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Abstract:

The elongational flow of polymethylmethacrylate / nano-clay composites was studied during stressing and creep
experiments using a Münstedt tensile rheometer (MTR). The dispersion of the nano-clay was controlled by means
of transmission electron microscopy (TEM) and the layer distance was measured with X-ray diffraction (XRD).
With growing volume fraction of the filler an increase of the viscosity is observed under constant strain rate and
constant stress conditions. The results for the elongational viscosities for both modes are consistent with each
other. Furthermore, a strain softening behavior can be measured, which is the more pronounced the higher the
nano-clay content is. As the Trouton rule is not valid, deviations from the linear behaviour are related to an envo-
lope curve for the elongational viscosities instead of the threefold zero shear viscosity.

Zusammenfassung:

Die dehnrheologischen Eigenschaften von Polymethylmethacrylat/Schichtsilikat Nanokompositen wurden in
Spann- und Kriechversuchen mit einem Dehnrheometer nach Münstedt (MTR) untersucht. Die Verteilung des Füll-
stoffs wurde mittels Rasterelektronenmikroskopie überprüft und der Schichtabstand der Silikatplättchen mittels
Röntgendiffraktometrie (XRD) gemessen. Mit steigendem Füllstoffgehalt wird bei konstanter Dehnung bzw. kon-
stanter Spannung ein Anstieg der Viskosität beobachtet. Die Ergebnisse der Dehnviskositäten aus Spann- und
Kriechversuchen sind dabei auch quantitativ konsistent. Desweiteren führt die Füllstoffzugabe zu einem dehn-
entfestigenden Verhalten der Komposite, welches umso ausgeprägter ist, je höher der Schichtsilikatgehalt wird.
Da die Trouton Regel nicht angewendet werden kann, werden Abweichungen vom linearen Verhalten nicht auf
das Dreifache der Schernullviskosität, sondern auf die Einhüllende der Dehnviskositätskurven bezogen.

Résumé:

Le comportement mécanique sous écoulement élongationnel de nanocomposites de polyméthacrylate de
méthyle / silicates lamellaires a été étudié en mode écoulement et en mode fluage au moyen d’un rhéomètre
élongationnel de type Münstedt (MTR). La dispersion des nanoparticules de silicates a été contrôlée par
microscopie électronique à transmission (TEM) et la distance entre les lamelles a été mesurée par diffraction
de rayons X (XRD). Lorsque la fraction volumique des nanoparticules augmente, une augmentation de la vis-
cosité peut être observée, aussi bien à déformation constante qu’à contrainte constante. Les résultats de la
viscosité élongationnelle sont ainsi quantitativement consistants entre les deux modes. De plus l’ajout de sili-
cates fait apparaître un comportement d’adoucissement mécanique du composite, d’autant plus prononcé
que la fraction volumique des nanoparticules augmente. Comme la règle de Trouton n’est pas applicable, les
déviations par rapport au comportement linéaire sont à relier à la courbe enveloppant les viscosités élonga-
tionnelles et non pas au triple de la viscosité à gradient nul.
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1 INTRODUCTION
Investigations on the elongational behavior of
polymer melts are not as often described in the
literature as characterizations in shear. Howev-
er, the properties of polymer melts under elon-
gation are very important for various processing
operations like e.g. foaming, film blowing and
spinning. The behavior of polymer / nano-clay
composites under elongation is still little known.

First investigations on the elongational behav-
ior of polymer / nano-clay composites were carried
out by Okamoto et al. [1]. Measurements of
polypropylene / nano-clay composites were per-
fomed using a Meissner-type elongational rheome-
ter. These measurements show a tendency to strain
hardening and a strong deviation from the Trouton-
rule. Furthermore, the orientation of the clay was
analyzed, in order to investigate its influence.
According to Okamoto et al. [1] the strain hardening
behavior results from the alignment of some clay
particles perpendicularly to the flow direction. Dong
et al. [2] explains the observed strain hardening
effect of nano-clay in polyamide 6 similarly. Uniaxi-
al elongational viscosity was measured by means of
a Rheometrics Melt Extensional (RME) rheometer. 

Polymethylmethacrylate / nano-clay compos-
ites were studied by Kotsilkova [3]. The investiga-
tions were carried out using an elongational flow
opto-rheometer (EFOR) according to Kotaka et al.
[4]. A strain hardening behavior due to the clays is
observed which is supposed to be caused mainly by
a delayed relaxation of the polymer / nano-clay
composites

Investigations on nano-clay composites of EVA
with 28 wt.% vinyl acetate content (EVA28) with dif-
ferent loadings of organically-modified bentonite
clay were carried out by Gupta et al. [5]. Measure-
ments of EVA28 / nano-clay composites were con-
ducted using a Rheometrics Melt Extensional (RME)
rheometer. The measurements in elongation show
a reduced strain hardening phenomena explained
by fewer polymer chains available for the strain
hardening effect. Furthermore, a deviation from
the Trouton-rule for EVA28 / nano-clay composites
is observed. Park et al. [6] studied composites of
polypropylene, maleic anhydride modified
polypropylene and polystyrene filled with nano-
clay using a Meissner-type elongational rheometer
to characterize the influence of the exfoliation
grade of nano-clay on the elongational flow. A
strain-hardening effect of nano-clay is not

observed for intercalated clay whereas exfoliated
clay shows a strain hardening behavior which is
explained by strong interfacial forces between the
polymer and the exfoliated nano-clay. 

The scope of this work is to investigate the vis-
cous properties in elongation of polymethyl-
methacrylate / nano-clay composites using a Mün-
stedt tensile rheometer (MTR). The big advantage
of this type of rheometer is that besides the mea-
surement of the elongational viscosity under con-
stant strain rate also constant stress conditions can
be applied.

2 EXPERIMENTAL

2.1 MATERIALS
As matrix material polymethylmethacrylate
Plexiglas® 7N (PMMA 7N) from Degussa-Roehm
with a weight average molar mass of 8.4·104

g/mol, a density of 1.19 g/cm3 at room tempera-
ture and a glass transition temperature of 110°C
was used. Clay from Sued Chemie with a density
of 1.63 g/cm3 was chosen as filler material. In
order to ease the intercalation of the silicate lay-
ers with polymer molecules, clay was used whose
primary cations were already exchanged by
ammonium salts with long alkyl chain-side
groups. Therefore, Nanofil® NF15 with dioctade-
cyl-dimethyl-ammonium-chloride was applied
in order to ease the intercalation of the polymer
molecules. In the following the term nano-clay is
used for it.

2.2 COMPOSITE PREPARATION
The composites were prepared via a two-step-pro-
cedure. First, the polymer was solved in chloro-
form and then mixed with a high amount of clay
to obtain a master batch with 30 wt.% clay in
PMMA. For a good dispersion of the particles the
solution was stirred with an Ultraturrax high
speed stirrer and put into an ultrasonic wave bath.
After that, the mixture was stirred with a mag-
netic stir bar before poured out of the flask. In the
second step, after evaporating the solvent, the
dried master-batch was melt-mixed in a kneader
(Haake PolyDrive Mixer) with pure polymer at
185°C for 10 min at 25 rpm in order to adjust the
desired volume concentration. To obtain compa-
rable results of the raw material and the compos-
ites, batches with pure polymer were treated the
same way and used as reference material.
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2.3 SAMPLE PREPARATION
For the elongational experiments cylindrical
samples of a length of 25 mm and a diameter of
about 5 mm were used. They were prepared by
extrusion of polymer / nano-clay composites
through a capillary at a temperature of 190°C, fol-
lowed by an annealing step in a silicone oil bath
for half an hour. After this time no further change
in the diameter of the samples was measurable.
The surfaces of the samples was activated by
plasma-etching and the sample ends were glued
to aluminium clamps by a two-component epoxy
resin adhesive (Technicoll 8266/67). The clamps
were used to affix the specimen to the pull rod
and the force transducer of the elongational
rheometer.

To obtain samples for experiments in shear,
the material was compression-molded at 185°C
under vacuum into plates with a diameter of 25
mm and a sheet thickness of 2 mm. Before each
rheological measurement the samples were
dried for at least 12 hours at 80°C in a vacuum
oven.

2.4 RHEOLOGICAL CHARACTERIZATION
The elongational experiments were conducted
with an extensional rheometer, which was
described in detail by Münstedt et al. [7]. With
this apparatus a sample can be deformed uniax-
ially in the molten state by stretching it in a heat-
able silicone oil bath. The sample and the oil are
of a similar density at the measuring tempera-
ture in order to eliminate gravity and buoyancy
effects, which may lead to an inhomogeneous
deformation of the specimen.

The polymer / nano-clay composites were
tested in the constant strain rate and the con-
stant stress mode of the rheometer at T = 180°C.

Up to a Hencky strain eH of about 2.5 all samples
showed a homogeneous deformation without
necking. The sample deformation was observed
with a digital camera. The thermal stability was
determined by means of dynamic-mechanical
tests in shear with a stress-controlled rheometer
CSM 50 (Bohlin, now Malvern Instruments). The
temperature stability is defined by the change in
storage modulus G’, which correlates to Mw

6.8 in
the terminal region, with Mw being the weight
average molar mass. G’ is only allowed to diverge
less than 5 % from the initial value. All experi-
ments presented were performed within the sta-
bility time.

To prove the Trouton rule rheological char-
acterizations of the polymer / nano-clay com-
posites in shear at low deformation rates at a
temperature of 180°C were carried out by steady
shear experiments using an ARES rheometer
with a force rebalance transducer (FRT) from
Rheometric Scientific. The chamber was purged
with dry nitrogen to avoid thermal degradation
of the materials during the measurements.

2.5 MORPHOLOGICAL ANALYSIS
The layer distance of the silicate in the polymer
matrix was examined by X-ray scattering mea-
surements using an X`pert Pro MPD from Philips
with Cu-Ka· radiation at an acceleration voltage
of 40 kV. The layer-distance was calculated by the
Bragg-law using the 001-reflex. The dispersion of
the clay in the polymer matrix as well as the ori-
entation after sample preparation were investi-
gated by transmission electron microscopy (TEM)
using an EFTEM LEO 912 (LEO, Carl Zeiss SMT AG)
at the Institute of Polymer Materials of the Mar-
tin-Luther-Universität Halle-Wittenberg.
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Figure 1 (left):
TEM-analysis of PMMA /
nano-clay composites
(4.1 vol% clay) after sample
preparation a) extruded
sample for elongation, b)
compression-molded sam-
ple for shear.

Figure 2:
TEM-analysis of PMMA /
nano-clay with 4.1 vol% clay
(extruded sample for elon-
gation).



3 RESULTS AND DISCUSSION

3.1 MORPHOLOGY
TEM-analysis was conducted to prove the dis-
persion of the clay in the polymer matrix. Besides
that, the alignment of the clay in elongation and
shear samples after different sample prepara-
tion modes was investigated. XRD-measure-
ments revealed that the clay is intercalated with
an average layer distance of 3.5 nm after an ini-
tial layers distance of 3.2 nm. Some platelets are
exfoliated as can be seen in Figure 2. The cuttings
for the TEM-analysis were made as described in
Figure 1a for elongational samples and Figure 1b
for shear samples. 

The clay appears black or dark grey due to its
lower transparency for the electron beam compared
to the matrix material. As it can be seen in Figure 1a
and b the clay is well dispersed. Furthermore, an
alignment in extrusion direction of the clay within
the samples prepared for elongation is observed
(Figure 1a). The clay in the compression-molded
shear samples, however, is dispersed randomly (Fig-
ure 1b). The alignment of the clay by the extrusion
process during the sample preparation is not sur-
prising. Takahashi et al. [8] also found an alignment
of glass fibers i.e. anisotropic fillers in extrusion
direction resulting from sample preparation. An ori-
entation of clay in flow direction in polyamide 6 is
described by Kojima et al. [9]. In this case samples
were produced via injection molding. Feng et al. [10]

investigated polypropylene/ polyamide 6 / nano-
clay composite blends and described an orientation
of clay in the direction of extensional flow in the
polyamide 6 nano-clay composite droplets.

3.2 STRESSING EXPERIMENTS
Stressing experiments were carried out for various
volume fractions of clay up to 8.9 %. The tempera-
ture was set to 180°C, i.e. 70°C above the glass tran-
sition temperature. In Figure 3 the elongational vis-
cosities of the neat PMMA and PMMA / nano-clay
composites with 3.2, 5.9 and 8.9 vol.% clay are plot-
ted for different strain rates. The dashed line rep-
resents the envelope curve, which agrees up to 100
seconds with the viscosity curve for the lowest
strain rate used. This is considered to be in the lin-
ear region. For longer times a contant viscosity was
assumed. The envelope curve in our case cannot be
related to shear experiments as the Trouton-rule is
not valid for pure PMMA and PMMA / nano-clay
composites. This finding is described in the appen-
dix. Thus the three-fold transient shear viscosiy
could not be drawn as a base line. Therefore, the
envelope curve was used as a reference in order to
calculate the strain hardening factor.

Unfilled PMMA shows a small strain harden-
ing behavior at the highest applied constant strain
rate of e· 0 = 0.1 s-1 (Figure 3a). At the other constant
strain rates no strain hardening behavior is
observed. The steady-state viscosity in elongation
at the applied strain rate of e· 0 = 0.005 s-1 is approx-
imately 1.4 MPa·s. PMMA filled with 3.2 vol% clay
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Figure 3:
Transient elongational vis-
cosity at 180°C of
a) neat PMMA,
b) PMMA / 3.2 vol% nano-
clay,
c) PMMA / 5.9 vol% nano-
clay,
d) PMMA / 8.9 vol% nano-
clay.



shows a small strain softening behavior (Figure
3b). The steady-state viscosity in elongation at the
smallest applied strain rate of e· 0 = 0.005 s-1 has
increased from 1.4 MPa·s to 2.4 MPa·s. The strain
softening behaviour gets more pronounced with
higher volume fraction (Figure 3d). For 8.9 vol.%
clay the steady-state viscosity rises to 6 MPas for
the lowest strain rate applied. The steady-state vis-
cosity at e· 0 = 0.005 s-1 in elongation increases with
the growing volume fraction of clay. This behavior
is well-known for conventional fillers. Due to the
stiff particles in the matrix the resistance against

deformation grows. Furthermore, the fraction of
the polymer decreases with increasing filler con-
tent. Thus less deformable polymer molecules
exist per volume unit.

In Figure 4 the strain hardening factor as a
function of volume fraction is displayed for a
Hencky-strain of eH =1 and eH =2. The strain hard-
ening factor SH is defined as the ratio of the non-
linear elongational viscosity he(nonlin)+ and the
linear elongational viscosity he(lin)+ at a certain
Hencky-strain eH and a constant strain rate.

(1)

The strain hardening factor SH is plotted for a
constant Hencky-strain rate of e· 0 = 0.1 s-1.

Pure PMMA shows a small strain hardening
factor of approximately 1.1 for both Hencky-
strains. The strain hardening factor decreases
below 1 with increasing volume fraction of the
filler, which reveals the strain softening behav-
ior caused by the clay. For the Hencky-strain of
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Figure 4 (above):
Strain hardening factor of
PMMA / nano-clay compos-
ites at 180°C.

Figure 5:
Elongational rate as a func-
tion of time in creep experi-
ments at two different
stresses on neat PMMA
(a and b) and PMMA / 7.3
vol% clay (c and d) at 180°C.



eH = 2 the strain softening effect of clay is
stronger. Therefore, the strain hardening factor
SH is smaller for a Hencky-strain of eH = 2 than
for eH = 1 for the different volume fractions.

The strain softening effect due to micro
fillers has been reported in literature several
times [11, 12, 13, 14]. Fillers produce a strain-soft-
ening behavior which increases with growing
volume fraction and aspect ratio [8]. The strain
softening effect of fillers can be explained by
the development of shear flow around the
fillers, which counteracts the elongational flow
and thus lowers the viscosity due to the shear
thinning behavior of polymers [15,  16].
Nanoscale anisotropic particles like the clay
investigated probably lead to a stronger forma-
tion of shear flow around the particles due to
their higher specific surface area compared to
isotropic particles. Takahashi et al. [8] describe
an alignment of glass fibres in extrusion direc-
tion effected by sample preparation. Such an
alignment of clay in extrusion direction is also
observed with TEM for the clay in the elonga-
tional samples (Figure 1a). This alignment of
anisotropic fillers combined with the strong for-
mation of shear flow around anisotropic
nanoparticles is supposed to cause the strain
softening behavior.

3.3 CREEP EXPERIMENTS FOR PMMA / NANO-
CLAY COMPOSITES
For a further characterization of the strain soft-
ening behavior of nanoscale clay, creep experi-
ments on PMMA / nano-clay composites were
carried out. Constant stresses from 25 kPa to 150
kPa were applied. In that range a steady-state
elongational flow is reached for all PMMA / nano-
clay composites, allowing the calculation of
steady-state viscosities in elongation for differ-
ent stresses. To demonstrate the attainment of
a steady state in the creep experiments the strain

as a function of time at constant stresses of 25
kPa and 150 kPa for a neat PMMA and a PMMA
/nano-clay composite with 7.3 vol% clay is plot-
ted in Figure 5. From the constant strain rates the
steady-state viscosities in elongation are calcu-
lated. 

Figure 6 shows the steady-state elonga-
tional viscosities of PMMA / nano-clay compos-
ites for different volume fractions and different
stresses. The values of the unfilled PMMA are
stress-independent within the ccuracy of the
measurements. With a growing volume fraction
of clay, a significant increase of the steady-state
viscosity is found. The steady-state elongational
viscosities of the PMMA / nano-clay composites
decrease with increasing stress. The decrease is
stronger for higher volume fractions. This effect
reflects the strain rate dependence of the strain
softening behavior of the PMMA / nano-clay
composites shown in Figure 3.

In Figure 7 the stationary viscosities from the
stressing experiments are added to the data from
the creep experiment. From the stressing exper-
iments the elongational stress was calculated by
multiplication of the applied shear rate and the
highest value measured for the elongational vis-
cosity, which is in most cases is nearly stationary
at high elongations.

It can be seen, that the results of the creep
experiments of PMMA / nano-clay composites
are consistent with the results of the stressing
experiments described above. This finding is very
important as it reveals the reliability and com-
patibility of the elongational measurements per-
formed. The experimental results can quantita-
tively be described by the power low type
equation  with K and n being functions of the vol-
ume concentration. n increases with growing
volume concentration.
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Figure 6 (left):
Steady-state elongational
viscosity of PMMA / nano-
clay composites at 180°C
(In order to guide the eye,
the data points for each vol-
ume fraction are connected
by dotted lines).

Figure 7:
Steady-state elongational
viscosity of PMMA / nano-
clay composites at 180°C
from creep experiments and
calculated from stressing
experiments (In order to
guide the eye, the data
points for each volume frac-
tion are connected by dot-
ted lines).



4 CONCLUSIONS
Stressing and creep experiments were carried
out to investigate the viscous properties of
PMMA / nano-clay composites in uniaxial elon-
gation. Constant strain and constant stress
experiments show an increasing viscosity with
growing volume fraction of clay. This finding is
explained by the hindrance of the flow of the
polymer molecules due to the stiff filler particles.
In addition, a strain softening behavior is
observed for the nano-composites, which
becomes more pronounced at higher filler con-
centrations. The strain softening factor strongly
increases with the filler content, which can be
explained by the development of shear flow
around the fillers. This counteracts the elonga-
tional flow and thus lowers the viscosity due to
the shear thinning behavior.

APPENDIX - EXAMINATION OF THE TROUTON-
RULE
The Trouton-rule

(2)

determines the relation between the transient
elongational viscosity he

+(t) and the transient
shear viscosity h0

+(t) in the linear region. The
validity of that rule was investigated for the
unfilled PMMA as well as for highly filled poly-
mer / nano-clay composites. In Figure 8 the tran-
sient elongational viscosity and the three-fold
transient shear viscosity from a steady shear
experiment are plotted for pure PMMA. For neat
PMMA there is a deviation from the Trouton-rule.
The transient elongational viscosity he

+(t) is 3.8
times higher than the transient shear viscosity
h0

+(t). Stressing experiments at constant shear
rates of 0.02, 0.01, and 0.001 s-1 were conducted
to prove the linearity of the transient shear vis-
cosity h0

+(t) (Figure 9).
The shear viscosities for the different shear

rates are the same, thus the linear region is
reached. Such a deviation from the Trouton-rule
for a homopolymer was not found in literature
and is contrary to results from Linster and Meiss-
ner for PMMA [17]. Therefore, big efforts were
made in order to prove that the measurements
are correct. Furthermore, it was searched for a
reason for this derivation from the Trouton-rule.
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Figure 8 (left above):
Transient elongational and
shear viscosity of PMMA at
180°C.

Figure 9 (right above):
Stressing experiments of
PMMA at different shear
rates at 180°C.

Figure 10 (left below):
Transient elongational and
shear viscosity of PS at
180°C.

Figure 11 (right below):
Transient elongational and
shear viscosity of PMMA /
8.9 vol% nano-clay at 180°C.



The elongational and shear measurements were
repeated several times with different measuring
modes to eliminate any possibility of measuring
artefacts. As the viscosity of PMMA is very sensi-
tive to temperature changes, the temperature of
180°C was checked with an external temperature
sensor for the MTR and the ARES. To exclude any
temperature deviations PS 158K, as well a poly-
mer with a viscosity very sensitive to changes in
temperature, was measured with the same
apparatuses at the same conditions. Here the
Trouton-rule is valid as can be seen in Figure 10.
The envelope of the transient elongational vis-
cosity he

+(t) and the three-fold transient shear
viscosity h0

+(t) fit to each other. Linster and Meiss-
ner found similar results for PS 158K [17]. There-
fore, temperature mistakes can be excluded
when looking for the reasons for the deviation
from the Trouton rule.

It is furthermore conceivable that the sili-
cone oil in the oil bath of the elongational
rheometer diffuses into the polymer sample.
Here the oil molecules could act as plasticizer.
However, this would cause a decrease of the
elongational viscosity and therefore a factor for
the Trouton-rule below 3 and not above. 

As the incompressibility of a material is a
requirement for the Trouton-rule it was checked via
pvT-measurements if this is fulfilled for PMMA.
Within the experimental errors no compressibility
was found for a pressure range comparable to the
stresses applied in the elongational experiments.
Therefore, it cannot be clarified why there is a devi-
ation for the Trouton rule for the unfilled PMMA. In
Figure 11 and 12 the transient elongational viscosi-
ties and the transient shear viscosities are plotted
for highly filled polymer / nano-clay composites. For
the PMMA / nano-clay composites and the PS /
nano-clay composites the Trouton-rule is not valid.
For the PMMA / nano-clay composite with a volume
fraction of 8.9 % clay the transient enveloping elon-
gational viscosity he

+(t) is 10 times higher than h0
+(t),

for the PS / nano-clay composites with a volume
fraction of 4.8 % of clay it is 3.5 times the transient
shear viscosity h0

+(t).
A deviation from the Trouton-rule for filled sys-

tems is described in literature several times. Taka-
hashi et al. [8] observed a deviation from the Trou-
ton-rule for LDPE filled with anisotropic glass fibres
and explained it by the different orientation of glass
fibres in elongational and shear samples. The devi-
ation from the Trouton-rule for polymer / nano-clay

composites could similarly be attributed to the dif-
ferent orientation of clays in elongational and shear
samples as described in Figure 1. There is an align-
ment of clay in extrusion direction in elongational
samples whereas the distribution in the shear sam-
ples is random. 
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