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Abstract

In the present study, one of the unique improvements in polymer nanocomposites has been detected. Only with a very low volume fraction
of inorganic nanoparticles, the creep resistance of thermoplastic could be significantly improved. 21 nm-TiO,/PA6,6 nanocomposites were
compounded using a twin-screw-extruder. The final specimens were formed using an injection-moulding machine. Static tension and tensile
creep tests were carried out at room and an elevated temperature (50 °C). It was found out that the nanoparticles contributed to a remarkable
reduction of the creep rate under various constant loads at both temperature levels. It is assumed that the nanoparticles restrict the slippage,
reorientation and motion of polymer chains. In this way, they influence the stress transfer on a nanoscale, which finally results in these

improvements.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of thermoplastic polymers as engineering
materials has become state-of-the-art. To incorporate
micron-size inorganic particles into a polymer matrix is a
well-known method for improving the modulus of such
composites. However, a reduction in the ductility of the
material may take place. Furthermore, either by diminishing
the particle size or by enhancing the particle volume
fraction, the flexural strength and even the tensile strength
can be enhanced. On the other hand, the fracture toughness
and modulus remain fairly independent of the particle size
[1], even when going down to the nanoscale [2-4].
Recently, researchers demonstrated that inorganic nanopar-
ticles could be of benefit for an increased tensile elongation
[5,6]. Many researchers also reported about an increase of
the glass transition temperature (7,) of polymers by the
addition of various nanoparticles, which may be due to a
good bonding between the nanoparticles and the polymers,
thus restricting the motion of the polymer chains [7-9].
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However, the potential of property improvements of
structural polymer nanocomposites is still not fully
explored.

Creep is a time-dependent plastic deformation, which
takes place under stresses lower than the yielding stress of
materials. Recently, it was reported by Tanelke et al. [10]
that nano-sized carbonitride dispersions could significantly
improve the creep strength of steel at high temperatures.
Relatively poor creep resistance and dimensional stability of
thermoplastics are generally a deficiency, impairing the
service life and safety, which is a barrier for their further
expansion of application, e.g. in the automotive industry or
in biomedical applications. To overcome this problem, it is
shown in the present work, that even a very low volume
content of 21 nm-TiO, particles in a polyamide 6,6 (PA6,6
or nylon6,6) matrix can remarkably improve the creep
behaviour of this thermoplastic polymer under various creep
loads at both room and elevated temperature. The influence
of particle size and volume fraction on the property
improvement was also investigated, but these results will
be reported in a later paper. 1 vol.% (3.4% by weight) TiO,/
PAG6,6 exhibited best performances in all the static and creep
investigations, which will be concentrated in the present

paper.
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2. Experimental
2.1. Materials

A commercial polyamide 6,6 (DuPont, Zytel 101) [11]
was considered as a matrix material. TiO, particles (a white,
dry powder of Degussa P25) were applied as fillers with a
density of 4 g/cm® and a diameter of 21 nm. The volume
content was in the range of 1% (3.4% by weight).

2.2. Extrusion

Nanocomposites were compounded using a Berstorff
twin-screw-extruder (screw diameter = 25 mm, screw
aspect ratio L/D = 44). Compounding was carried out at a
barrel temperature of 292 °C, a screw speed of 150 rpm, and
a finial extrusion rate of 9 kg/h. PA6,6 was dried in a
vacuum oven at 70 °C for a minimum of 24 h before
extrusion. Other processing parameters were also optimised
in order to achieve a fine nanoparticle distribution in the
matrix. In order to precisely control the filler content of
nanoparticles, commercial K-Tron weight-controlled fee-
ders were applied. After cooling by water bath, the extruder
blanks were cut as granules with a length in a range of 3—
5 mm for further injection moulding.

2.3. Injection moulding

The composites were finally manufactured using an
Arburg All-rounder injection moulding machine for various
specimen sharps, according to different moulds, e.g. dog-
bone tensile specimens (160 X 10 X 4 mm®, according to
the German standard of DIN-ISO-527) for tensile and creep
tests. The barrel temperature of the injection moulding
machine was selected to be 295 °C. The injection pressure
was kept constant at 500 bars, the mould temperature was
fixed at 70 °C, and a constant injection speed of 80 ccm/s
was applied for all specimens.

2.4. Dynamical mechanical thermo-analysis

A Gabo Eplexor™ 25N Dynamical Mechanical Thermo-
Analyser (DMTA) was employed to investigate the dynamic
mechanical properties. Samples were cut with a length of
60 mm (40 mm in span length), a width of 10 mm and a
thickness of 4 mm. Measurements were performed at tensile
configuration in a sample chamber. A static pre-force of § N
was loaded on the specimen, and an additional 10 Hz
sinusoidal load with a peak value of 4 N was applied to
measure the dynamic response of the specimen. The storage
modulus is a function of the mean frequency (responding
frequency), and the decay of amplitudes was detected as a
function of time used for damping calculation. DMTA of
TiO,/PA6,6 nanocomposites were carried out in a tempera-
ture range from 110-230 °C. Liquid nitrogen was used as
refrigerant for cooling the specimens down. The increase of

temperature was achieved by an infrared oven in the sample
chamber. Si-diodes were applied as temperature sensor.

2.5. Uniaxial tension

A Zwick universal testing machine was applied for
monotonic uniaxial tensile testing. Both a 250 kN load cell
and a strain gauge extensometer were equipped for
measuring the tensile modulus and strength. Dog-bone
tensile specimens were applied with a dimension of
160 X 10 X 4 mm>. A span length of 50 mm was con-
sidered. The crosshead speed was kept constant at
2 mm/min for room temperature and 5 mm/min for elevated
temperature measurements. A temperature chamber was
used for elevated temperature measurements. At least four
specimens of each composition were tested, and the average
values were reported.

2.6. Uniaxial tensile creep

Uniaxial tensile creep tests were preformed by a Creep
Rupture Test Machine with double lever system (Coesfeld
GmbH, model 2002). Ten specimens can be measured
simultaneously in a testing chamber. Before testing, the
desired constant load for each measurement unit was
calibrated by using a force transducer. Then the samples
were fixed into the clamps. For the elevated temperature
measurement, the chamber was preheated to 50 °C for at
least 48 h before loading was applied to the specimens in
order to reach a steady temperature condition. A span length
of 30 mm was marked on each specimen, and the elongation
was monitored by a video camera which was equipped with
a recorder and a computer image analysis system during the
whole period of creep testing. The creep modulus was
calculated by the ratio of the initial stress level to the
measured creep stain. The measurement procedure was
performed based on ASTM 2990-01 [12].

3. Results and discussions

Transmission electron microscopy (TEM) was applied to
investigate the nanocomposites, and a relatively satisfactory
dispersion of the nanoparticles, with a large amount of
single particles, can be observed in Fig. 1. Glass transition
temperatures of these materials were measured by a
dynamical mechanical thermo-analysis (DMTA) approach,
especially by evaluating the damping peaks. Two damping
peaks at about — 53 and 75 °C were observed for the neat
PAG6,6, which correspond to the primary- and the secondary-
glass transitions, respectively. The results showed that the
21 nm-TiO, particles shifted both damping peaks to higher
temperatures. It is a general believe that the primary-glass-
transition depends on the motions of fully flexible molecular
chains, and the secondary-glass-transition relies on the
motions within a molecular chain. Both transitions are
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Fig. 1. Transmission electron microscopy of a 2 vol% 21 nm TiO,/PA6,6
specimen after injection moulding.

native characteristics of polymers, which are hard to be
modified by traditional reinforcing approaches. However, in
the present case, the 21 nm-TiO, particles contributed to a
more than 5-degree increase of the primary and secondary-
glass transition temperatures of PA6,6, respectively.

The tensile stress versus strain curves of neat PA6,6 and
1% TiO,/PA6,6 nanocomposite are given in Fig. 2. After a
linear dependence of stress on strain at room temperature,
the tensile behaviour of the neat PA6,6 was characterised by
a yielding point at about 70 MPa, from where a uniform
plastic deformation along the specimen length took place.
Necking happened at about 23% of elongation, at which the
tensile stress dropped down by about 10%, before final
failure occurred at a strain of ca. 35%. No obvious necking
was detected for nanocomposite. 1 vol.% of nanoparticles
resulted in about the same elongation to failure, but with a

80 T T T T T T T

[
o

1

Tensile Stress [MPa]
N
o

N
o
——chr
|

0 20 40 60 80 100
Elongation [%)]

Fig. 2. Tensile stress—strain curves of neat PA6,6 and 1 vol% 21 nm
TiO,/PA6,6 composites at room temperature and 50 °C.

slight reduction of the yielding stress and the ultimate
tensile strength (UTS). Series investigations were also
preformed at elevated temperatures, e.g. at 50 °C. A
comparison of the tensile stress versus strain curves of the
neat PA6,6 and the nanocomposite at this temperature is
given additionally in Fig. 2. Both modulus and UTS were
increased at elevated temperature once only 1 vol.% of
nanoparticles was incorporated. On the other hand, the
elongation at necking was slightly reduced.

In addition to the static tests, creep measurements were
carried out at room temperature, in which the creep stress
was selected as 80% of the static UTS for each material, i.e.
60 MPa for the neat PA6,6 and 59 MPa for the nanocom-
posite, respectively. In general, a creep strain versus time
curve can be considered as four stages (as shown in Fig. 3):
(1) initial rapid elongation, (ii) primary creep, (iii) secondary
creep, and (iv) tertiary creep [12]. The initial rapid
elongation is due to the elastic and plastic deformation of
the polymer specimen once the constant load is applied; this
stage is independent of time. In the primary creep stage, the
creep rate starts at a relatively high value, but decreases
rapidly with time, which may due to the slippage and
reorientation of polymer chains under persistent stress.
After a certain period, the creep rate reaches a steady-state
value in the secondary creep stage, in which normally the
duration is relatively long. Finally, the material falls into the
tertiary creep stage, where the creep rate increases rapidly
and final creep fracture occurs.

Neat PA6,6 exhibited a relatively long creep life (more
than 600 h), but at a high creep strain under this load level,
as shown in Fig. 3. On the other hand, 1 vol.% 21 nm TiO,
particles significantly reduced the creep strain of PA6,6 over
all the three creep stages, although the final creep life was
not very much different from that of the neat polymer under
the present testing conditions. Considering the most
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Fig. 3. Tensile creep strain vs. test duration-curves under 80% of the static
UTS at room temperature. Constant creep stresses: 60 MPa for the neat
PAG6,6, and 59 MPa for the nanocomposite.
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important creep stages separately, the nanocomposite (in
spite of a slightly lower modulus and yield stress in the static
tensile test) exhibited a much lower initial creep rate at the
transition between the initial and the primary creep stage in
comparison to the neat PA6,6. This resulted in the fact, that
the creep strain boundaries for the secondary creep stage of
the 1 vol%TiO,/PA6,6 nanocomposite were at around 14
and 34%, respectively. Both were much smaller than those
of the neat PA6,6, amounting to 22 and 62%, respectively.
Therefore, the steady-state creep rate of the nanocomposite
was about 3 X 107> h™ ! in the secondary stage, which was
much lower than that of 6.5X 10 >h™' for the neat
polymer. It is the authors’ point of view that, in practice,
the reduction of the creep strain is even more important for
polymers than the extension of the creep life, since the
former relates to the dimensional stability of the materials.
The dimensional stability normally is defined as the ability
of a material to maintain its size and shape under various
temperatures and stresses.

The curves of creep modulus versus time in Fig. 4 release
further details of the deformation process. Under 80% of the
static UTS, the nanocomposite possessed a much shorter
primary creep stage of only about 2 h, whereas 5—6 h were
measured for the neat PA6,6. Within these time periods, a
very intense modulus reduction occurred for the neat PA6,6,
whereas this decrease was much smaller for the 21 nm
particle filled PA6,6 system. In other words, the incorpor-
ation of smaller nanoparticles led to a much higher creep
modulus in the whole range compared to neat PA6,6. This
means, the load-bearing capability and the dimensional
stability for the PA6,6 polymer under creep load were
definitely improved by only 1 vol% TiO, nanoparticles.

Enhancing the creep load to 90% UTS definitely
accelerated the creep process, as shown in Fig. 5. A very
high initial creep rate occurred for neat the PA6,6 in the
primary creep stage, which was followed by a relatively
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Fig. 4. Tensile creep modulus vs. test duration-curves under 80% of the
static UTS at room temperature.
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Fig. 5. Tensile creep strain vs. test duration-curves under 90% of the static
UTS at room temperature. Constant creep stresses: 68 MPa for the neat
PAG6,6, and 66 MPa for the nanocomposite.

short secondary creep stage with a steady-state creep rate,
being clearly highly than that at the lower load level. A
transition to the tertiary creep stage took already place after
a creep duration of 80h only. The incorporation of
nanoparticles remarkably reduced the initial creep rate in
the primary creep stage. This ended up in a lower steady
state creep rate within the secondary creep stage. As a result,
the total creep strain was on a significantly lower level under
this high creep load situation. Simultaneously, the creep life
was also extended up to about 160 h. The creep modulus
results confirmed this effect as well.

Creep curves of the neat PA6,6 and the nanocomposites,
measured at 50 °C, are plotted in Fig. 6. The unfilled matrix
was measured at two constant stresses, i.e. 50 MPa (=90%
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Fig. 6. Tensile creep strain vs. test duration-curves under various load levels
at 50 °C. Constant creep stresses: 50 MPa (90% of UTS at 50 °C) or 43 MPa
(78% of UTS at 50 °C) for neat PA6,6, and 46 MPa (81% of UTS at 50 °C)
for nanocomposite.
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of UTS measured at 50 °C) and 43 MPa (78% of UTS at
50 °C), respectively. The higher loading level resulted in a
very high initial rapid elongation and a primary creep stage
up to about 100 h. The steady-state secondary creep stage
lasted more than 1200 h, thereafter, a rapid increase of the
creep rate occurred in the tertiary creep stage, until the
polymer fell into creep failure. A similar dependence of
creep strain on time was measured for the neat polymer
when loaded at 78% of UTS at 50 °C, but as expected this
took place at a much lower creep strain level. The best
performance was, however, found for the TiO,/PA6,6
nanocomposite, which showed a much better creep
resistance even at a high load situation, i.e. 46 MPa (81%
of UTS at 50 °C). The creep modulus results confirmed
again that the load-bearing capability was improved at the
elevated temperature by the incorporation of nanoparticles.

4. Conclusions

In conclusion, one of the unique improvements in
polymer nanocomposites has been detected. 1 vol%
21 nm-TiO, particles contributed to a significant improve-
ment of the creep resistance of PA6,6 at both room and
elevated temperature. The creep strain was remarkably
reduced in all cases, and the creep life was extended at
higher creep loading conditions (90% UTS). Nanoparticles
may restrict the slippage, reorientation and motion of
polymer chains. In this way, they influence the stress
transfer, which finally results in these improvements. Our
result should lead to improved grades of creep resistant
polymer nanocomposites for engineering applications.
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