer. Increasing thermal conductivity is not only
a well-explored functional property of materials but can

also make production more economical by shortening
the injection molding cycle time.

The variation of the specific heat can be well corre-
lated with the mobility of the polymer molecules: as
shown in Figure 7, the reinforcing materials decreased
the mobility of the PLA molecules, while the plasticizer
increased it, and the specific heat varies in the same way
as a function of the reinforcing material content and the
plasticizer content.

The volume of the mold was 40 cm?, and the injection
flow rate was 40 cm?/s, which resulted in an injection
peak pressure of 1200 bar. With these parameters, smal-
ler air voids were visible in the tensile specimens, so the
injection rate was increased to 60 cm?®/s, which increased

35101 SUOLLLLIOD BANER.D) 3|ea!dde ) Aq pauLRAOB a2 SAPIE WO ‘98N JO SaINI I0) A1 BUIIUO B]1M UO (SUONIPUOD-PUR-SLLLBY W00 B 1M ARe.q1BUI|UO//'STNY) SUORIPUOD PUe SWLB | au) 385 *[4Z0Z/60/0T] U0 AReiq 7auIluo A8|iM *ATBUNH U400 Aq 87Tag dde/Z00T 0T /10p/W00 5| 1M Areiq1 U1 UO//SdNY WY papeo|umod 0 ‘829%/60T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

JOURNAL 0F W ® ,
8of 11 A ppl d P lym r VIRAG Er AL.
WILEY e olymer
Mold closing ‘ Pressure hold l 1.0

_ 200 2

) = 0.8 1

150 Al 2
(a) g i } Melt temperature SoTA _§€ 0.6 | 30CF

£ 100 { —— “ooli - 100LA g9

g / Ejection oo 2% 04 m30CF+075CNT

£ 50 - [———— — B

= {S— A 3 02

0 10 20 30 40 50 60 70 80 0.0 4 T T
Time (s) 0 5 10 15
OLA content (%)
200 % Mold closing " Pressure hold (a)

9

150 Al } Melt temperature

g N * 50LA_30CF
(b) £ 100 - 100LA_30CF Flow

é. 0 150LA_30CF direction Core layer

5 50 4 —— —_—

&

0 <

10 20 30 40 50 60 70 80
Time (s)

=}

200 51 Mold closing ‘y‘ Pressure hold

) e —
150 .41 } Melt temperature SOLA 30CF 075CNT
E = —
=]

(C) £ 100 Injection Cooling / 100LA_30CF_075CNT
E 50 e et—— ’ o I50LA_30CF _075CNT
= ¢ - - -

—

0 10 20 30 40 50 60 70 80

Time (s)
FIGURE 8 Injection molding cycles for (a) plasticized
poly(lactic acid) (PLA), (b) plasticized fiber-reinforced PLA, and the

(c) plasticized hybrid composites. [Color figure can be viewed at
wileyonlinelibrary.com]

the peak pressure to 1600 bar, which made it possible for
the holding pressure to increase to 600 bar. With the cor-
rected parameters, the injection molded specimens were
homogeneous without any air voids. The holding pres-
sure was 600 bar and holding time was 20 s, according to
the literature.>® Based on the determined parameters,
Figure 7 shows the injection molding cycle diagrams.
Even though OLA increased the thermal conductivity,
the cycle time was longer because the plasticizer reduced
the glass transition temperature and thus the heat reten-
tion of the product, so the cooling time was slower due to
the lower ejection temperature. However, the use of
hybrid reinforcing materials with higher thermal conduc-
tivity was able to compensate for this effect, so the short-
est cycle times were obtained with hybrids (Figure 8).

3.2 | Electrical conductivity

Figure 9a shows that the addition of CNT to the carbon
fiber-reinforced composites doubles the electrical conduc-
tivity of the material, which can be explained by the fact
that the CNT form a secondary conductive path between
the CF and connect them, resulting in a conductive net-
work with higher conductivity in the composite. The

Carbon fiber

~4Carbon
nanotubes

gk Oligomeric lactic
a acid
Polylactic acid
matrix
Conductive path

without plasticizer

(b) (c)

with plasticizer

FIGURE 9 (a) Electrical conductivity in the pure, and in the
plasticized PLA + 30CF and PLA + 30CF + 075CNT materials;
schematics of the materials structure (b) without and (c) with
oligomeric lactic acid plasticizer. PLA, poly(lactic acid); CNT,
carbon nanotubes; CF, carbon fibers. [Color figure can be viewed at
wileyonlinelibrary.com]

PLA_30CF_075CNT_150LA material had an electrical
conductivity of 0.97 S/cm, which is higher than commer-
cially available conductive composites with conductivities
between 0.1 and 0.6 S/cm.**° The OLA content
increased the electrical conductivity of the materials,
which can be explained by the fact that OLA helped the
orientation of the carbon fiber during the injection mold-
ing process. Therefore, in our measurement setup, the
conductivity in the longitudinal direction of the specimen
increased with increasing OLA content. The presence of
OLA not only helps the orientation but also breaks the
nanotube-carbon fiber bonds because of the shear stress.
At high OLA content, however, the shear stress between
molecules is already reduced. Therefore, the orientation
is easier to achieve, but the nanotubes do not separate
from the CF. The conducting network is preserved, and
thus, a kind of synergy in electrical conductivity is awak-
ened (Figure 9c).

3.3 | Mechanical properties

The unplasticized composites containing carbon fiber
and CNT became very brittle due to the conductive
fillers. However, in the hybrid composites plasticized
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The work of fracture calculated from the force-strain ERTY
curves measured during the tensile tests (Figure 10) g 5
shows that the addition of a plasticizer to the hybrid com- 0
posite increased its toughness. The highest increase in 0 5 10 15
toughness was obtained with a concentration of 5 wt% OLA content (%)
OLA. Commercially available conductive materials typi-
FIGURE 11 Energy absorbing capability of the materials.

cally have a modulus of around 5 GPa, while their tensile
strength typically ranges from 50 to 105 MPa.’*3%%’
Figure 10 shows that our PLA-based composites contain-
ing 30% carbon fiber and 0.75% CNT all have tensile
strengths above 60 MPa and modulus above 10 GPa, so
in addition to excellent conductivity, strength properties
are equal to or higher than those of commercially avail-
able materials.

Figure 11 shows the areas under the glass transition
peak of the tan § curves measured with DMA, the magni-
tude of which is proportional to the materials’ energy
absorption capacity. The conductive reinforcing materials
caused the area under the peak to decrease significantly.
The addition of the plasticizer allowed the area under the
peak to return to close to the reference PLA value and
even exceeded it for the material containing 15% OLA.

3.4 | Scanning electron microscopy

The OLA resulted in more structured fracture surfaces,
and the crack path is also longer, indicating increased

[Color figure can be viewed at wileyonlinelibrary.com]

plastic deformation (Figure 12a-d).*® In the CF-
reinforced composite specimens, the increase in OLA
concentration results in higher plastic deformation
during rupture due to the softening effect
(Figure 12e-h).** As the OLA content increases, longer
and longer free-standing fibers can be seen on the sur-
face of the fragment. This suggests either that the OLA
is enriched near the interface, which is most likely
when OLA content is high. In SEM images of hybrid
composites with CNTs, the fracture surface is signifi-
cantly different with 5 or 15wt% OLA content
(Figure 12i-1). The fracture surface is very similar,
which may indicate that the nanotubes can transfer
the load well from the matrix material to the CF, even
at high OLA content. This is also illustrated by the fact
that more fiber breaks are visible in nanotube-
reinforced samples, and there are matrix residues on
the fibers, suggesting improved fiber-matrix adhesion
(Figure 91).
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SEM images of the fracture surfaces of the (a-d) pure poly(lactic acid) (PLA), (e-f) CF-reinforced PLA composites, and (i-

1) PLA hybrid composites reinforced by CF and CNT. CNT, carbon nanotubes; CF, carbon fibers. [Color figure can be viewed at

wileyonlinelibrary.com]

4 | CONCLUSION

We produced thermally and electrically conductive
hybrid composites with a PLA matrix reinforced with car-
bon fiber and CNT. The conductive fillers resulted in a
large decrease in toughness, which was compensated
with OLA. Oscillatory shear rheometry was applied to
determine the rheological behavior of the materials in a
wide temperature and shear rate range. Using the shear
rate and temperature dependence of the viscosity, the
glass transition temperature, thermal conductivity and
the specific heat as input parameters, we determined the
injection molding temperatures, injection flow rates and
cycle times for each material to produce the composites.
We showed that by adding 15 wt% OLA plasticizer to the
composites, the optimal processing temperature
decreased by 45°C, and due to the good thermal conduc-
tivity of the hybrid composites, the required cooling time
was decreased. The injection molded hybrid composites
containing CF and CNT had thermal conductivities
between 0.48 and 0.59 W/mK and electrical conductivi-
ties between 0.35 and 0.97 S/cm, with tensile strengths
above 60 MPa and modulus above 10 MPa, so that in
addition to excellent conductivity, strength properties are

equal to or higher than those of commercially available
materials.
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