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Abstract

Relatively poor creep resistance is considered as a deficiency of thermoplastics in general. Our previous study [1] on the enhanced creep
resistance of polyamide 66 by a very low filler content of spherical nanoparticles explored an exciting phenomenon, which is expected to be able
to promote the engineering applications of these materials. In order to comprehensively and deeply understand the effect of nanoparticles, here we
provide a systematic investigation on various kinds of nanofillers, i.e. spherical particles and nanoclay, modified polyamide 66 under different
stress levels (20, 30 and 40 MPa) at room and elevated temperatures (23, 50 and 80 °C), respectively. Static tensile tests are also performed at
corresponding temperatures. Creep was characterized by considering the isochronous stress—strain curves, creep rate, and creep compliance with
influence of temperature and stress, respectively. It was found that the creep resistance of nanocomposites was significantly enhanced by
nanoparticles without sacrificing the tensile properties. The orientational hardening, as well as the thermal and stress activated process are briefly

introduced in order to understand the mechanisms of viscoelasticity of these nanocomposites.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocomposites have been increasingly focused as a novel
field in materials science in recent years [2-4]. The
mechanical properties of polymer nanocomposites have been
extensively studied and many enhanced performances, such as
strength, stiffness, toughness, flame retardancy and gas
permeability etc., have been achieved to extend the possible
applications [5—-14]. Some important factors, such as filler
concentration, dispersion state and interfacial bonding, are
considered to be able to significantly influence the properties
of bulk materials. Due to their tiny size and huge interfacial
area of nanofillers, a low concentration is usually preferred in
most of the current studies. In order to get well-dispersed
nanofillers with reduced agglomerates that always impair the
performance of composites, surface modifications of nano-
fillers have been introduced and developed [15-18]. For
example both dispersion quality and interfacial bonding could
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be enhanced by plasma coating in carbon nanofibers
reinforced polystyrene [19]. Nevertheless, it is still an exciting
topic ongoing with various approaches to improve those two
features simultaneously [20]. Recent reports [21-23] on the
increase of the glass transition temperature of polymers by the
addition of nanoclay or nanoparticles demonstrated that a
good bonding between particles and polymer matrix may be
expected, thus restricting the mobility of polymer chains.
However, it is clear that the potential property improvements
on polymer nanocomposites are still not yet fully explored.
Creep is a time-dependent deformation, which takes place
under stresses lower than the yielding strength of materials. A
recent report [24] showed that nanosized carbonitride
dispersions could significantly improve the creep strength of
steel at high temperatures. However, relatively poor creep
resistance and dimensional stability of thermoplastics are
generally a deficiency, impairing the service durability and
safety, which is a big barrier for their further expansion of
applications, e.g. in automotive and aviation industries.
Consequently, studies on creep of these new promising
nanocomposites are very important and necessary. Pegoretti
et al. [25] observed the creep performance of recycled
polyethylene terephthalate (PET) filled with layered silicate.
They obtained a slightly decreased creep compliance and
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no-rising creep rate in composites rather than in neat matrix.
More recently, Ranade et al. [26] studied polyethylene/
montmorillonite layered silicate (PE/MLS) films and found
that the presence of rigid MLS contributed to the improved
creep resistance of composites. Vlasveld et al. [27] also studied
the effects of physical aging time and moisture on the creep
properties of polyamide 6 (PA6) filled by layered silicate. They
carried out that the creep compliance of composites could be
greatly reduced compared to that of neat PA6. It seems that the
current studies on creep performance are mainly focused on
layered silicate filled thermoplastic polymers. Moreover, the
creep experiments were carried out in a rather short term (the
maximum observed time scale among those studies is
1000 min by Ranade et al. [26]). Therefore, long-term
influence on creep performance of nanoparticles filled
thermoplastics has scarcely been conducted.

Our formerly tentative study carried out the enhanced long-
term creep resistance of TiO,-nanoparticle/polymer nanocom-
posites [1]. To promote this study, here we performed a
systematic research on the creep performances of different
fillers with 1 vol% of nanoclay and nanoparticles modified
polyamide 66 (PA66) matrix. The experiments were processed
under various constant loads (20, 30 and 40 MPa) at room and
elevated temperatures (23, 50 and 80 °C), respectively. The
influence of different nanofillers on the creep behaviors was
investigated, and the creep characterization of nanocomposites
was systematically analyzed under diverse testing conditions.
Thermally and stress activated process methods were briefly
introduced to generally understand the viscoelasticity and
creep performances of nanocomposites.

2. Tensile creep of polymers

In general, the originally obtained data are creep strain (&)
and creep time (), a schematic curve of which is shown in
Fig. 1(a) additionally with the calculated creep rate &.
According to the curve the entire processes in creep of
polymers can be considered as four stages, namely (I)
instantaneous deformation with &g, (II) primary creep with ¢,
(IIT) secondary creep with ¢&,, and (IV) tertiary creep with &3
[28] The instantaneous elongation is due to the elastic or plastic
deformation of polymer once the external load is applied, and
this stage is independent of time. In the primary creep stage, the
creep rate starts at a relatively high value, while decreases
rapidly with time, which may be resulted from the slippage and
orientation of polymer chains under persistent stress. After a
certain period of time, the creep rate reaches a steady-state
value in the secondary creep stage, in which the viscoelastic
flow in the polymer occurs and the duration is relatively very
long if under low stress level. Finally, the material falls into the
tertiary creep stage, where the creep rate increases rapidly and
final creep rupture or advanced necking occurs, as illustrated in
Fig. 1(a).

In addition, creep compliance, J(z,0(),T), is also frequently
applied to describe the creep performance. It can be obtained
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Fig. 1. Schematic creep stages by (a) creep strain and (b) creep compliance.
from the following relation:

S0, 1) = LA M
0o

where ¢ is creep time, o(f) real stress, o initially applied stress,
T temperature, and &(t,0(f),T) creep strain dependent on creep
time, real stress and temperature. For the case of small
deformation, the real stress is normally considered as the same
as initial stress and thus the strain is proportional to the initial
stress, so we have

&t,a(t), T) = e(t,00,T) = e(t, T)coy 2)
Therefore, Eq. (1) can be simplified as
J(t,0(0,T) =J(,T) = ce(t,T) 3)

where ¢ is constant. In Eq. (3), creep compliance is only a
function of creep time and temperature applied and, therefore,
considered as a material constant for linear solids at constant
temperature. A schematic curve of creep compliance vs. time at
constant temperature over a very wide time scale is shown in
Fig. 1(b). An idealized amorphous polymer will behave as
glassy solid, viscoelastic solid, rubber or viscous liquid
depending on the time scale or on the temperature of the
experiment [29]. The diagram shows that for very short-time
experiments the obtained compliance lies at low value in glassy
status and is time independent. At enough long time scale, the
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polymers become rubbery and present a plateau with time
independent. At intermediate time, the compliance lies
between these statuses and is time dependent, which is the
general situation of viscoelastic behavior. However, at elevated
temperatures the polymers will act as viscous flow even though
for a short time experiment, which is the basis of time-
temperature superposition principle and will be discussed in a
followed contribution [30].

3. Experimental
3.1. Materials

A commercial polyamide 66 (PA66, DuPont Zytel 101) was
considered as matrix material. Two sizes of TiO, particles, with
diameters of 300 nm (Kronos 2310) and 21 nm (Aeroxide P25),
respectively, were applied as fillers. To improve the dispersion
situation of nanoparticles when mixed into the matrix, surface
modified 21 nm-TiO, particles (Aeroxide T805) were also
considered as an additional filler. Nanoclay (Nanofil 919) was
selected as well for comparison purposes due to its different
structures and features, which was expected to be able to expand
the efficiency of this study. The volume content was set as
constant of 1% for all nanoparticles (weight fraction given in
Table 1). Hereby, five kinds of specimens named as PA66/
300 nm-TiO, (PA/300), PA66/21 nm-TiO, (PA/21), PA66/sur-
face modified 21 nm-TiO, (PA/21-SM), PA66/nanoclay (PA/
clay), and neat matrix PA66 were used in this study. The detailed
information of materials is listed in Table 1.

3.2. Specimens preparation: extrusion and injection molding
Nanocomposites were compounded using a corotating twin-

screw-extruder (Berstoff ZE 25A X44D-UTS). The barrel
temperatures were set at 55/260/270/280/285/285/285

/285/285 °C, respectively, a screw speed of 150 rpm, and a
final extrusion rate of 9 kg/h. PA66 was dried in a vacuum oven
at 70 °C for a minimum of 24 h before extrusion. During melt
extrusion, ventilation was kept on to remove trapped air in
blends. The processing parameters were optimized in order to
achieve a fine nanoparticle distribution. In order to precisely
control the filler content of nanoparticles, a commercial twin-
screw loss-in-weight feeder (K-Tron Soder K-CL-24-KT20)
was applied. After cooling by water bath, the extruder blanks
was cut as granules with length in a range of 3-5 mm for
further injection molding.

The composites were afterwards manufactured using an
injection-molding machine (Alburg Allrounder 320S) as dog
boned tensile bars 160X 10X4 mm3, according to the
standard [31] for tensile and creep tests. For all blends,
the injection parameters were maintained constant. The
barrel temperature of the injection-molding machine was
selected to be 295°C. The injection pressure was kept
constant at 500 bars, the mold temperature was fixed at
70°C, and a constant injection speed of 80 ccm/s was
applied for all specimens.

3.3. Uniaxial tension

A Zwick universal testing machine (Zwick 1485) was applied
for uniaxial tensile testing. Both an extensometer and a 250 kN
load cell were equipped for measuring the tensile modulus and
strength. The injection molded dog-boned tensile specimens were
applied. A gauge length of 50 mm was considered. The crosshead
speed was kept constant at 2 mm/min for room temperature and
5 mm/min for elevated temperature measurements. An environ-
mental chamber was used for elevated temperature testing. At
least four specimens of each composition were tested, and the
average values were reported.

Table 1
Characteristics and tensile properties of specimens applied in this study
Specimen code PAG66 PA/300 PA/21-SM PA/21 PA/clay
Nanofillers - 300 nm-TiO, Surface modified 21 nm-TiO, 100-500 nm X 1 nm
21 nm-TiO, clay layer
Manufacture code Zytel 101 Kronos 2310 Aeroxide T805 Aeroxide P25 Nanofil 919
wt% (1 vol%) of filler 0 34 34 34 1.6
Amount of fillers/mm® 0 7.1x10° 2.1X10" 2.1x10" 1.1x10"
Young’s modulus (GPa)
23°C 2.28+0.04 2.65+0.32, +16% 2.2740.09, —0.4% 2.761+0.11, +21% 2.771+0.16, +22%
50°C 1.47£0.03 1.69£0.13, +15% 2.02£0.08, +37% 1.8240.02, +24% 1.81£0.09, +23%
80 °C 0.86£0.07 1.03+0.06, +20% 0.98+0.10, +14% 1.06+0.07, +23% 1.05+0.08, +22%
Tensile strength (MPa)
23°C 75.8+0.7 725445, —4% 756122, —0.3% 71.7+3.8, —5% 73+1.5, —4%
50°C 57.2+0.7 59.5%0.5, +4% 60.6+£0.6, +6% 61.1£0.2, +7% 58.7£0.6, +3%
80 °C 433+1.8 448+0.6, +3% 46.6+0.6, +8% 475+14, +10% 44.8+0.5, +3%
Strain at necking (%)
23°C 48.8+1.0 27.83+10, —43% 4.39+1.55, —91% 4.66+2.46, —91% 6.94+32, —86%
50°C 82.2+6.4 40.0£5.0, —51% 489+5.8, —41% 372425, —55% 43.3+4.7, —47%
80 °C 85.0+£3.8 547+5.8, —36% 41.0£4.9, —52% 39.843.9, —53% 60.0+£5.0, —29%
The signs of ‘+’ and ‘—’ show the increased or decreased magnitude of nanocomposites compared to that of neat PA66 by percentage, respectively.

* The amount of fillers per mm? is calculated on the basis of an ideal dispersion of fillers in matrix.
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3.4. Uniaxial tensile creep

Uniaxial tensile creep tests were preformed using a Creep
Rupture Test Machine with double lever system (Coesfeld
GmbH, Model 2002). Ten specimens can be measured
simultaneously in an environmental 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 without loading. For the elevated
temperature measurement, the chamber was preheated to the
desired value for at least 48 h before specimens were loaded in
order to reach a uniform and steady thermal equilibrium. A
gauge length of 30 mm was marked on each specimen, and the
elongation was monitored by a video camera, which was
equipped with a program controlled step motor and connected
to a computer image analysis system during the whole period
of creep testing. The creep compliance was calculated by the
ratio of the measured creep strain to the initial stress. The
measurement procedure was performed based on ASTM 2990-
01 [28].

4. Results and discussion
4.1. Tensile properties

The tensile experiments were performed at 23, 50 and 80 °C,
respectively. The Young’s modulus, tensile strength and
elongation at necking were listed in Table 1 with relative
deviation. The variation in these mechanical parameters of
nanocomposites compared to that of neat matrix was also
attached behind the obtained values with sign ‘+’ or ‘—’
showing relatively increased or decreased quantity. It can be
seen that the modulus of each material was decreased with
increasing temperature. In general, the Young’s modulus of the
composites was slightly higher than that of matrix, showing the
reinforcing effect of nanofillers. Among them PA/21 behaved
highest modulus at 23 and 80 °C by 21 and 23%, respectively,
compared to that of neat PA66. While at 50 °C, PA/21-SM
performed highest modulus by 37% compared to the matrix.
The UTS of the composites became a bit lower at room
temperature while slightly increased by less than 10% at
elevated temperatures compared to that of matrix, as shown in
Table 1. However, the ductility of the nanocomposites was
obviously deteriorated whatever at ambient or elevated
temperatures, as listed in Table 1. The total elongations of
nanocomposites were decreased by more than 30% at high
temperatures while showed brittleness to some degree at
ambient temperature. Conclusively, it was clearly shown that
the quasi-static mechanical properties of the composites were
not seriously deteriorated as a whole by the addition of
nanofillers.

4.2. Creep characterization
Our previous experiments [1] showed the creep behaviors of

PA and nanoparticle filled composites under as high load as
80% of the static ultra tensile strength (UTS), which presented

some interesting results up to creep failure. Hereby in this
work, a systematic study on the creep performances of
nanocomposites was carried out under moderately low load
levels (20, 30 and 40 MPa) at room and elevated temperatures
(23, 50 and 80 °C), therefore, nine kinds of testing conditions in
total. The primary and secondary creep stages were investi-
gated for a moderate time scale with more than 200 h. The
creep deformation, isochronous stress—strain relationship,
creep rate and creep compliance of different kinds of
nanofillers modified PA66 will be discussed in the following
sections.

4.2.1. Creep deformability and isochronous stress—strain
relationship

Some representative curves of creep strain versus creep time
of the tested specimens under 40 MPa were illustrated in Fig. 2
at (a) 23 °C, (b) 50 °C, and (c) 80 °C, respectively. The creep
stages were clearly shown in the figures as instantaneous
deformation, primary and unfinished secondary creep pro-
cesses. The tertiary stage was, however, not observed here
because the creep rupture or failure was not considered under
the current condition, under which it would take a very long
period of time to make the materials failure.

In Fig. 2, it could be observed that the overall deformations
of the nanocomposites were noticeably less than that of neat
matrix, which showed the creep resistant performance by
the presence of nanofillers. Additionally, the deformations of
PA/21-SM and PA/clay were very close at 23 °C, as shown in
Fig. 2(a), while the creep strains of PA/300 and PA/clay, and
PA/21-SM and PA/21 were of the similar level at 50 and 80 °C,
as shown in Fig. 2(b) and (c). Generally, among the
nanocomposites PA/21 behaved the best non-deformability
under each condition.

To get the detailed deformation behaviors of all tested
specimens, the isochronous stress—strain curves at 1, 10 and
100 h were obtained from the creep data and thereafter
presented in Figs. 3-5 at 23, 50, and 80 °C, respectively. For
the 1-h isochronous curves in Fig. 3(a), the creep strains of
small nanoparticles and nanoclay filled PA were very close but
less than that of neat PA. However, after 10 h and even longer
time PA/21-SM and PA/clay behaved similar deformability
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Fig. 2. Curves of creep strain vs. creep time of PA and nanocomposites tested
under 40 MPa and (a) 23 °C, (b) 50 °C and (c) 80 °C.
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Fig. 3. The isochronous stress—strain relationships of PA and nanocomposites at
23°C and (a) 1 h, (b) 10 h, and (c) 100 h, respectively.

while PA/21 possessed of the best dimensional stability, as
shown in Fig. 3(b) and (c). It was noteworthy to point out that
PA/300 exhibited a different isochronous stress—strain relation-
ship with large deformation under the stress not higher than
30 MPa compared to other nanocomposites and neat matrix.
The 1-h isochronous strain of the composites showed fairly
good linearity with the applied stress even for 40 MPa, under
which PA, however, exhibited non-linearity, as shown in
Fig. 3(a). This case indicated that the nanofillers extended the
linear limits of the matrix within short-time response. With
increasing time, the linear relationship between the isochro-
nous stress and strain became worse, particularly under higher
stress level, i.e. 40 MPa. However, nanofillers could enhance
this linear limit. Among them small nanoparticles were the
best, and then nanoclay, while large particles the worst. It could
also be found that all of the materials still exhibited linearity
under around 30 MPa even at large scale of time, as shown with
dot line in Fig. 3(c).

At elevated temperatures, i.e. 50 and 80 °C, the creep
deformability of each material became very strong compared to
that at 23 °C under the same stress level, as shown in Figs. 4
and 5. Another different scenario from the case at 23 °C was
that the deformability of each material at the high temperatures
was relatively constant with increasing time after a large
instantaneous deformation. This phenomenon indicated there
was no pronounced creep deformation in the secondary creep

stage, which was also confirmed for example in Fig. 2(b) and
(c). It could be clearly discerned there was a three-regime of
deformability for the tested specimens: the strongest deform-
ability (PA), the intermediate (PA/300 and PA/clay), and the
best non-deformability (PA/21-SM and PA/21). The best
reinforcing effectiveness of small particles was again verified.
Naturally the non-linearity of the isochronous strain—stress
relationship at 80 °C was increased considerably compared to
that at 50 °C for each specimen, whereas the linearity was not
changed very much with increasing time at constant
temperature for each specimen due to the secondary creep
deformation insensitive to time, as shown in Figs. 4 and 5.
There was also a three-regime of linearity of isochronous
stress—strain relationship corresponding to the deformability.
The limits of the linearity at 50 °C were higher than that at
80 °C and lower than that at 23 °C for the large scale of time, as
marked with dot lines in Figs. 3(c), 4(c) and 5(c). And the limits
at 50 °C were in between 20 to 30 MPa with the slight higher
values for the nanocomposites, and the same scenario at 80 °C
while with the lower limits around 20 MPa.

The materials exhibited different creep deformability and
linearity of the isochronous stress—strain relationship at various
temperatures and stress levels, which indicated that the filled
materials with changed amorphous structures and crystalline
morphology had diverse response on temperature, stress level
and applied creep time. A representative structure of nanofiller—
semicrystalline polymer composites was schematically
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Fig. 4. The isochronous stress—strain relationships of PA and nanocomposites at
50°C and (a) 1 h, (b) 10 h, and (c) 100 h, respectively.
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Fig. 5. The isochronous stress—strain relationships of PA and nanocomposites at
80 °C and (a) 1 h, (b) 10 h, and (c) 100 h, respectively.

illustrated in Fig. 6. The essential elements, including crystal-
lized chains, amorphous regions, interphase between filler and
matrix, bridging segments between fillers, polymer—filler
junction, and dangling end, were considered. The crystallized
chains could react rapidly to the external mechanical actions and
for example immediately undertake the persistent load [32].
With increasing time, the amorphous regions of the materials
were thereafter transferred to bear load, which normally was
linear or non-linear viscoelastic processes with orientational

bridging crystalline

crystallized polymer

amorphous polymer

nanofiller
interphase
bridging segment

intercrystalline

polymer-filler tie molecule

junction dangling end
Fig. 6. Schematically representative structure of nanofiller—semicrystalline
polymer composites.

strain hardening [33]. In our case of this study the glass
transition temperature (7,) of the nanocomposites was gently
increased (less than 4 °C) compared to that of matrix. The
crystallinity of the composites was only slightly decreased.
However, the crystalline structure and morphology was altered
significantly [34] with the micron-sized spherulites in neat
matrix instead of sub-micron or nanometric ones. At room
temperature, the materials were in glassy state and the mobility
of polymer segments was highly restricted. The load bearing
ability was very close for the composites due to their similar
crystallinity. Additionally the external loads were in the elastic
limits of the composites. These might be the reason that all of the
composites exhibited a linear relationship between isochronous
stress and strain in short response, as shown in Fig. 3(a). With
increasing time the rate process in amorphous regions was
activated and dominant under high stress level (40 MPa) and
resulted in large deformation. From Fig. 3(c) it might also be
found a threshold stress around 30 MPa, below which the
materials exhibited linearity. The threshold stress of the
composites was slightly higher than that of neat PA, as marked
by a dot line in the figure.

For comparison, the amount of fillers per cubic millimeter
matrix was listed in Table 1 based on the assumption of
uniform filler dispersion. Although the agglomerate particles
were unavoidable, the huge number of dispersed single
particle could form a network [35], which cooperated with
the matrix via interphase, bridging segments and junctions to
bear load and improve the immobility of polymer chains, as
illustrated in Fig. 6. In PA/21 composite, the huge number of
fillers (10"?mm ) could form a much dense and stiff network
with huge interphase [35]. In this way PA/21 became stiff and
resistant to creep deformation. In the case of surface modified
nanoparticles although a possible better dispersion could be
achieved, the surface strength between particle and matrix, a
key factor to affect the reinforcing performance, might be
deteriorated due to modification. Considering the as received
clay particles with diameter of 35 pm and the individual layer
with size of 100-500 nm X 1 nm, it was very difficult to get a
full exfoliation into single plates. The shear stress through the
interphase could make the non-exfoliated or agglomerate
layers to slip [2,36], especially under high stress levels and
elevated temperatures. Consequently, PA/clay showed a
slightly worse non-deformability and linearity than PA/21.
In the case of large particles filled PA, the amount of fillers
per cubic millimeter matrix was about 109, far less than that of
small particles by several orders of magnitude. The size of
large particles was in sub-micron level and the defects if any
resulted from them were in the same or micron level, which
would considerably harm the macro properties of bulk
material. Additionally, the network with relatively large
interparticle distance was not stiff and weak to restrict the
small range of mobility of polymer chains [35], which
resulted in worse non-deformability with creep strain <2%
under the stress below 30 MPa compared to that of neat
matrix. However, the resistance to deformation of large
particles was arose under 40 MPa with strain >3.5%, as
shown in Fig. 3(c).
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At the point near the glass transition temperature, i.e.
50 °C, polymer chains became active and the mobility of
chains was also markedly enhanced due to thermal
activation. The deformability thus for example the instan-
taneous deformation of each material at 50 °C was much
severer than that at 23 °C. The deformation after the transient
response, however, was insensitive to the rate dependence
[37], which was resulted from the rapidly orientational
hardening of amorphous regions once the specimen was
persistently loaded and the stress was not high enough to
produce further deformation of polymer. This was confirmed
by the fact that the creep strain of each specimen increased
gently and thus the linearity was changed slightly with
increasing time from 1 to 100 h, as shown in Fig. 4. In
addition, the composites showed fairly good creep resistance
compared to neat PA at 50 °C with reduced deformation and
enhanced linear viscoelasticity (LVE). The limits of LVE of
the tested specimens were in between 20 and 30 MPa, fairly
lower than those at 23 °C. The isochronous stress—strain
curves in Fig. 4 showed three apparent regimes as mentioned
above. The resulting performance of PA/21 very close to that
of PA/21-SM indicated the network of particles and
interparticle distance rather than interfacial strength played
key roles to restrict the mobility of polymer chains.
Concerning the interparticle distance, large particles behaved
some resistance to relatively large deformation, as mentioned
before. In the case of PA/clay, although the interlayer
distance might be smaller than that of PA/300, shear stress
resulted from large deformation could make slippage in non-
exfoliated layers and agglomerate clay particles [2,36], which
brought to a worse capability of creep resistance and make
PA/clay fall into a similar resulting performance to PA/300,
as shown in Fig. 4.

The polymer chains were greatly thermally activated and
fairly easy to deform at 80 °C and thus generally the load
bearing capability of the bulk specimens became very weak.
Consequently, the deformability and linearity of viscoelasticity
of the measured specimens at 80 °C were of the similar
tendency, however, with much serious extent to those at 50 °C,
as shown in Fig. 5. After the severe instantaneous deformation,
the creep strain and the non-linear viscoelasticity (NLVE) of
each specimen increased weakly from a short time to whatever
intermediate or relatively long time scale, as shown in
Fig. 5(a)-(c) at 1, 10, and 100 h, respectively. The three
similar regimes were still displayed. The limits of the LVE
were somehow higher than 20 MPa for composites, however,
somewhat lower than 20 MPa for matrix, as approximately
indicated in Fig. 5(c) by dot line.

According to the discussion on the isochronous curves, it
could be concluded that the deformability and NLVE of each
specimen were increased with increasing temperatures and
stress levels, and the non-deformability and linearity were
enhanced in the hierarchy of (PA66)-(PA/300, PA/clay)-
(PA/21-SM, PA/21), where the materials in the same bracket
possessed of the close deformation and linearity. Additionally
as a quantitative comparison, the material with the maximum
decrement in deformation compared to PA66 at the 200th creep

Table 2
The nanocomposites with maximum decrement by percentage in creep strain at
200 h and creep rate compared to PA66

Specimen Creep strain ~ Specimen Creep rate
decrement decrement
(%) (%)
20 MPa
23 °C PA/21 31 PA/21-SM 62
50°C PA/21 41 PA/21-SM 46
80 °C PA/21 43 PA/21 65
30 MPa
23 °C PA/21 20 PA/21-SM 31
50°C PA/21 38 PA/21 38
80 °C PA/21-SM 41 PA/21-SM 65
40 MPa
23 °C PA/21 55 PA/21 58
50°C PA/21 50 PA/21 55
80 °C PA/21 62 PA/21 67

hour under each condition was listed in Table 2, almost all of
them were PA/21, which exhibited the best performance with
most decreased strain by 62% under 80 °C/40 MPa, revealing
smaller nanoparticles were the optimum candidate to improve
the dimensional stability of bulk material in this study.

4.2.2. Creep rate

In addition to deformation, the dimensional stability of
materials is determined by another important parameter named
creep rate, which represents the velocity of creep deformation.
The sample curves of creep rate as a function of time were
representatively given in Fig. 7 with PA and PA/21 under
different stress levels at 23 °C. In the observed time scope, the
creep rate behaved similar trend to creep deformation. In the
primary creep stage, the creep rate started at a relatively high
value while decreases rapidly with time, which might be due to
orientational hardening of materials [38] with instantaneous
deformation under sudden and thereafter persistent stress. After
a certain period about 50 h, the creep rate entered into a
relatively steady status namely as secondary creep stage, in
which a dynamic equilibrium of polymer structure evolution
and external load was reached. In addition, the creep rate was

T T T T T T T T T
23°C PA  PAR21
3| 20MPa —— |
10 30MPa ---
— 4OMPa ........
o}
o
< .
=) R
Tk \N T S _ .
& ] e 3
o ~.o
(0] e
(8] S~
105 ==
1 " 1 " 1 " 1 " 1
0 50 100 150 200
Time [hour]

Fig. 7. Sample curves of creep rates of PA and PA/21 as a function of time
under different stress levels at 23 °C.
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Fig. 8. The influence of stress level on the creep rate of the tested specimens at
different temperatures: (a) 23 °C, (b) 50 °C, and (c) 80 °C.

not sensitive to time under 20 MPa while decreased with time
under higher stress levels, as shown in Fig. 7. The similar
scenarios were also observed at 50 and 80 °C. The creep rate
behaved complicated dependence on temperature and stress
level compared to deformation and the corresponding
discussions were given below.

4.2.2.1. Stress dependence. To simplify, the secondary creep
rates of each specimen at different temperatures were then
directly fitted and presented as a function of stress level in
Fig. 8, from which it could be seen that the materials showed
different response to stress levels.

At room temperature, the creep rate of each specimen was
insensitive to stress level below 30 MPa while greatly
increased under 40 MPa, as shown in Fig. 8(a), which indicated
a limit of linear viscoelasticity existed around 30 MPa and the
stress activated process was pronounced since the materials
behaved non-linear viscoelasticity. At the elevated tempera-
tures, the stiffness of the specimens became weak and the creep
rate increased nearly exponentially, especially at 80 °C, as
illustrated in Fig. 8(b) and (c). The phenomena implied that the
limit of linear viscoelasticity was decreased at elevated
temperatures and that the stress activated process became
considerable even under intermediate stress levels.

In addition, the creep rates of all nanocomposites were
decreased to some extent compared to that of neat PA under
each condition. Among them small particles behaved much
more effective to decrease creep rate than large ones and clay
layers; large nanoparticles and nanoclay layers again behaved
close creep rate; surface modification had no positive influence
on decreasing creep rate. As analyzed above, the interparticle
distance might play a key role to influence the creep rate. For

small nanoparticle filled PA, the relatively close interparticle
distance and thus a dense particle-network contributed greatly
to slow down the deformation speed. However, the large
interparticle distance and thus a weak particle-network in large
particle and clay layer filled PA were incapable to significantly
decrease the creep rate. Moreover, the maximum decrement in
creep rate under each condition was listed in Table 2. Among
them PA/21 exhibited the lowest value by 67% compared to
that of PA66 at 80 °C under 40 MPa, revealing again smaller
nanoparticles were the optimum candidate to improve the
dimensional stability of bulk material.

4.2.2.2. Temperature effect. The secondary creep rates of each
specimen were then redrawn as a function of temperature in
Fig. 9 under (a) 20 MPa, (b) 30 MPa, and (c) 40 MPa,
respectively. It could be found from the figures that the
materials showed much different and complicated dependence
on temperature under various stress levels. As discussed above,
the specimens behaved linear and non-linear viscoelasticity
under the stress levels of 20 and 40 MPa, respectively, within
the range of applied temperature; under 30 MPa the materials
showed a transition state from linear to non-linear viscoelas-
ticity at the observed temperatures. Hereby we would like to
present the discussion by the limits of linearity of viscoelas-
ticity of the samples.

Within the limits of linear viscoelasticity: 20 MPa. The
creep rate of each specimen decreased obviously with
increasing temperature in the state of linear viscoelasticity, as
shown in Fig. 9(a). Under a low stress level of 20 MPa and
room temperature, there were no many amounts of polymer
segments to be stress activated to involve the creep process in
short time. With increasing time, much more segments were
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Fig. 9. Comparison of creep rate dependent on temperature for the tested
specimens under different stress levels: (a) 20 MPa, (b) 30 MPa, (c) 40 MPa.
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activated and brought in relatively high velocity of orientation
of polymer segments and entanglements and thus higher creep
rate occurred. Although more polymer segments were
thermally activated at elevated temperatures than those at
RT, the large instantaneous deformation showed that many
segments were oriented to some extent along the stress
direction in a short time, and thereafter orientational hardening
made it much difficult to get further reorientation and
rearrangement of polymer chains and entanglements due to
relatively small stress level.

In the nanoparticle composites, creep rate decreased with
decreasing particle size at the same temperature, showing small
particles were more efficient to hinder polymer structure
evolution than large sized ones. PA/21-SM possessed lower
creep rate at 23 and 50 °C, however, higher rate at 80 °C than
PA/21, indicating surface modification worked only under small
load level (~0.26 UTS) and below glass temperature while its
contribution discounted due to bad interfacial strength at 80 °C.
The creep rate of PA/clay was close to that of PA/300 at ambient
temperature while much higher than that of PA/300 at 50 and
80 °C, which implied the slippage of non-exfoliated nanoclay
layers occurred due to the increasing shear stress caused by
serious viscous flow of polymer above glass temperatures.

In the range of non-linear viscoelasticity: 40 MPa. Under
40 MPa creep rate of each specimen generally increased with
increasing temperature, as shown in Fig. 9(c). The inverse
trend of creep rate in the state of non-linear viscoelasticity
indicated the movement of polymer chains was totally different
from that in the state of linear viscoelasticity. The creep rate
only slightly increased from 23 to 50 °C. This might be due to
the serious orientational hardening, which was resulted from
thermal activation and high stress level and made it hard to
produce advanced speed for the instantaneously oriented
polymer chains. However, at 80 °C polymer chains were
highly thermally activated and further velocity could be stress
activated to overcome the severe orientational hardening.

In the case of nanoparticle composites, creep rate decreased
with decreasing particle size at the same temperature, however,
much higher than the corresponding value under 20 MPa,
showing much more activated polymer chains participated in
the creep process. The creep rate of PA/300 was much higher
than that of PA/21-SM and PA/21, confirming the above
conclusion that smaller particles with close interparticle
distance and dense network were more efficient to hinder
polymer structure evolution than large sized ones. The
contribution to creep rate of surface modified particles with
possible bad interfacial strength was not more than that of
untreated ones. The creep rate of PA/clay was close to that of
PA/300 at all temperatures, which indicated again that the
slippage of non-exfoliated nanoclay layers, due to the shear
stress caused by serious viscous flow of polymer under high
stress level, had fairly adverse effect.

Under transition stress region: 30 MPa. As discussed
above, the explicit dependence of creep rate on temperature
was provided in the range of linear and non-linear viscoelas-
ticity, respectively. However, in the transition state from linear
to non-linear viscoelasticity, an interesting scenario happened

that the highest creep rate of each specimen occurred at 50 °C
rather than at other temperatures, and the creep rate at RT was
close to that at 80 °C. The strong orientational hardening due to
instantaneous deformation at 80 °C made it much difficult for
further accelerating movement of polymer segments because of
moderate stress level, which resulted in the similar creep rate at
RT and 80 °C. The orientational hardening at 50 °C was weaker
than that at 80 °C, and the accelerating movement of polymer
chains was further activated by stress with increasing time,
which provided high creep rate under this condition.

In the nanoparticle composites, similar temperature depen-
dence of creep rate was observed compared to that under 20
and 40 MPa. PA/21-SM possessed lower creep rate at 23 and
80 °C, however, higher value at 50 °C than PA/21, indicating
surface modification worked badly near the glass temperature,
where its contribution discounted because of bad incorporation
of interfacial strength. The creep rate of PA/clay was similar to
that of PA/300 at ambient and elevated temperatures, which
implied the slippage of non-exfoliated nanoclay layers
occurred due to the shear stress resulted from the flow of
polymer chains.

4.2.3. Creep compliance

The curves of creep compliance vs. creep time of tested
specimens were obtained under different load and tempera-
tures, as shown in Fig. 10 with the same axial scale. It was
clearly seen from the curves that at RT and 50 °C the creep
compliance of each specimen was almost overlapped below the
stress level of 30 MPa (except for PA/21 under 50 °C/30 MPa),
which implied the limits of linear viscoelasticity existed and
were consistent with the above discussion. With increase of
load, viscous flow became serious and much complicated by
the presence of non-linear viscoelasticity. However, at 80 °C
polymer chains became much more thermally active and led to

1 (b) PA/300
10°¢ 3 AN e NN
100 L
e
—1 |
~
= 10!
()]
(8]
8
3 10°
IS
(@]
o
1
§ 10
e 1
O 10
0
10 rectangle: 20MPa| | solid line: 23°C
circle: 30MPa dash line: 50°C
triangle: 40M Pa | | dot line : 80°C
10—1 YT EEETRETTY BT TTTTY ST ETIT BTy

Creep time [hour]

Fig. 10. Stress and temperature dependence of creep compliance of tested
specimens: (a) PA, (b) PA/300, (c) PA/21-SM, (d) PA/21, and (e) PA/clay.
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apparent non-linear viscoelastic flow even though under as low
stress level as 20 MPa. The linearity of viscoelasticity could
also be confirmed by the relationship of isochronous stress—
strain curves in Figs. 3-5. Another interesting scenario in
Fig. 10 was that at 23 °C the tested specimens behaved lower
compliance but higher growing rate, however, at temperatures
above 50 °C the plateau compliances occurred with much
smooth increment, illustrating the materials entered into a
rubbery-like or flow state, as demonstrated in Fig. 1(b).

In the case of nanoparticle composites, the compliance was
decreased with decreasing particle size at each temperature. At
high temperatures, the increment of compliance of small
particle filled nanocomposites was much lower than that of
large particle filled nanocomposites and matrix. These
observed results illustrated that the network formed by small
particles was more effective to retard and restrict the movement
and evolution of polymer chains than that of large
nanoparticles. As for PA/21-SM, its compliance was very
similar to that of PA/21 except under the condition of
50 °C/30 MPa, under which PA/21-SM showed better linear
property than that of PA/21. This may be due to the well
dispersion of surface modified particles contributing more to
immobility of polymer chains than untreated particles under
that condition. Because of more dispersion of clay layers than
that of 300 nm particles in unit volume, the compliance of
PA/clay was much lower than that of PA/300 at RT. With
increasing temperature serious viscous flow led to high shear
stress, which resulted in the slippage of clay layers and
discounted the reinforcing effectiveness, and finally the
resulting compliance was almost the same as that of PA/300.

5. Conclusions

In the current study, the tensile creep experiments of PA66
and nanocomposites were carried out under different stress
levels at room and elevated temperatures. Additionally the
static tensile tests were also performed at corresponding
temperatures. The creep deformation, isochronous stress—strain
relationship, creep rate and creep compliance were obtained
and generally discussed by using orientational hardening and
thermally and stress activated process methods. Consequently
the creep characterization of PA66 and nanocomposites could
be concluded as follows:

(1) The static tensile properties of nanocomposites were not
seriously deteriorated by the addition of nanofillers
compared to those of neat PA66 matrix.

(2) The creep deformation and creep rate behaved complicated
dependence on temperature and stress level with thermally
and stress activated process. Both the parameters were
decreased to different extents by the addition of nanofillers.
Amongst them, the most reduction in the creep strain and
creep rate was from PA/21 by 62 and 67%, respectively,
compared to that of matrix. Accordingly the dimensional
stability of the bulk nanocomposites was enhanced.

(3) The limits of linear viscoelasticity could be obtained from
the isochronous stress—strain relationship and were

decreased with increasing temperature. And the limits of
nanocomposites were higher than those of neat matrix,
with approximate values of 30 MPa at 23 °C, 20-30 MPa
at 50 °C, and 20 MPa at 80 °C, respectively.

(4) The creep compliance confirmed the conclusion obtained
in (3). Additionally the creep compliance was decreased by
the addition of nanofillers. The rubbery-like or flow state
with non-linear viscoelasticity was observed at elevated
temperatures.

(5) Finally, the creep resistance was enhanced by the addition
of nanofillers. PA/clay exhibited compromised perform-
ance close to PA/300 due to the slippage of non-exfoliated
clay layers under shear stress resulted from viscous flow of
matrix. Although there might be a good dispersion in
PA/21-SM, the bad interfacial strength discounted the
reinforcing effectiveness under some conditions. When all
comes to all, small sized nanoparticle modified PA66
behaved the best creep resistance.
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