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ABSTRACT: The effect of the melt-compounding conditions with the use of a corotating intermeshing twin-screw extruder and of the

nanotube content on the morphology and the mechanical and rheological properties of nylon 6/multiwalled carbon nanotube

(MWCNT) composites was investigated. The melt-compounding conditions affected the morphology, but the variations in the mor-

phology did not necessarily result in substantial variations in the mechanical and rheological properties. The mass throughput had

the strongest influence on the mechanical properties, whereas the MWCNT feeding substantially affected the rheology. The increase

in the MWCNT volume content from 0.0 to 3.5 vol % led to an increase in the Young’s modulus, whereas the tensile strength, elon-

gation at break, and notched impact strength exhibited maximum values around 0.5 to 1.0 vol %. With increasing MWCNT volume

contents, higher complex viscosities and storage and loss moduli and a lower loss factor compared to neat nylon 6 were observed.
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INTRODUCTION

Nylon 6 is among the most important technical thermoplastic

polymers, as it comes with decent material properties such as a

high strength and stiffness. Major applications of nylon 6 are

found in the fiber sector and in the automotive, aviation, and

electrical/electronics industries. To enhance the material proper-

ties of nylon 6, it is often filled with fillers, such as glass or car-

bon fibers.1,2 Because of the high filler contents necessary to

further improve the composite properties, the potential of these

fillers on micrometer scale is limited.3 However, for more than

20 years, another class of fillers, fillers on the nanometer scale

[e.g., carbon nanotubes (CNTs) and layered silicates], have been

investigated.4–7 Most of the so-called nanofillers feature a high

surface-to-volume-ratio. Together with an adequate surface

chemistry of the filler, both a high specific surface area and a

good compatibility allow a large area of interaction for the

polymer and the filler to build physical bonds; this results in a

high potential to improve the polymer–nanocomposite proper-

ties, even at low filler contents.8

Polymer–nanocomposites can be prepared by solution process-

ing, in situ polymerization, or melt compounding. Despite the

fact that these methodologies are different, they all target the

deagglomeration of nanofiller agglomerates, good dispersion,

and interfacial bonding to obtain optimum polymer–nano-

composite properties.9,10 The most important route for the

preparation of polymer–nanocomposites in industry is melt

compounding with a corotating intermeshing twin-screw

extruder.11 Thus, in this study, we focused on the influence of

the melt-compounding conditions on the morphology, mechan-

ical properties, and rheology of nylon 6 nanocomposites to

allow a transfer of the scientific findings to industrial practice.

Featuring a high scientific and industrial interest, CNTs are

among the most important nanofillers. Multiwalled carbon

nanotubes (MWCNTs), in particular, are already manufactured

on an industrial scale. Hence, the properties of CNTs and poly-

mer–CNT–composites and the scientific progress have been

summarized and discussed in several review articles.10,12–29

Concerning specifically the properties of the nylon 6/MWCNT

composites prepared by melt mixing, Zhang et al.30 observed an

increase in the Young’s modulus and tensile strength by 120 and

115%, respectively. The nylon 6/MWCNT composites filled with

1 wt % MWCNTs were prepared with a small laboratory

kneader. Liu et al.31 even reported an increase in the Young’s

modulus of 214% and an increase in the tensile strength of

162% with the addition of 2 wt % MWCNTs to nylon 6 in a

laboratory twin-screw extruder, which melt-mixed the materials
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for 10 min at 250�C with a screw rotational speed of 100 1/

min. A study of Meng et al.32 showed less pronounced improve-

ments in the mechanical properties. However, in all of the stud-

ies mentioned previously, laboratory-scale mixing equipment

was used; this equipment cannot be directly scaled up to an

industrial scale because of a lack in geometric and heat-transfer

similarity. Meincke et al.33 observed an increase in Young’s

modulus with increasing MWCNT content (2–12 wt %),

whereas the elongation at break decreased. Young’s modulus

improved by about 40% for a nanocomposite containing 6 wt

% MWCNTs. Furthermore, the complex viscosity, storage mod-

ulus (G0), and loss modulus (G00) increased with the addition of

MWCNTs to nylon 6. This effect was attributed to the restricted

chain mobility and orientation of the nylon 6 chains.34,35 The

results reported in literature were in good agreement with the

properties obtained in this study. In principle, the publications

named previously already indicated that the melt-mixing condi-

tions play an important role in the resulting properties of nylon

6/MWCNT composites because the MWCNTs have to be indi-

vidualized to fully benefit from the superior properties of the

MWCNTs. Otherwise, the MWCNT agglomerates act as defects

in the polymeric matrix.9

In literature, a large number of researchers have reported investi-

gations of small-scale melt-mixing processes; these have revealed

for different polymers, including nylon 6, that high shear forces

and relatively long mixing times promote the individualization of

MWCNTs.36–47 On the basis of laboratory-scale experiments,

Kasaliwal et al.48 proposed a kinetic model for the dispersion of

MWCNTs in polymers by melt mixing. This model describes the

dispersion of MWCNT agglomerates on the basis of the mecha-

nisms rupture and erosion. In this model, MWCNT agglomerates

are divided in two classes: large agglomerates with a diameter of

larger than 10 lm and small agglomerates between 1 and 10 lm.

Large agglomerates are believed to undergo rupture and erosion,

whereas small agglomerates are mostly dispersed by erosion dur-

ing melt mixing.48 Villmow and coworkers11,49 reported two stud-

ies on the influence of the melt-compounding process parameters

with a corotating intermeshing twin-screw extruder. Their studies

on polycaprolactone–MWCNT and polylactide–MWCNT compo-

sites showed that high screw rotational speeds, screw configura-

tions with distributive mixing elements, and longer residence

times led to an enhanced dispersion of MWCNTs, whereas high

throughputs worsened the dispersion of MWCNTs. The tempera-

ture profile was observed to have a minor effect on the MWCNT

dispersion. However, still higher processing temperatures resulted

in a slightly better dispersion of the MWCNTs. However, both

publications focused on the dispersion of MWCNTs and the elec-

trical conductivity of the composites, whereas the mechanical and

rheological properties were not investigated. Sathyanarayana

et al.50 observed similar effects regarding the screw rotational

speed in their study on polystyrene–MWCNT composites. Fur-

thermore, their investigations revealed only a small effect of the

process parameters on the rheological properties of the prepared

nanocomposites. Finally, a study from Guehenec et al.51 con-

cluded that the MWCNT dispersion may not have further

improved above a screw rotational speed of 200 min21, which

was also reflected in an optimum of the electrical conductivity.

Thus, the influence of the process parameters during melt mix-

ing with a corotating intermeshing twin-screw extruder on the

morphology and the mechanical and rheological properties of

nylon 6/MWCNT composites have not been described in the lit-

erature so far. Hence, the aim of this study was to examine the

morphology and the mechanical and rheological properties of

these nanocomposites in different melt-compounding condi-

tions. Additionally, in dependency of the MWCNT content on

the aforementioned properties is described.

EXPERIMENTAL

Materials

Different nanocomposites consisting of the matrix polymer

nylon 6 and MWCNT nanofillers were prepared in this study.

The matrix polymer nylon 6 (type Ultramid B27E01) was pro-

vided by BASF SE (Ludwigshafen, Germany). Being a typical

compounding grade, it had a relative viscosity of 2.7 and a den-

sity of 1.13 g/cm3.52 The MWCNTs (type NC7000) were pro-

vided by Nanocyl S. A. (Sambreville, Belgium). They had an

average diameter of 9.5 nm and an average length of 1.5 lm.

The surface area was 250 to 300 m2/g.53 Figure 1 shows the

scanning electron microscopy (SEM) images of the MWCNTs at

different magnifications.

The SEM images indicated the presence of two MWCNT

agglomerate size classes, as described by Kasaliwal et al.48

because the large agglomerates consisted of small agglomerates

(aggregates) of MWCNTs [Figure 1(a–c)], whereas the small

agglomerates were built of individual MWCNTs [Figure 1(d–f)].

The density of the MWCNTs was 1.75 g/cm3.54

Methods

Nylon 6/MWCNT composites containing 1 vol % MWCNTs

were prepared with a corotating, intermeshing twin-screw

extruder (type ZSK26Mc, Coperion GmbH, Stuttgart, Ger-

many). The screw diameter of the extruder was 26 mm, and the

length-to-diameter ratio was 45. During the melt-compounding

trials, the nylon 6 was added to the main hopper, whereas the

MWCNTs were fed into the fourth barrel element with a side

feeder. To investigate the influence of the MWCNT feeding

position, the MWCNTs were also fed into the main hopper for

comparison. All of the materials were dosed by suitable gravi-

metric dosing systems. The material was vented before it exited

the extruder die as strands. The strands were quenched in a

water bath and pelletized by a strand pelletizer.

During melt compounding, the process parameter, mass

throughput (10, 20, and 30 kg/h), screw rotational speed (500,

700, and 900 min21), and screw configuration, were varied in

three steps, whereas two barrel temperature profiles and two

MWCNT feeding positions were applied. The screw configura-

tions and two barrel temperature profiles are shown in Figure 2.

The three screw configurations featured the same feeding and

melting zone for nylon 6, which was built of conveying elements

and three-flighted kneading elements, respectively. The disper-

sive mixing zone, which followed the MWCNT side-feeding

zone, was varied to achieve different shear energy inputs in this

zone. Screw configuration A had no kneading elements in this

zone, and this led to a low-shear-energy input. To achieve a
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medium-shear-energy input and a partially filled zone, screw

configuration B featured five conveying kneading elements in

the dispersive mixing zone. Screw configuration C was built up

of two sections with kneading elements in the dispersive mixing

zone. Both sections ended with a neutral kneading block to

achieve a fully filled section, and this resulted in a high-shear-

energy input. After each dispersive mixing zone, a distributive

mixing zone consisting of 2 3 2 tooth-mixing elements fol-

lowed. Furthermore, each screw configuration was completed by

a venting zone built up of conveying elements. Both the distrib-

utive mixing zone and the venting zone were identical for the

three screw configurations. During the trials, the utilization (U)

of the twin-screw extruder was recorded, and the specific

mechanical energy (SME) input was calculated from it accord-

ing to eq. (1):55

SME5
2�p�n�MD

_m
(1)

where n is the screw rotational speed and _m is the mass

throughput. The applied torque by the twin-screw extruder

(MD) was determined according to eq. (2):

MD5ðU2U0Þ �Mmax (2)

where U0 is the utilization of the twin-screw extruder during

idle running and Mmax is the maximum torque that can be

applied by the twin-screw extruder and which accounts for 212

Figure 2. Screw configurations and barrel temperature profiles used for melt compounding.

Figure 1. SEM images of the used MWCNTs at different magnifications.
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N m. Furthermore, the mean residence time was determined

with colored tracer particles, which were added to the pure

nylon 6 under the respective melt-compounding conditions

before the MWCNTs were dosed. The time when the color

appeared and the time when the color disappeared were stopped

to calculate the mean residence time from five residence time

measurements, which were conducted for each set of process

parameters. After we investigated the melt-compounding proc-

essing conditions, nylon 6/MWCNT composites containing dif-

ferent MWCNT volume contents were prepared at a mass

throughput of 10 kg/h and a screw rotational speed of 500 1/

min with screw configuration B and a low-barrel-temperature

profile. The nylon 6/MWCNT composites contained MWCNT

contents between 0.0 and 3.5 vol %. The MWCNT content was

varied in steps of 0.5 vol %.

After melt compounding, the nylon 6/MWCNT composites

were processed to test specimens by injection molding with an

injection-molding machine (type Allrounder 370 A 600-170/

170, Arburg GmbH & Co. KG, Loßburg, Germany). During

injection molding, the process parameters were kept constant to

maintain the comparability of the composites prepared under

different melt-compounding conditions. The mechanical prop-

erties, Young’s modulus, tensile strength, and elongation at

break, of 10 samples were examined according to EN ISO 527

with a tensile testing machine (type Z100, Zwick GmbH & Co.

KG, Ulm, Germany). The notched impact strength of 10 sam-

ples was determined according to EN ISO 179 with a pendulum

(Zwick GmbH & Co. KG). The rheological properties were eval-

uated with a plate–plate rheometer (type Haake Mars 2,

Thermo Fisher Scientific, Inc., Waltham, MA). The frequency

sweep was performed at a temperature of 240�C with an ampli-

tude of 2% (0.002 rad) from high frequency (100 Hz) to low

frequency (0.1 Hz). Before testing, all of the test specimens were

dried (for 7 days at 80�C) to ensure uniform testing conditions.

Additionally, the morphology of the samples was investigated

on a microscopic scale with optical microscopy to determine

the size and number of the remaining MWCNT agglomerates.

To quantify the size and number of the remaining MWCNT

agglomerates in the nylon 6/MWCNT composites, polished sec-

tions were prepared, and overexposed images were taken at a

10003 magnification with a digital microscope (type VHX 600,

Keyence Corp., Osaka, Japan). The images were analyzed with

the image processing and analysis software ImageJ, and the size

and number of the remaining MWCNT agglomerates (black

spots in the microscopy image) were measured. From these val-

ues, the accumulated agglomerate frequency was calculated by

the addition of the number of occurring agglomerates in one

size class starting from the biggest agglomerates and proceeding

to agglomerates measuring 1 lm2. The MWCNTs were consid-

ered to be dispersed when the size of the agglomerate was

smaller than 1 lm2. Additionally, the nylon 6/MWCNT compo-

sites containing different MWCNT volume contents were ana-

lyzed by transmission electron microscopy (TEM).

RESULTS AND DISCUSSION

Effect of Melt Compounding

SME Input and Residence Time. As eq. (1) shows, the SME

was influenced by the processing conditions during melt com-

pounding. Thus, Table I summarizes the SME versus the process

parameter mass throughput, screw rotational speed, screw con-

figuration, barrel temperature profile, and MWCNT feeding

position.

As shown in Table I, the SME and mean residence time strongly

decreased with increasing throughput; this led to less energy

being available for mixing and a shorter mixing time. However,

we had to consider that the filling degree of the screws

increased with increasing mass throughput; this led to an

increase in the local stress transferred onto the MWCNT

agglomerates. Increasing the screw rotational speed resulted in

an increase in the SME and a decrease in the mean residence

time. The application of conveying kneading elements on screw

configuration B did not affect the SME and the mean residence

time substantially compared to screw configuration A, but the

use of neutral kneading elements, which increased the filling

degree of the screws, led to an increase in both the SME and

the mean residence time. However, the effects of the screw rota-

tional speed and the screw configuration were less pronounced

than the effect of the mass throughput. Increasing the barrel

Table I. Influence of the Process Parameters on the SME Input and Mean Residence Time

Mass
throughput
(kg/h)

Screw
rotational
speed (min21)

Screw
configuration (—)

Barrel
temperature
profile (—)

MWCNT
feeding
position (—)a

SME
(W h/kg)

Mean
residence
time (s)

10 700 B Low SF 435.13 52.0

20 700 B Low SF 338.00 26.5

30 700 B Low SF 316.73 20.5

20 500 B Low SF 313.03 32.0

20 900 B Low SF 388.51 23.0

20 700 A Low SF 338.00 26.0

20 700 C Low SF 361.31 31.0

20 700 B High SF 338.00 26.5

20 700 B Low MH 396.28 34.0

a SF, side feeder; MH, main hopper.
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temperature profile did not affect the SME and mean residence

time, but it increased the material temperature and resulted in a

lower viscosity. Hence, better wetting and infiltration of the

agglomerates could be achieved with the high-barrel-

temperature profile. Feeding the MWCNT over the main hopper

instead of the side feeder led to increases in the SME and mean

residence time. Moreover, we considered that the MWCNT

interacted with the solid nylon 6 granules until they were mol-

ten; this may have resulted in a degradation or compression of

the MWCNTs to new agglomerates.56

Morphology. Figure 3 shows the accumulated agglomerate fre-

quency in the nylon 6/MWCNT composites versus the mass

throughput [Figure 3(a)], the screw rotational speed [Figure

3(b)], screw configuration [Figure 3(c)], barrel temperature pro-

file [Figure 3(d)], and feeding position of the MWCNT [Figure

3(e)]. During the trials, the processing parameters other than

those depicted in the figures were kept constant.

In general, in all of nylon 6/MWCNT composites, MWCNT

agglomerates were present. Approximately 90% of the MWCNT

agglomerates were smaller than 8 lm2, regardless of the selected

melt-compounding conditions. Slightly smaller MWCNT

agglomerates were observed when a mass throughput of 30 kg/h

was chosen, even though the residence time of the material in

the twin-screw extruder was shorter. However, because the fill-

ing degree was higher at higher mass throughputs, the shear

stresses transferred on the MWCNTs in the dispersive mixing

zone may have been higher; this resulted in slightly smaller

MWCNT agglomerates left in the nanocomposite. However,

Villmow et al.49 reported worse MWCNT dispersion when they

increased the mass throughput during melt compounding,49

and Sathyanarayana et al.50 observed no influence of the mass

throughput on the MWCNT dispersion. However, in both stud-

ies, the melt-compounding processes were operated at lower

mass throughputs of 5–15 kg/h49 and 7.5 to 10 kg/h,50 respec-

tively; this led to a more pronounced influence of the residence

time in the study of Villmow et al.,49 whereas the difference in

the mass throughput may have been too small in the investiga-

tion of Sathyanarayana et al.50 for them to see a substantial dif-

ference in the MWCNT dispersion.50

Only small differences in the agglomerate size distributions were

observed when the screw rotational speed was varied. The small-

est number of large agglomerates was noticed at a high screw

rotational speed of 900 min21; this resulted in high shear stresses

acting on the MWCNT agglomerates and led to a slightly better

dispersion. A similar effect was reported by Villmow et al.11,49

and Sathyanarayana et al.,50 when they increased the screw rota-

tional speed from 100 to 500 min21 and from 500 to 1100 1/

min,50 respectively. Also, in all studies, the improvement of the

MWCNT dispersion was attributed to the higher shear stresses

acting on the MWCNT agglomerates.11,49,50

Between screw configurations B and C, only small differences

were observed: As expected, the application of neutral kneading

elements resulted in slightly smaller MWCNT agglomerates. For

screw configuration A, a comparably high number of MWCNT

agglomerates larger than 12 lm2 was observed. However, with

decreasing MWCNT agglomerate size, the number of small

agglomerates increased; this led to a higher number of agglom-

erates between 2 and 6 lm2 than for screw configurations B

and C. This effect may have been due to the shear thinning

behavior of the nylon 6 because, for screw configurations B and

C, higher shear stresses were introduced between the tips of the

kneading elements. This led to a local decrease in the melt vis-

cosity and may have resulted in a less effective MWCNT

agglomerate dispersion on the one hand. On the other hand,

dispersive mixing elements may have led to an MWCNT deteri-

oration; this could result in an increased tendency to form

new agglomerates. Similar observations were made by Guehenec

et al.51 when they compared a screw configuration with

conveying screw elements to a screw configuration with coun-

terconveying screw elements and by Villmow et al. when they

compared a screw configuration with dispersive mixing elements

to a screw configuration with distributive mixing elements.49

Increasing the barrel temperature led to a slight improvement

in the MWCNT dispersion. Thus, a higher number of small

agglomerates was detected than in the low barrel temperature

profile. This effect was probably due to a decreased melt viscos-

ity; this led to the better wetting and infiltration of the

MWCNT agglomerates and, hence, to a decrease in the agglom-

erate size. However, the decrease in the melt viscosity was

believed to be less pronounced than the local decrease in the

melt viscosity between the tips of the kneading elements. Vill-

mow et al.49 also observed a slight improvement in the

MWCNT dispersion when the barrel temperature was increased;

this was attributed to promoted agglomerate infiltration at

higher processing temperatures,11 whereas Sathyanarayana

et al.50 observed no effect of the processing temperature.

The investigation of the influence of the MWCNT feeding posi-

tion on the accumulated MWCNT agglomerate frequency

showed that a higher number of smaller agglomerates was

detected when the MWCNT were fed over the main hopper.

Instead of 90% of the remaining MWCNT agglomerates being

less than 8 lm2 in size as observed with the side feeder, 90% of

the remaining MWCNT agglomerates exhibited a size of 5 lm2

or less when the MWCNT were added into the main hopper.

This effect occurred because the MWCNTs had to pass the melt-

ing zone in addition to the dispersive mixing zone, and this led

to a longer residence time and increased the shear stresses act-

ing on the MWCNT agglomerates because the melting zone was

built up of three-flighted kneading elements and strong solid–

solid and solid–highly viscous liquid interactions took place in

the melting zone. However, the MWCNT addition into the

main hopper may also have led to a deterioration of the

MWCNTs, which was observed by Andrews et al.37 for high-

shear-energy inputs in small-scale mixing. Furthermore M€uller

et al.56 reported a worse MWCNT dispersion when they added

MWCNTs into the main hopper instead of into a side feeder.

This effect was attributed to the compression of the MWCNTs

in the feeding and melting zones; this compression led to an

increasing number of MWCNT agglomerates even before

MWCNT dispersion took place.

The investigations on the influence of the melt-

compounding conditions on the morphology on microscopic
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scale revealed that the compounding process parameters

affected the size and number of the remaining MWCNT

agglomerates slightly. However, to gather more information,

the dispersion of the MWCNTs on a submicroscopic scale

should be considered, which until now, has been a big

challenge.

Figure 3. Cumulated MWCNT agglomerate frequencies in the nylon 6/MWCNT composites versus the melt-compounding conditions. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Mechanical Properties. The influence of the mass throughput

on the mechanical properties, the Young’s modulus, tensile

strength, elongation at break, and notched impact strength, is

shown in Figure 4. The process parameters, the screw rotational

speed (700 1/min), screw configuration B, barrel temperature

profile (low), and MWCNT feeding position (side feeder),

remained constant.

Increasing the mass throughput led to an increase in Young’s

modulus, whereas the tensile strength showed a slight tendency

to decrease. Furthermore, both the elongation at break and

notched impact strength decreased with increasing throughput.

However, the differences in the tensile strength and the elonga-

tion at break were well within the standard deviation. Thus,

they could not be considered substantial. However, the standard

deviation of the elongation at break decreased with increasing

throughput; this may have been due to a better and more stable

dispersion, according to Alig et al.9 The higher number of

smaller agglomerates (see Figure 3) explained the increase in

Young’s modulus on the one hand.8 On the other hand, the

higher number of agglomerates on a micrometer scale may have

caused a higher number of potential defects during impact

loading; this resulted in a decrease in the notched impact

strength.

Figure 5 presents the influence of the screw rotational speed on

the mechanical properties. All of the other process parameters

were kept the same (mass throughput 5 20 kg/h, screw configu-

ration B, low barrel temperature profile, MWCNT feeding with

the side feeder).

The screw rotational speed did not exhibit a substantial influ-

ence on the mechanical properties, the Young’s modulus, tensile

strength, and notched impact strength, remained constant,

whereas the elongation at break showed a tendency to increase

with increasing screw rotational speed. However, an increase in

the standard deviation was observed as well; this was considered

by Alig et al.9 to indicate worse and less stable MWCNT

dispersion.

In Figure 6, the mechanical properties are depicted versus the

screw configuration. During the experiments, the mass through-

put and screw rotational speed were set to 20 kg/h and 700

Figure 4. Mechanical properties of the nylon 6/MWCNT composites versus the mass throughput. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 5. Mechanical properties of the nylon 6/MWCNT composites versus the screw rotational speed. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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min21, respectively. Additionally, the low barrel temperature

profile was applied. The MWCNTs were fed into a side feeder.

For the mechanical properties, the tensile strength, elongation

at break, and notched impact strength, no substantial influence

of the screw configuration was observed, even though an

increase in the elongation at break was detected for screw con-

figuration B. However, this difference was well within the stand-

ard deviation. Only the Young’s modulus showed a tendency to

increase with increasing shear energy input by the screw config-

uration; this may have been due to the smaller number of large

agglomerates observed with increasing shear energy input by

the screw configuration (see Figure 3).

Figure 7 shows the influence of the barrel temperature profile

on the mechanical properties. The other process parameters, the

mass throughput (20 kg/h), screw rotational speed (700 min21),

screw configuration B, and MWCNT feeding position (side

feeder), remained constant.

The tensile strength and elongation at break remained unaf-

fected by the barrel temperature profile, whereas the Young’s

modulus tended to increase, and the notched impact strength

tended to decrease with increasing processing temperature. This

effect may be have been due again to the higher number of

smaller agglomerates (see Figure 3), which may have caused an

increase in the Young’s modulus on the one hand8 and a higher

number of potential defects during impact loading on the other

hand; this resulted in a decrease in the notched impact strength.

The influence of the MWCNT feeding position on the mechani-

cal properties is presented in Figure 8. All of the other process

parameters were kept constant (mass throughput 5 20 kg/h,

screw rotational speed 5 700 min21, screw configuration B, low

barrel temperature profile).

The MWCNT feeding position had no influence on the Young’s

modulus and the tensile strength, whereas the elongation at

break and the notched impact strength decreased when the

MWCNTs were added into the main hopper. However, with

regard to the elongation at break, the high standard deviation

has to be considered. The slight decrease in the notched impact

strength was attributed to the higher number of small MWCNT

Figure 6. Mechanical properties of the nylon 6/MWCNT composites versus the screw configuration. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Mechanical properties of the nylon 6/MWCNT composites versus the barrel temperature profile. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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agglomerates, which occurred when the MWCNTs were fed into

the main hopper. These agglomerates on a microscopic scale

may have acted as defects during impact loading.

Only small influences of the melt-compounding process condi-

tions on the mechanical properties were observed. The increase

in the Young’s modulus and the decrease in the notched impact

strength, which occurred when certain process parameters were

varied, could be attributed to the size and number of detected

MWCNT agglomerates. However, the differences in the

MWCNT agglomerate size distribution were not necessarily

reflected in a variation of the mechanical properties. Thus, we

concluded that the differences in the morphology were too

small to affect the mechanical properties of the nylon 6/

MWCNT composites substantially.

Rheology. Figure 9 shows the rheological properties, the com-

plex viscosity, G 0, and G 00, of the nylon 6/MWCNT composites

versus the mass throughput [Figure 9(a)], the screw rotational

speed [Figure 9(b)], the screw configuration [Figure 9(c)], the

barrel temperature profile [Figure 9(d)], and the feeding posi-

tion of the MWCNT [Figure 9(e)]. During the trials, the proc-

essing parameters that are not depicted in the figures were kept

constant.

As expected, the complex viscosity of all of the nylon 6/

MWCNT composites decreased, whereas G0 and G00 increased

with increasing frequency. However, up to a frequency of 10

Hz, a lower complex viscosity, G0, and G00 were observed for the

low throughput of 10 kg/h. This effect could have been to a

degradation of the nylon 6 because of the longer residence time

in the twin-screw extruder at the low mass throughput. Shorter

polymer chains caused higher chain mobility and less intermo-

lecular friction and, thus, led to a lower G 0 and G 00.

The screw rotational speed did not substantially affect the rheo-

logical properties. Also, Sathyanarayana et al.50 observed only a

very small influence of the screw rotational speed on the rheo-

logical properties of the polystyrene/MWCNT composites up to

a MWCNT content of 2 wt % in their study. However, at higher

MWCNT contents, the complex viscosity and G0 increased,

when higher screw rotational speeds were applied.

Only very small differences in the rheological properties were

observed when different screw configurations were used. This

led to the conclusion that the applied screw configurations did

not substantially influence the rheological properties.

A higher barrel temperature profile resulted in a slightly higher

complex viscosity and in increased G0 and G00 values. This may

have been due to the improved dispersion of the MWCNTs at

higher barrel temperatures. The improved MWCNT dispersion

led to reduced polymer chain mobility and caused a higher elas-

tic resilience and an increased intermolecular friction; this was

reflected in the G0 and G00 values. A similar observation was

made by P€otschke et al.47 for polycaprolactone/MWCNT com-

posites, when the rotational speed was increased during mixing

with laboratory-scale mixing equipment.

The addition of the MWCNTs into the main hopper resulted in a

lower complex viscosity and decreases in G0 and G00. This observa-

tion was attributed to the fact that the addition into the main

hopper led to a compression of the MWCNTs in the feeding and

melting zones of the extruder and resulted in new additional

MWCNT agglomerates, as suggested by M€uller et al.56 The newly

formed agglomerates caused a worse MWCNT dispersion and a

higher polymer chain mobility and resulted in a lower complex

viscosity. The deformation energy stored in the material and the

inner friction were reduced as well, and this led to lower G0 and

G00 values. Additionally, mechanical deterioration of the

MWCNTs may have occurred because of the three-flighted knead-

ing blocks in the melting zone. According to P€otschke et al.,47 the

deterioration of the MWCNTs may have also resulted in a reduc-

tions of the complex viscosity and G 0.

The investigated melt-compounding process parameters, the

mass throughput, screw rotational speed, screw configuration,

and barrel temperature, had only a very small and not very sub-

stantial effect on the rheological properties. Also, the differences

observed in the morphology were not fully reflected in rheologi-

cal properties; this led us to the conclusion that the differences

Figure 8. Mechanical properties of the nylon 6/MWCNT composites versus the MWCNT feeding position. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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in the morphology were too small to have an effect on the

rheological properties. McClory et al.57 and Miltner et al.58

reported similar influences of the process parameter on the

rheological properties of the polymer/MWCNT composites dur-

ing small-scale mixing. Only the addition of MWCNTs into the

main hopper instead through a side feeder substantially affected

the rheological properties. This effect may have been due to a

compression of the MWCNTs in the feeding and melting zone

and caused additional agglomerates56 and/or a mechanical dete-

rioration of the MWCNTs.47

Figure 9. Rheological properties of the nylon 6/MWCNT composites versus the melt-compounding conditions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Effect of the Nanotube Content

Morphology. Figure 10 depicts the accumulated MWCNT

agglomerate frequency in the nylon 6/MWCNT composites. With

increasing MWCNT content, larger agglomerates were observed

slightly more often. However, 90% of the MWCNT agglomerates

were smaller than 7 lm2. At a MWCNT content of 0.5 vol %,

90% of the agglomerates were even smaller than 4 lm2.

TEM images of the Nylon 6/MWCNT composites are shown in

Figure 11.

In the TEM images prepared from tensile bars, the individual

MWCNTs could be observed as wormlike structures, which were

curved and wavy. The individual MWCNTs were randomly dis-

persed and showed no orientation or alignment in the tensile bar.

Furthermore, MWCNTs longer than 500 nm were observed. Inde-

pendently of the MWCNT volume content, no MWCNT aggregates

were visible in the TEM images. Thus, the MWCNTs showed a rel-

atively good and homogeneous dispersion in the nylon 6 matrix.

Mechanical Properties. In Figure 12, the mechanical properties

of the nylon 6/MWCNT composites are depicted versus the

MWCNT volume content.

Figure 12(a) shows that the Young’s modulus increased with increas-

ing MWCNT content. Furthermore, the Young’s modulus of the

nylon 6/MWCNT composites (Y) was modeled by the shear-lag

model according to Cox59 and modified by Krenchel60 [eq. (3)]:

Y 5ðgo � gl � YMWCNT2YNylon6Þ � vMWCNT1YNylon6 (3)

with

gl512
tanh ða � l=dÞ

a � l=d
(4)

and

a5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23 � YNylon6

2 � YMWCNT � ln ðvMWCNTÞ

s
(5)

where YMWCNT and YNylon6 are the Young’s moduli of the MWCNT

and pure nylon 6, respectively; tMWCNT is the MWCNT volume

content; go is the orientation factor, which was equal to 0.2 accord-

ing to Krenchel;60 l is the length of the MWCNTs, which was

assumed to be 418 nm;61,62 tanh stands for the hyperbolic tangent

and d is the diameter of the MWCNTs, which was 9.5 nm accord-

ing to the manufacturer.53 The Young’s modulus of the MWCNT

was estimated with eq. (6):63

YMWCNT5
4 � t

d
YSWCNT (6)

where YSWCNT is the Young’s modulus of the single-walled car-

bon nanotubes, which was given in the literature (1 TPa), and t

Figure 10. Cumulated MWCNT agglomerate frequency versus the

MWCNT volume content. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 11. TEM images of the nylon 6/MWCNT composites versus the MWCNT volume content from (a) 0.5 to (g) 3.5 vol % MWCNTs increased in

steps of 0.5 vol %.
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is the thickness of the nanotubes, which was assumed to be the

thickness of a single-atom-thick graphene layer (0.34 nm).63

Equation (6) is valid for t/d> 0.25.63 Thus, the Young’s modu-

lus of the MWCNTs was calculated to be 0.143 TPa. Addition-

ally, the Young’s modulus was modeled by the Halpin–Tsai

model for randomly oriented fibers [eq. (7)]:64

Y 5YNylon6 �
�

3

8
� ð11n � gL � vMWCNTÞ
ð12gL � vMWCNTÞ

� �

1
5

8
� ð112 � gT � vMWCNTÞ
ð12gT � vMMWCNTÞ

� �� (7)

with

gL5
YMWCNT=YNylon621

YMMWCNT=YNylon61n
(8)

and

gT 5
YMWCNT=YNylon621

YMWCNT=YNylon612
(9)

as well as

n5
2 � l

d
(10)

Because both models are well known, the derivations and back-

grounds are not fully reproduced here. The Cox model repro-

duced the measured values well. A modification of the Cox

model obtained by curve fitting slightly increased go from 0.20

to 0.23; this underlined the fact that the MWCNTs were ran-

domly oriented in nylon 6, as shown by the TEM images (Fig-

ure 11). The Halpin–Tsai model led to much higher values for

Young’s modulus than the measurements of the tensile tests.

Because the difference between the Young’s modulus obtained

by eq. (7) and the measured values increased linearly, a

MWCNT efficiency factor was introduced [eq. (11)]:65

F vMWCNTð Þ511a � vMWCNT (11)

The Halpin–Tsai equation [eq. (7)] was multiplied by the

MWCNT efficiency factor. The decay factor (a) was obtained by

curve fitting and calculated to be 24.08 for the nylon 6/

MWCNT composites. From the negative decay factor, we con-

cluded that the reinforcing efficiency of the MWCNT decreased

with increasing MWCNT volume content.65 Above a critical

MWCNT volume content of 16.95 vol %, the Young’s modulus

of the nylon 6/MWCNT composites was lower than the Young’s

modulus of the neat nylon 6. This effect was attributed to a

decreasing mean free path with increasing MWCNT volume

content; this resulted in an increase of the attractive forces

between the MWCNTs.66 Furthermore, the MWCNT/MWCNT

interactions were more likely to occur with increasing MWCNT

volume content and to promote MWCNT degradation. In gen-

eral, the obtained results were in good agreement with the stud-

ies of Meincke et al.33 and Mahmood et al.67

The tensile strength only increased slightly at MWCNT contents of

0.5 and 1.0 vol %. A further increase in the MWCNT volume con-

tent led to a decrease in the tensile strength [Figure 12(b)]. This

effect was probably due to the random orientation of the MWCNTs

and their wormlike structure. Both substantially limited the poten-

tial of the MWCNTs as a reinforcing filler. Similar observations

were made by Meng et al.32 for nylon 6/MWCNT composites.

The elongation at break strongly increased with the addition of

0.5 vol % MWCNTs but decreased with the further addition of

Figure 12. Mechanical properties of the nylon 6/MWCNT composites versus the MWCNT volume content. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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MWCNTs [Figure 12(c)]. An MWCNT content of 0.5 vol % did

not restrict the chain mobility of the nylon 6 during plastic

deformation, whereas a higher MWCNT volume contents

embrittled the nylon 6; this was in good agreement with the lit-

erature.30,31,67–70

With the addition of 0.5 and 1.0 vol % MWCNTs, an increase

of 1.6 kJ/m2 in the notched impact strength ws observed [Figure

12(d)]. However, with the further addition of MWCNTs, the

notched impact strength decreased, but it was still higher than

the notched impact strength of the neat nylon 6. This led us to

the conclusion that the MWCNT did not lead to an embrittle-

ment of the nylon 6 during impact load. The MWCNTs resulted

rather in a slight reinforcing effect perpendicular to the flow

direction of the injection-molded test specimens; this was

attributed to the randomly oriented MWCNTs.

Rheology. In Figure 13, the rheological properties of the nylon

6/MWCNT composites are depicted versus the frequency and

the MWCNT volume content.

The complex viscosity of the nylon 6/MWCNT composites

decreased with increasing frequency; this indicated a non-

Newtonian pseudoplastic flow behavior of the nanocomposites

[Figure 13(a)]. Wang et al.35 made similar observations, which

were attributed to an orientation and a restricted entanglement

of the nylon 6 chains due to the presence of MWCNTs. Further-

more, an increase in the MWCNT volume content led to an

increase in the complex viscosity, which was explained by more

frequent MWCNT–MWCNT interactions and a restricted

mobility of the polymer chains due to the MWCNTs. However,

the increase in the complex viscosity decreased with increasing

MWCNT volume content; this may have been due to an

increased tendency of the MWCNTs to form agglomerates.

With regard to G0 [Figure 13(b)] and G00 [Figure 13(c)], the

neat nylon 6 exhibited the typical behavior of a homopolymer

at low frequencies: The elastic portion (G0) was rather small

because of the fully relaxed polymer chains. With increasing

shear deformation, both G0 and G00 increased. However, an

increase in the MWCNT volume content resulted in a reduction

of the frequency dependency of G0 and G00, even at low frequen-

cies. This effect could be explained by strong MWCNT–

MWCNT and MWCNT–nylon 6 interactions, which led to net-

worklike structures, limited the mobility of the polymer chains,

and resulted in the transition of a fluid to a more rubbery

behavior because of the formation of a CNT network.35,71–73

This was also reflected in the loss factor (tan d or G00/G0)
because a higher tan d indicated a highly viscous behavior,

whereas a low tan d implied an ideal elastic behavior of the

material [Figure 13(d)]. The observations made were in good

agreement with the study of Wang et al.35

CONCLUSIONS

This study revealed that the melt-compounding conditions

influenced the morphology on a microscopic scale, whereas for

the mechanical properties, only small influences of the melt-

compounding conditions were observed: increases in the mass

throughput and the barrel temperature profile resulted in an

increase in the Young’s modulus and a decrease in the notched

impact strength. These observations were attributed to the size

and number of detected MWCNT agglomerates. Except for the

MWCNT feeding position, no substantial effect of the melt-

Figure 13. Rheological properties of the nylon 6/MWCNT composites versus the MWCNT volume content. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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compounding process parameters on the rheological properties

of the nylon 6/MWCNT composites was observed. The feeding

of the MWCNTs into the main hopper resulted in decreases in

the complex viscosity, G0, and G00, which may have been due to

a compression of the MWCNTs in the feeding and melting

zones, which resulted in additional agglomerates and/or a

mechanical deterioration of the MWCNTs. However, the differ-

ences in the MWCNT agglomerate size distribution were not

necessarily reflected in the variation of the mechanical or rheo-

logical properties. Thus, we concluded that the differences in

the morphology were too small to affect most of the mechanical

and rheological properties of the nylon 6/MWCNT composites.

Furthermore, the MWCNT volume content affected the disper-

sion of the MWCNTs slightly because a higher number of larger

agglomerates was observed. This was due to a decrease in the

mean free path between the agglomerates; this resulted in an

increase of the attractive forces and a tendency to build agglom-

erates. The Young’s modulus increased with increasing MWCNT

volume content, whereas the tensile strength, elongation at

break, and notched impact strength exhibited a maximum value

around 0.5 to 1.0 vol %. This effect was attributed to the struc-

ture of the MWCNTs, their random orientation, and their

increased tendency to form agglomerates with increasing

MWCNT volume content. The investigations of the rheology

showed that an increasing MWCNT volume content resulted in

higher complex viscosities and G0 and G00 values and a lower

tan d compared to those of neat nylon 6, especially at low fre-

quencies. Moreover, the nylon 6/MWCNT composites exhibited

a transition from a liquidlike to a solidlike viscoelastic behavior

when the MWCNT volume content was increased.
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