
ilable at ScienceDirect

Polymer Testing 36 (2014) 95–100
Contents lists ava
Polymer Testing

journal homepage: www.elsevier .com/locate/polytest
Material properties
Influence of carbon nanotubes on the rheology and dynamic
mechanical properties of polyamide-12 for laser sintering

Jiaming Bai a, Ruth D. Goodridge a,*, Richard J.M. Hague a, Mo Song b,
Masami Okamoto c

aAdditive Manufacturing and 3D-Printing Research Group, School of Engineering, University of Nottingham, Nottingham NG7 2RD, UK
bDepartment of Materials, Loughborough University, Loughborough LE11 3TU, UK
cAdvanced Polymeric Nanostructured Materials Engineering, Graduate School of Engineering, Toyota Technological Institute,
Nagoya 468-8511, Japan
a r t i c l e i n f o

Article history:
Received 4 February 2014
Accepted 15 March 2014

Keywords:
Polymer-matrix composites
Rheological properties
Powder processing
Laser sintering
* Corresponding author. Tel.: þ44 (0) 115 951 405
E-mail address: Ruth.Goodridge@nottingham.ac.

http://dx.doi.org/10.1016/j.polymertesting.2014.03.0
0142-9418/Crown Copyright � 2014 Published by El
by/3.0/).
a b s t r a c t

The rheological behaviour of polymer nanocomposites is very important for polymer
processing and understanding the structure-properties relationship. In this paper, the
rheological properties of a polyamide 12 (PA12) - carbon nanotube (CNT) nanocomposite
for laser sintering were studied. Compared to neat PA12, the presence of CNTs resulted in
higher storage modulus (G0), loss modulus (G00) and viscosity (h). With an increase in
temperature, viscosity showed an unusual increase for both PA12 and the PA12-CNT
nanocomposites, which is likely to result from incomplete melting of powder particles.
Dynamic mechanical analysis was carried out to examine the effect the CNTs were having
on the laser sintered parts. The laser sintered PA12-CNT nanocomposite had an increased
elastic modulus compared to that of neat PA12. The CNT and polymer matrix interaction
hindered the chain motions, which resulted in higher loss modulus and decreased the
thermal expansion coefficient.
Crown Copyright � 2014 Published by Elsevier Ltd. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Additive Manufacturing (AM) is a group of technologies
which are applied to produce end-use products directly
from 3D model data. Due to the greater flexibility with
respect to product design and manufacture compared to
conventional manufacturing methods, AM has been
attracting more and more attention from both academic
and industrial communities in recent years. One of the
most well-established additive manufacturing technolo-
gies, laser sintering (LS), is a powder-based process which
uses a laser as a heat source to fuse polymer powder into
three dimensional parts [1].

Several polymers, such aspolyamide (PA), polypropylene
(PP), polystyrene (PS), polycarbonate (PC) and poly(ether-
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ether-ketone) (PEEK) have been supplied as laser sintering
materials [2], with PA being the most common polymeric
material used, mainly due to its ease of processing [3].
However, current laser sintering materials cannot
completely meet the needs of all products [4]. To meet the
requirements for different applications, polymer/filler
composites have been investigated to enhance the proper-
ties of laser sintered parts. With a small quantity of nano-
filler, polymer nanocomposites have shown a significant
improvement over the base polymer’s mechanical, thermal
and electrical properties [5]. Various reinforcing nanofillers
combined with base polymers have been investigated for
laser sintering [6–8]. In the work carried out by Goodridge
et al. [6], a 3 wt% PA12/carbon nanofibre composite was
prepared by melt mixing and cryogenic milling. The dy-
namic mechanical properties of the nanocomposite were
22% higher than those of the base PA12 laser sintered parts.
However, irregular powder morphology weakened the
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reinforcement effect from the nanofillers. In the research
performed by Athreya et al. [7], PA12/carbon black (4 wt%)
nanocomposite powder was prepared and laser sintered.
The PA12/carbon black parts showed improved electrical
conductivity but decreased flexural modulus compared to
neat PA12 parts. The reduction in flexural modulus was due
to agglomeration of the carbon black particles in the laser-
sintered part. Another study showed that CNT agglomer-
ates caused a reduction in elongation at break for PA12-CNT
laser sintered parts [8]. It is, therefore, essential for laser
sintering of polymer nanocomposites that both the
morphology of the powder particles and the dispersion of
the nanoparticles within the polymermatrix are optimised.

To address this, in our previous work [9], individual
PA12 powder particles were coated with carbon nanotubes
(CNTs) in order to produce well-dispersed PA12-CNT
nanocomposite powder with spherical morphology and
suitable particle size for processing by laser sintering. Re-
sults showed that the PA12–CNT laser sintered parts had
enhanced flexural properties (13.0% higher) and impact
properties (123.9% higher). This was achieved without
sacrificing elongation at break, which was in contrast to
previous studies in the literature which showed some
decrease in strength or decrease in elongation at break
[7,8].

One of the aims of the study reported in this paper was
to study the rheological behaviour of the nanocomposites
produced by our coating method; rheology is a very
important factor in polymer processing which has rarely
been investigated for laser sintering nanocomposites.

In the laser sintering process, polymers melt and flow.
Understanding the motion of the polymer composites
liquid is very important for analysis of the processing
operation and optimisation, as well as investigating the
structure-property relationship of the nanocomposites.
From studies carried out on conventional polymer nano-
composites, rheological properties have been shown to
influence the fabrication and processing (residual stress,
void content, etc.) of such materials [10,11]. Jin and co-
workers [12] found that the amount of nanoclay loading
had a significant influence on the rheology of a polyol/
nanoclay mixture when processing polyurethane (PU)
nanocomposites. It was found that to achieve good
dispersion of the nanoclay with critical viscosity, 3 wt% was
the optimum nanoclay loading. This finding provided use-
ful information for the preparation of PU/nanoclay com-
posites in their study, which could also be a helpful
guideline for polymer nanocomposite preparation for laser
sintering. Several studies have shown that the composite
phase morphology and the interfacial interactions between
polymer chains and nanofiller also have a direct correlation
with the rheological properties of nanocomposites [13–15].
Lim and Park [14] reported these effects on the rheological
behaviour of different polymer/nanoclay composites by
oscillatory frequency and shearing rheological tests. The
results indicated the existence of strong interactions be-
tween polymer matrix and nanoclay, and the formation of
some particle network structure and randomly oriented
silicate layers. These rheological studies with conventional
polymer nanocomposites could also be carried out on
polymer nanocomposites for laser sintering to offer a
fundamental understanding of the processability of these
materials, as well as the structure-properties relationship
in the nanocomposites.

In this work, a comprehensive rheological investigation
of a polymer nanocomposite for laser sintering was carried
out to examine the influence of the nanofiller on the
rheology properties of the polymer matrix. Due to their
excellent mechanical, thermal and electrical properties,
carbon nanotubes are considered to be ideal reinforcing
nanofillers for polymers [16] and were, therefore, chosen as
the nanofiller. PA12 was chosen as the polymer matrix in
this study due to its established use for laser sintering. In
addition to rheological experiments, to examine the
changes in mechanical properties of laser sintered parts
within a temperature range, dynamic mechanical analysis
was applied. The effect of the CNTs on the modulus and
damping of the laser sintered PA12 samples was analysed.

2. Experimental

2.1. Materials

The polyamide 12 (PA12) powder used in this study was
obtained from EOS GmbH (trade name ‘PA2200’), and is a
commonly used laser sintering polyamide material. Multi-
walled carbon nanotubes, supplied by NanoAmor Mate-
rials Inc., had an average diameter of 10 nm and length of
1.5 mm (according to the manufacturer’s datasheet). PA12-
CNT nanocomposites were prepared by coating the CNTs
on the surface of the PA12 particles using a patented
method [17]. With this method, the final PA12-CNT nano-
composites powders have been shown to exhibit near-
spherical morphology [9]. The nanocomposites were pro-
duced with two different CNT contents, 0.1 wt% (referred to
herewith as PA12-CNT0.1) and 0.2 wt% (referred to here-
with as PA12-CNT0.2).
2.2. Melt rheology

Dynamic oscillatory shear tests were conducted on a
RADII instrument (Rheometrics�, Inc) to measure the melt
rheology. Tests were performed using parallel plate ge-
ometry with plate diameter of 25 mm. Neat PA12 (referred
to herewith as PA12), PA12-CNT0.1 and PA12-CNT0.2
powders, whichwere dried in a vacuum oven at 80 �C for 12
hours, were formed into sheets by hot pressing at 210 �C.
Sample discs with a diameter of 25 mm and thickness of
1 mm were prepared.

In a dynamic oscillatory shear test, a time dependent
strain is applied during the test, and the resulting shear
stress is:

sðtÞ ¼ g0½G0 sinðutÞ þ G00 cosðutÞ�
where g0 is the strain amplitude, u is the test frequency, t is
the time, G0 is the in-phase, elastic or storage modulus and
G00 is the out-of-phase, viscous, or loss modulus, which is a
measure of the energy dissipated per cycle. To maintain a
linear response, a strain amplitude of 10% was used to
obtain reasonable signal intensities at elevated tempera-
ture or low frequency. The testing temperature range was



Table 1
Power relations of G0 and G00 at low frequency region for PA12 and PA12-
CNT nanocomposites.
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220 �C–260 �C. The master curves were obtained at a
reference temperature of 230 �C by using a time-
temperature superposition principle.
G0 w u G00 w u

PA12 G0 w u1.28 G00 w u0.73

PA12-CNT0.1 G0 w u0.72 G00 w u0.65

PA12-CNT0.2 G0 w u0.65 G00 w u0.64
2.3. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) applies a small
oscillatory stress at a set frequency to the sample and ex-
amines changes in modulus and damping. In this study, the
DMA tests were performed on a RDAII instrument
(Rheometrics�, Inc) through a temperature range of
�150 �C to 180 �C with a heating rate of 2 �C/min. The
frequency (angular), strain amplitude and auto-tension
sensitivity were constant at 6.2832 rad/s, 0.05% and
1.0 gm, respectively. All tests were carried out in a nitrogen
atmosphere. DMA samples (35 mm � 12 mm � 1 mm) of
PA12 and PA12-CNT were prepared by laser sintering on an
EOS P100 laser sintering machine. The processing param-
eters were optimised for each material [9].

3. Results and discussion

3.1. Melt rheology properties

A parallel disc oscillatory shear test is a small amplitude
deformation test, which does not change the material
structure during the test. This is a major advantage for a
small deformation test, especially for multiphase compos-
ites systems [18]. In this work, the parallel disc shear
rheology tests were performed as a function of frequency
and a function of temperature.

Fig.1 shows the storagemodulus G0 and lossmodulus G00

of PA12 and PA12-CNT nanocomposites with various CNT
loadings as a function of frequency at 230 �C. At 230 �C, the
samples were in the molten state, and acted as viscous
liquids, which can explain the G0 < G00 for both PA12 and
PA12-CNT nanocomposites. Compared to the PA12 samples,
PA12-CNT showed an increase in G0 and G00. With the in-
crease in CNT loading, G0 and G00 were also increased
slightly; however this was minimal and not to the extent of
the increase of the PA12-CNT0.1 to PA12. It was observed
that, even although the CNT loadings were very low (0.1
ω

Fig. 1. Storage modulus G0 , and loss modulus G00 as a function of frequency of
PA12-CNT nanocomposites at reference temperature 230 �C.
and 0.2 wt%), the effect on the matrix rheology was still
noticeable. An increased G0 meant a more elastic structure,
which indicated the restriction of polymer chain motion
due to the CNT nanofillers.

It is known that for linear mono-dispersed polymer
melts, where polymer chains are fully relaxed, there is an
approximate relation of G0 wu2 and G00 wu [19]. When the
frequency is low, there is enough time for the molecular
relaxation process, which makes the measurement of G0

and G00 more sensitive. Table 1 shows the power relations of
G0 and G00 in the low frequency region for PA12 and PA12-
CNT nanocomposites. The slopes of G0 and G00 for PA12
were smaller than 2 and 1 respectively, which might be
affected by the polydispersity of the polymer chain lengths
[20]. Compared to PA12, the slopes of G0 and G00 for the
PA12-CNT nanocomposite were lower, which could be
explained by polymer-nanotube and nanotube-nanotube
interaction in the matrix leading to a modified matrix
microstructure [21,22].

The viscosity h for PA12 and PA12-CNT nanocomposites
as a function of frequency at 230 �C is shown in Fig. 2. It can
be seen that, with the increase in frequency, the viscosity
for all samples decreased, which is called shear thinning.
This can be explained as the greater the shear rate, the
more quickly two molecules move relative to each other,
which leads to reduced chain entanglement density. As a
result, fewer polymer chains remain in the entanglement
state for a sufficiently long time, which causes the drop in
viscosity [18]. For the PA12-CNT nanocomposite, the shear
thinning effect was as obvious as PA12, which indicated
η

ω

Fig. 2. Viscosity h as a function of frequency of PA12-CNT nanocomposites
at reference temperature 230 �C.
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Fig. 3. Viscosity of PA12 and PA12-CNT nanocomposites at different tem-
peratures with frequency u ¼ 1 rad/s.
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good dispersion of the CNTs, as dispersed CNTs aligned
with the flow direction and caused the viscosity to
decrease. The shear thinning effect will become weak if
CNTagglomerates exist [5]. Compared to PA12, the viscosity
of PA12-CNT nanocomposites was raised significantly, and
this effect was enlarged with an increase in CNT loading.
Increased viscosity for PA12-CNT is a common phenome-
non for filler reinforced polymers, which can be explained
by the interaction between the CNTs and PA12 hindering
the movement of the PA12 chains.
a 

c
Fig. 4. Schematic explanation of: (a) normal polymer structure before heating, (b) no
before heating, (d) polymer powders for laser sintering after heating.
The variation in viscosity at different temperatures at
u ¼ 1 rad/s for PA12 and PA12-CNT nanocomposites is
plotted in Fig. 3. The viscosity of PA12-CNT remained higher
than that of PA12 at all temperatures. The most notable
result in Fig. 3 is the viscosity increase with the increase in
temperature for both PA12 and PA12-CNT nanocomposites.
This was a converse result compared to common polymers
and polymer nanocomposites [5,13,18].

For conventional polymers, polymer molecular chains
are dispersed and entangled homogeneously, where free
volumes exist between these chains. When the tempera-
ture is raised, the free volumes expand and the space be-
tween polymer chains increase, as shown in Fig. 4(a) and
(b). This thermal expansion strengthens the polymer chains
flow, which results in the decrease in viscosity. For the PA12
and PA12-CNT composites specimens in this study, which
were made from powders, there may be voids and
unmelted PA12 particles left inside the specimens. Polymer
chains did not disperse and entangle well between those
unmelted particles, as shown as Fig. 4(c). When the tem-
perature was increased, the unmelted particles were fused
further, which led to the decrease in the number and size of
voids and more entanglement of the polymer chains be-
tween particles. Even the free volumes inside of the parti-
cles expanded; the major influence on the viscosity might
count as void decrease and entanglement increase between
particles, which caused the increase in viscosity as the
temperature increased. As voids and unmelted particles
were reported for laser sintered parts in the literature [23],
a similar viscosity phenomenon could occur.
b

d
rmal polymer structure after heating, (c) polymer powders for laser sintering



Fig. 5. Elastic modulus vs. temperature for PA12 and PA12-CNT nano-
composites laser sintered parts.
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3.2. Dynamic mechanical analysis

Dynamic mechanical analysis was carried out to deter-
mine the elastic modulus (G0), loss modulus (G00) and
thermal expansion coefficient (a) of the laser sintered parts
as a function of temperature. Fig. 5 records the temperature
dependence of G0 for the PA12 and PA12-CNT laser sintered
parts. Compared to PA12, both PA12-CNT0.1 and PA12-
CNT0.2 showed improved elastic modulus over the exper-
iment temperature range. The enhancement effect was
significant below the glass translation temperature (Tg),
where average reinforcement of 16.9% (PA12-CNT0.1) and
20.0% (PA12-CNT0.2) was achieved. With the rise in tem-
perature above Tg, the reinforcement effect declined and
themodulus of the PA12-CNTapproached that of PA12. This
suggested that at elevated temperature the modulus of the
PA12-CNT composites was mainly decided by the PA12
matrix, which also has been reported for other polymer
composites [5,24,25].

Fig. 6 plots the loss modulus G00 of the PA12 and PA12-
CNT laser sintered parts as a function of temperature, in
which three peaks can be clearly seen. The first peak at a
temperature of about �140 �C is termed ‘g relaxation’,
Fig. 6. Loss modulus vs. temperature for PA12 and PA12-CNT nano-
composites laser sintered parts.
which is from the movement of a few methylene groups
between amide groups in the amorphous regions. The
second peak temperature (around �80 �C), which is
defined as ‘b relaxation’, is caused by the segmental mo-
tions of the weak bonded amide groups and methylene
groups [26]. As the temperature increased, the polymer
chains in the amorphous regions started to move, which is
defined as Tg, the third peak (around 40 �C). PA12-CNT
composite samples showed higher G00 compared to PA12,
especially at the peak temperatures. G00 is the dissipated
energy within the materials every cycle during the test.
Higher G00 could be due to the interaction between the CNT
and polymer matrix, which hindered the motion of func-
tional groups and chains. This phenomenon was also
observed in other polymer nanocomposite studies [11,24].
From G0 and G00, the tand (ratio of G00/G0) was calculated and
shown in Fig. 7. Tand is used to evaluate the energy loss of
materials from segment rearrangements and internal fric-
tion during the test. Therewas a notable increase in tand for
PA12-CNT at temperature between 90 �C and 160 �C, which
was due to the damping effect of the CNT fillers, as the CNTs
restricted the molecular motion and increased the internal
friction.

Thermal expansion coefficient (a) is used to describe
how the volume of a sample changes as the function of
temperature, which is calculated as:

a ¼ DL=ðDT,L0Þ
where DL is the length change of the sample, DT is the
change in temperature and L0 is the original sample length
[27]. The average value of thermal expansion coefficient (a)
from �150 �C to 20 �C for PA12 and PA12-CNT samples is
shown in Table 2. For PA12-CNT0.1 and PA12-CNT0.2, the a
values were reduced compared to PA12. This decrease
could be explained by the mechanical constraint of the CNT
in the polymer matrix.
4. Conclusions

In this study, the influence of CNTs on the melt rheology
and dynamic mechanical properties of PA12 for laser
δ

Fig. 7. tand vs. temperature for PA12 and PA12-CNT nanocomposites laser
sintered parts.



Table 2
Thermal expansion coefficient of PA12 and PA12-CNT nanocomposite laser
sintered parts.

Sample PA12 PA12-CNT0.1 PA12-CNT0.2

a (�C) 1.61 � 10�4 1.39 � 10�4 1.34 � 10�4
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sintering has been investigated. Parallel oscillatory test
results demonstrated that CNTs have a substantial effect on
the melt rheological properties of the PA12-CNT nano-
composites, as the storagemodulus G0, loss modulus G00 and
viscosity h of the PA12-CNT nanocomposites increased
compared to PA12. A strong shear thinning effect is
observed for PA12-CNT nanocomposites, which may sug-
gest good dispersion of CNT. A notable observation is the
viscosity increasewith the increase of temperature for both
PA12 and its composites, which is a converse result
compared to common polymeric materials. This result
might be attributed to insufficient melting of the PA12 and
PA12-CNT powder particles. Dynamic mechanical analysis
shows that the incorporation of CNTs provides a consider-
able improvement in the elastic modulus for laser sintered
parts. Higher loss modulus for PA12-CNT nanocomposite is
due to the interaction between CNT and polymer matrix,
which causes restricted segmental motions, and this also
leads to a decrease in the thermal expansion coefficient.
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