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The creep behaviour of injection moulded PA 6/organoclay nanocomposites was studied by depth-sens-
ing nanoindentation and DMA cantilever-bending. The glass transitions of PA 6 and its nanocomposites
were decreased below room temperature upon saturation with water so that the materials could be
tested in the rubbery regime. For nanoindentation creep on the skin and core regions of injection moul-
ded samples, whilst organoclay improves the creep resistance of PA 6, the enhancement is due to the
decrease of the initial compliance at zero time but the time-dependent creep is actually increased. In con-
trast, for cantilever-bending creep, organoclay reduces the creep compliance and the time-dependent
creep in PA 6. It is suggested that the organoclay imparts a constraint effect on the PA 6 molecular chains,
restricting their mobility in the bulk compared to the surface and hence improving their resistance to
creep. A modified Halpin-Tsai equation was used to model their creep behaviour under these two loading
configurations and compared to experimental data.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Advances in polymer technology are making it possible to pro-
duce plastic parts that were traditionally made from metals. In par-
ticular, Polyamide 6 (or Nylon 6) is widely used in the automotive
industry due to its good surface appearance, wear, chemical and
heat resistance. However, like most other polymers, PA 6 creeps
even at room temperature which reduces its applicability in
load-bearing components. Organoclay, a commonly used nano-
filler, has shown to influence the viscoelastic response of some
polymers [1-3] including PA 6 [4].

At low loads, polymers display elastic, viscoelastic or viscous
behaviour depending on the temperature and loading rate. The so-
lid and melt properties of PA 6/clay nanocomposites have been
widely studied (e.g. [5-9]). It is concluded that organoclay en-
hances the elastic modulus due to the high aspect ratio and stiff-
ness of the particles [10] but not the constraint of the polymer
molecules imposed by the nanoclay. However, this constraint
effect, founded on the fact that the thickness of the clay platelets
approaches the length scale of a single polymer coil, does play a
role in the regime of viscous flow, where the viscosity is highly
increased compared to their micro-particles counterpart [11]. This

* Corresponding author. Present address: E.T.S. de Ingenieria de Caminos, C/
Profesor Aranguren, s/n, 28040 Madrid, Spain. Tel.: +34 91 549 34 22; fax: +34 91
550 30 47.

E-mail address: rocio.seltzer@imdea.org (R. Seltzer).

1359-8368/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compositesb.2011.04.035

is thought to be caused by the small size and high surface area of
the clay platelets, together with the short inter-particle distance
which prevents free-rotation of the matrix molecules [12].

Between its glass transition and melting temperatures (T, and
T, respectively), PA 6 is in a rubber-like state, where long-range
segmental motion is occurring but the thermal energy is insuffi-
cient to overcome entanglement interactions that inhibit flow. It
is expected that, in this intermediate rubbery regime, the organo-
clay also acts at a molecular level reducing the viscoelastic flow.
The rubbery regime can be achieved by increasing the tempera-
ture, but also by increasing the moisture content [13,14]. Accord-
ing to Reimschuessel’s [15] results, the T, of dry PA 6 can be
lowered from 41.5 °C to —13 °C by saturation with water. This al-
lows for the viscoelastic properties of rubbery PA 6 to be tested
at room temperature. Vlasveld et al. [4] investigated the viscoelas-
tic response of dry PA 6/organoclay at room temperature and
showed some preliminary results on creep tests performed at
80 °C and on water-conditioned samples. Apparently, the organo-
clay is more effective in reducing the creep compliance in the rub-
bery plateau (either at high temperature or under moisture
conditions) than in the glass transition region. Encouraged by these
findings, we have studied in-depth the viscoelastic properties of PA
6/organoclay nanocomposites in the rubbery plateau with water-
saturated samples.

Injection moulded PA 6/organoclay nanocomposites possess a
skin-core structure [16,17] and, consequently, the resulting
mechanical responses in the skin and core regions are different
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[18,19]. Hence, the local distinctive effect of organoclay addition on
the viscoelastic properties in both regions was studied using nan-
oindentation. The creep compliance was determined from the
indentation results following a procedure' proposed by Seltzer
and Mai [20]. The advantage of this procedure with respect to other
methods [21-23] is that it separates the viscoelastic from the plastic
response, both of which unavoidably occur simultaneously due to
the geometry of the indentation test. In addition, the creep compli-
ances of bulk materials were also investigated using cantilever
beams under bending in the Dynamic Mechanical Analyzer (DMA)
and compared to the nanoindentation results.

This paper continues our previous work? [19], where the differ-
ences in the skin and core morphology and quasistatic properties of
PA6/organoclay nanocomposites were elucidated. However here, the
aim is to examine, quantify and model the creep response of water-
saturated injection moulded specimens of PA 6 nanocomposites
under both nanoindentation and cantilever-bending loads. The
difference between surface creep and bulk creep behaviour will also
be evaluated.

2. Experimental work
2.1. Material

Polyamide 6 (Akulon F 232-D) was obtained from DSM
Engineering Plastics and the organoclay used was Cloisite® 30B
supplied by Southern Clay Products Inc. through Jim Chambers &
Associates, Australia. It was organically modified with alkyl ammo-
nium surfactant, namely, methyl, tallow, bis-2-hydroxyethyl quar-
tenary ammonium chloride, having a cation exchange capacity of
90 mequiv/100 g. All samples were dried in a vacuum oven at
80 °C for 24 h before melt blending. A range of PA 6/organoclay
nanocomposites containing 0, 1.1, 2.2, 3.3 and 4.5 vol.% organoclay
(denoted by NO0.0, N1.1, N2.2, N3.3 and N4.5, respectively) were
prepared by melt compounding using a ZSK 30 twin-screw extru-
der and injected to dumb-bells and rectangular bars for mechanical
testing.

2.2. Dynamic mechanical analysis

A dynamic mechanical analyser DMA 2980, TA Instruments,
was used to study the molecular relaxations and bulk creep com-
pliances of PA 6 and its nanocomposites. The DMA was used in
the single-cantilever mode. Specimens were cut from the narrow
part of the tensile dumb-bells and their dimensions were
40 x 10 x 3 mm>. The samples were pre-conditioned by either
drying in oven at 80 °C for 24 h or submersion in water at 70 °C till
the constant mass condition was reached (approximately 3 weeks).

Creep tests were conducted at a stress of 2 MPa for all materials
in order to avoid any plastic or viscoplastic deformation. The
molecular relaxations were studied using a frequency of 1 Hz over
a temperature range of —135 to 150 °C. The constant heating rate
was 3 °C/min.

2.3. Nanoindentation

The mechanical responses in the surface (skin) and mid-thick-
ness (core) regions of the injection moulded bars, Fig. 1, were
determined by depth-sensing indentation with nano-scale resolu-
tion. Indentation measurements were performed using a UMIS
nanoindenter manufactured by CSIRO, Australia. Indentation load,

' In Eq. (7) of Ref. [20], T should become /7.
2In Eq. (3) of Ref. [19], the indentation modulus is given by:
E=[vm(1 - v*)$/2Va).

.
)

Fig. 1. Schematic of an indentation moulded bar showing the two indentation
locations. (The arrow shows the injection flow direction.)

P, and depth, h, were recorded simultaneously for a complete load-
hold-unload cycle using a spherical indenter with a radius, R,
20 um. The contact force for detection of the surface position
was 0.05 mN. The maximum load was attained in 5 s. Tests were
performed at room temperature in submerged conditions to ensure
moisture equilibrium at all times.

The indentation specimens were prepared by immersing the
injection moulded bars in water at 70 °C for 3 weeks, and then
machining to 1x1x1cm?® prisms. To smooth the surfaces,
~2 pm were removed using a microtome. Ten indentations sepa-
rated by a distance of 100 um were made on the skin and core re-
gions of each sample. The local surface creep compliance | was
determined following the procedure developed in [20]. For details,
see Appendix A.

3. Results and discussion
3.1. Molecular relaxations

Table 1 shows the equilibrium water content of the PA 6 nano-
composites calculated relative to the matrix mass, which is the
only permeable phase. All materials have reached similar equilib-
rium values independent of the clay loading. These results show
that although organoclay affects water permeability [24] it does
not influence the water uptake capacity of PA 6 in the range of clay
loading studied.

Fig. 2 shows that the storage moduli of dry and wet PA 6 are in-
creased by the addition of organoclay in the temperature range
studied. Evidently, the organoclay is more effective to improving
the storage modulus at temperatures above the abrupt drop, i.e.,
the glass transition temperature T, This phenomenon was ob-
served before [10] and was satisfactorily explained by simple
micromechanics models. Water decreases T, and the storage mod-
ulus above ~0 °C owing to its plasticization effect. However, below
0 °C, the storage modulus is increased since water is transformed
from liquid to solid.

Fig. 3 show the loss moduli of PA 6 and its clay composites. In
the dry samples, Fig. 3a, three distinctive peaks can be recognized,
a, B and 7, which belong to the three well-known relaxation pro-
cesses in PA 6. Upon water-saturation, all « and f peaks are shifted
to lower temperatures but the y-relaxation peak is not visible as it

Table 1
Water content at saturation in neat Pa 6 and its nanocomposites.

Material Water content (wt.%)
NO.0 7.87
N1.1 7.47
N2.2 7.51
N3.3 7.40
N4.5 7.44
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Fig. 2. Storage modulus vs temperature of (a) dry and (b) water-saturated PA 6 and
its nanocomposites.

is out of the temperature range studied, Fig. 3b. The general trend
is that organoclay increases the dissipation energy but the horizon-
tal positions of the peaks remain unchanged.

Fig. 4 shows the loss tangent, which is the ratio between the
dissipated and the stored energies. In these two plots, the three
relaxation peaks in the dry specimens and the two relaxation peaks
in the wet specimens can be identified. The peak value of the «
relaxation in the tan § plot is usually considered to be the glass
transition temperature (T,) in PA 6 [25]. It is noted that organoclay
barely modifies the T, of PA 6. In other studies, however, it has
been shown that organoclay decreases [26] or increases [27] the
T, of PA 6. These different trends are probably due to the type
and quantity of organic modifier used to compatibilize the clay
and PA 6. The decrement in Ty by water sorption is well-known
in polymers. This shift of T, can be explained in terms of two main
mechanisms: (a) the water molecules screen off the attractive
forces between polymer chains and (b) the absorbed water en-
larges the free volume amongst polymer chains, allowing the chain
segments greater freedom of movement. An important conse-
quence of this decrease of T, in wet PA 6 and its nanocomposites
below 25 °C is that the viscoelastic flow in the rubbery state can
be studied at room temperature, which enables the creep experi-
ments to be easily performed.

Creep in polymers is related to their molecular chains mobility.
Both the location and magnitude of the glass transition peak reflect
the extent of this mobility. While T, has not been modified by the
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Fig. 3. Loss modulus vs temperature of (a) dry and (b) water-saturated PA 6 and its
nanocomposites showing the «, # and y relaxations.

organoclay, the value of tan § at the peak steadily decreases with
clay loading. This trend indicates that the polymer chain mobility
might be decreased in the presence of organoclay particles, and
hence the creep resistance could be improved. This hypothesis will
be studied in the following sections.

3.2. Viscoelastic response

DMA and indentation creep tests (in the skin and core regions)
give a wide perspective of the time-dependent behaviour of these
materials since different features affect the mechanical response in
each situation. DMA is a macro-mechanical test on the bulk mate-
rial, where the applied stress field is predominantly unidirectional,
while the nanoindentation test is more sensitive to molecular phe-
nomena and the local surface material is under a triaxial stress
state. The difference between the indented locations is that the vis-
coelastic response of PA 6 in the skin region is modified by the high
crystallite orientation induced by the organoclay and the orienta-
tion of organoclay itself, while in the core region the crystallites
are randomly oriented and the organoclay is only oriented with re-
spect to the injection flow direction [19].

Creep compliance (J) curves of water-saturated PA 6 and its
nanocomposites obtained from the nanoindentation tests are
shown in Fig. 5a and b together with the macroscopic creep tests
(see Fig. 5¢) for comparison. Although the shapes of the J(t) curves
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Fig. 4. Loss tangent vs temperature of (a) dry and (b) water-saturated PA 6 and its
nanocomposites showing the «, § and y relaxations.

are similar, the position along the y-axis, representing the initial
compliance at time zero J(0) = J, differs. The creep compliance val-
ues are lower in the skin region than in the core region due to the
processing orientation effect near the mould walls. In PA 6 there is
molecular orientation, and in nanocomposites the crystals and
organoclay are also aligned in the injection flow direction [19].
There is no direct relationship between the creep compliances ob-
tained with cantilever-bending and nanoindentation tests since
the induced stress states are very different in these two loading
geometries. Hence, nanoindentation evaluates the local surface
material creep behaviour and cantilever-bending yields an average
creep response of the bulk material.

It is clearly shown in Fig. 5 that the incorporation of organoclay
shifts the creep compliance curves to lower values illustrating the
increase in creep resistance. But two points should be noted. One,
the creep compliance J(t) measured consists of an initial compli-
ance Jo and a time-dependent compliance (J(t) — Jo). To examine
the role of organoclay on time-dependent creep, it is necessary to
separate these two components. This is discussed in Section 3.3 be-
low. Two, with organoclay loading beyond 3.3 vol.%, no further
improvement against creep of PA 6 can be gained. Similar behav-
iour has also been reported in other studies [10,18]. The two main
reasons for this behaviour are the morphological changes induced
by organoclay in PA 6 matrix (i.e., promotion of the soft y-phase
[28,29]) and the particle-particle interaction at high filler loading
which decreases the matrix—particle load transfer [30].
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Fig. 5. Comparisons of experimental creep compliance of water-saturated PA 6 and
its nanocomposites with Beckwith equation (Eq (1)): (a) nanoindentation on skin
region, (b) nanoindentation on core region and (c) cantilever-bending of bulk
sample.

3.3. Analyzing creep compliance

To further investigate the role of organoclay on the creep resis-
tance of PA 6, the micro-mechanical model proposed by Halpin-
Tsai [31], which has been shown to predict successfully the elastic
modulus of polymer-layered nanocomposites [10,32] and modified
for time-dependent characterisation by Beckwith [33], is used.
That is
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Table 2
Experimental (¢, Jo) and fitting ({) parameter for Beckwith’s equation.

Nanoindentation Single-cantilever-
Skin Core bending
of Jo(GPa™!) ¢ Jo(GPa™!) ¢ Jo(GPa™") ¢
NO.O 0.0000 1.48 N/A  2.07 N/A 1.82 N/A
N1.1 0.0074 1.07 143 147 143 129 150
N2.2 0.0150 0.91 116 1.22 117 1.10 112
N3.3 0.0227 0.86 75 1.04 107 1.02 129
N4.5 0.0306 0.90 49 138 35 091 114
-1 “1/e
Jr (1= ¢p) +Jn(t) " ((+ ¢r)

(1)

ct :mt - -
J(t) =] ()]f1(1+$y¢f)+-lm(t) "¢ - Cey)

where J. is composite compliance, J,,, matrix compliance, J;, filler
compliance, ¢y, filler volume fraction, t, time, and { is shape factor
which depends on the geometry, orientation and aspect ratio of
the particles. Clay is assumed to be time-independent and its com-
pliance, J, is taken as 0.0058 GPa~![10]. Clay volume fraction, ¢, is
calculated by discounting the volume occupied by the surfactant
which is 55 vol.% in Cloisite® 30B. The parameter ¢ is chosen to
match the calculated and experimental initial compliances,
J{0)=Jo at t=0.

Table 2 gives the values for Jo=J/0), ¢; and { for the PA 6/
organoclay nanocomposites (N1.1, N2.2, N3.3 and N4.5) and
Jo=Jm(0) for neat PA 6 (NO.0), while J,,,(t) for neat PA 6 (NO0.0) is
shown in Fig. 5. Thus, predictions of creep compliance J(t) of the
four nanocomposites using Eq. (1) are superposed in Fig. 5 for
the skin/core nanoindentation creep and cantilever-bending creep
tests. Also, to examine the time-dependent creep component of
each material, the initial compliance, Jo, was subtracted from the
creep compliance J(t) and normalized by J,, as shown in Fig. 6.
The predicted curves obtained from Eq. (1) are also plotted in
Fig. 6 to compare with the experimental results.

It should be noted that Beckwith’s equation describes the
behaviour of composites in uniaxial tension, not under the com-
plex stress field created by an indenter. It has also been shown that
during the indentation of composites the particles are pushed to-
gether, increasing the relative concentration beneath the indenter
tip [34]. This means that Beckwith’s equation would overestimate
the nanoindentation compliance of the composites. However, as
evident from Fig. 5a and b, the predicted results according to Eq.
(1) either match closely or fall slightly below the experimental
data. But more importantly, Fig. 6a and b shows that the time-
dependent creep data (minus the effect of Jo) of PA 6/clay
nanocomposites are generally worse than neat PA 6. These results
indicate that organoclay does not have a constraining effect on
the polymer chains under nanoindentation and that the observed
improvement in creep resistance of PA 6 in Fig. 5a and b is a direct
consequence of the much improved initial compliance due to the
addition of organoclay.

However, different to the nanoindentation tests, Fig. 6¢ shows
the time-dependent creep data are reduced by organoclay under
cantilever-bending when compared to neat PA 6, indicating that
nanoclay has a constraint effect on the PA 6 chains in this case.
The exception being N1.1 in which the organoclay is not fully exfo-
liated [19]. This means that for effective improvement in bulk
creep resistance of PA 6, well-dispersed exfoliated nanoclay is re-
quired. Beckwith’s equation also overestimates the creep compli-
ance, J(t), in Fig. 5c and time-dependent creep in Fig. 6¢ (except
N1.1 which is underestimated). Therefore, it may be inferred that
for N2.2,N3.3 and N4.5, organoclay reduces both the initial compli-
ance and the time-dependent creep, which together contribute to
the increased creep resistance of these nanocomposites. However,
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Fig. 6. Normalized experimental time-dependent creep compliance component of
water-saturated PA 6 and its nanocomposites and Beckwith’s predictions: (a)
nanoindentation on skin region, (b) nanoindentation on core region and (c)
cantilever-bending of bulk sample.

for N1.1, the improved creep resistance is solely due to the de-
crease of the initial compliance. This difference with respect to
the other nanocomposites stems from the low degree of exfoliation
in N1.1 which yields a higher inter-particle distance and a less
dense particle net, allowing the mobility of the polymer molecules
and increasing the time-dependent creep.

It is noted that the relative improvement of the bulk and surface
creep resistance is not proportional to the organoclay loading. This
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is due to the surfactant used to compatibilize the clay which is
more compliant than the PA 6 matrix [10] and deteriorates its
creep response, as well as the soft y-crystals [28,29] and small
spherulites induced by the organoclay. It is proposed that the lack
of evidence of the constraint effect of organoclay in the indentation
creep results are due to a combination of the two abovementioned
effects (plasticization of the surfactant and morphological changes
due to the addition of clay) and the lower capacity of the organo-
clay to restrict the molecular chain mobility in the surface, which
is a direct consequence of the higher degree of freedom of the poly-
mer with respect to the bulk [35].

In this particular PA 6/organoclay system and according to the
studied bulk and surface creep behaviour, the optimum organoclay
loading is 3.3vol.%, beyond which there are no significant
improvements in the creep resistance.

4. Conclusions

At room temperature, water-saturated PA 6 and its nanocom-
posites are in the rubbery plateau. In this rubbery state and accord-
ing to the DMA cantilever-bending tests, organoclay reduces the
creep compliance J(t) relative to neat PA 6. It is further shown that
exfoliated organoclay is effective in decreasing the time-dependent
creep component. This fact supports the hypothesis that nano-
particles, unlike their micro-particles counterpart, have a
constraint effect on the polymer matrix at the molecular level.

In the nanoindentation tests, the creep compliance was also de-
creased by the addition of clay. However, it was orchestrated by
the reduction in the initial compliance Jo, and not the time-depen-
dent component, indicating that the constraint effect is not evident
in the nanoindentation tests. This difference with respect to the re-
sults obtained in cantilever-bending is attributed to the higher
capacity of organoclay to restrict the molecular mobility in the
bulk compared to the surface.

Overall, the addition of organoclay above 3.3 vol.% does not fur-
ther improve the creep resistance of the nancomposites. This is
attributed to the increasing proportion of the soft surfactant in
the clay and the modification of the PA 6 morphology upon intro-
duction of the nano-platelets.
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Appendix A

To determine the creep compliance, J, stepwise load-unload
spherical indentations at different creep loads are performed. The
analysis of the curves is as follows:

1. The Oliver-Pharr’s method [36] corrected by the Ngan-Tang’s
equation [37] is used to determine the initial compliance, Jo,
which is the inverse of the elastic modulus, E.

2. The normalized “apparent” creep compliance, JJO is obtained

from the displacement/time curves in the load holding period

as:

J7(®) (@) 2 (A-1)

Jo \ho

where h(t) is displacement during the holding of the load and hq is
initial displacement at maximum load, i.e., h(0).

spherical

3. The plastic displacement ratlo, g is calculated as:

PR /PR

where v is the Poisson ratio of the material, R is the radius of the in-

denter and Py is the load in the holding period.

4. The true normallzed creep compliance values jio are determined
from plots £2 T w by extlapolatmg I at various loads to
zero plastic dlsplacement for each given t1me tn, using linear
regressions.

5. The creep compliance J is calculated as:

(A-2)

Jit) = Ji () % Jo (A-3)
0
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