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from room temperature to 190 °C and were
kept at 190 °C for 10 min. The temperature
was decreased to 20 °C and the sample was
reheated to 190 °C using always the same rate
(10 K/min). The same protocol was also used
for the third cycle where the melting peak
was measured to be 138 °C. Then, the
melting peak was integrated and divided by
the value of the heat of fusion of 100%
crystalline PE (293.6 J/g)6 to obtain the
percent crystallinity of the sample, which
was found to be 67%.
RheoNMR
Our newly developed Rheo-NMR set-up is a
combination of a custom-built low-field
permanent 0.7 T magnet (30 MHz proton
resonance) installed in a commercial highend
strain-controlled
rheometer
(Rheometrics / TA ARES) using a Bruker
minispec as the console/amplifier for the
NMR probe (see Fig. 1). Machinable ceramic
was used to make proton-free and nonconducting
rheometric
tools.
The
temperature range for the sample analysis can
be controlled between -15 and 210 °C. A
Halbach design allows the building of small
magnets with field homogeneity (∆B/B0) ≈ 1
‰ and a low stray field. NMR relaxation
experiments determine the crystallinity via
the remaining intensity of a Carr-PurcellMeiboom-Gill echo (CPMG)4, 7. The CPMG
echo sequence provides information about
the mobile (amorphous) part of polymer
during crystallization. The CPMG decay
curve was fitted using a biexponential
function with amplitudes Ai and relaxation
rates 1/T2,i and back extrapolated:
I CPMG

Aa exp( t / T2,a )

Ab exp( t / T2,b ) (1)

Then, the backextrapolated ICPMG was
compared with the ICPMG from a supercooled melt to obtain the crystallinity,
Xc

1

I CPMG (t ) / I CPMG (t start ) ,

(2)

34

where Xc is the crystallinity, and tstart is the
time when the temperature reached the
desired crystallization temperature (Tc).
The samples were press-molded
under vacuum at 190 °C and 5 kN pressure
for 15 min in a laboratory press to make 1
mm thick disks that were 13 mm in diameter.
During the experiments, to ensure a
homogeneous shear rate in the sample, a
cone-plate geometry was used with a cone
angle of 12° and a diameter of 13 mm. The
large cone angle is necessary to have an
enough sample to obtain a sufficient NMR
signal.
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Figure 1. Illustration of the new developed
low-field RheoNMR set-up.
To evaluate the kinetic parameters of
PE crystallization and correlate these
parameters with rheological data, an Avrami
model approach was used to fit all
crystallinity curves up to 50 % of the final
crystallinity. Up to this point, the Avrami
theory provides a good fit because this is
assumed to be the period of primary
crystallization3, 8:
Xc

X c 1 exp[ ( K .(t t0 )) n ]

(3)

where X c is the final crystallinity and t0 is
the induction time needed for the creation of
the nuclei at Tc; K and n are the Avrami rate
constant and exponent, respectively. The

ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL. 24, 2016

G''
Karlsruhe Institute of Technology - KIT, 76128 Karlsruhe, Germany

RESULTS AND DISCUSSION
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rheological moduli reflects the viscoelastic
properties of the undercooled melt with short
plateaus and the later time long plateaus
associated with the final spherulitic
structures. The shapes of the rheological
curves at different temperature were similar,
which shows that the crystallization
mechanism remains unchanged. Figure 2b
shows the excellent overlay with only a small
difference in the times of the short plateaus
indicating the slight differences in the
viscoelastic properties of the supercooled
melt due to the different crystallization
temperatures. Increasing the temperature
slowed down the isothermal crystallization as
expected. At lower temperatures, there is an
increased tendency for slippage at geometry
walls in the later stages of crystallization. The
results from NMR show the maximum
attainable crystallinity at 2250 s (see Fig. 2c),
which decrease slightly with increasing
crystallization temperature due to slower
crystallization. In Fig. 2c, Xc shows behavior
that looks like it is decreasing during cooling,
but is in fact an artifact due to the signal
intensity change.
For more detailed analyses, an
Avrami model was fitted to the data to
evaluate the kinetics (see Fig. 3).

177 °C

M. B. Özen et al.

2.2
125.5

Temp (°C)

The rate parameter K decreases by a factor of
~3 when the temperature is changed by 1.7
°C, whereas the exponent n increased from
2.3 to 3.2 indicating potantial change from 2dimensional growth of the cystals to 3dimentional growth (see Fig. 3). It is
important to mention that Zhuravlev et al.9
observed homogenous nucleation only below

Figure 3. Results for the Avrami fit to the data
presented in Figure 2c.
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Table 1. Results for the Avrami fit to the data
presented in Figure 6a.
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CONCLUSION
The novel characterization technique
low-field RheoNMR provides the full
rheological shear characterization with
simultaneous monitoring of the molecular
dynamics to avoid thermal conditions
(temperature gradient, absolute temperature
difference). Macroscopic material properties
and microscopic molecular dynamics can be
correlated via this method. To display the
possibilities of this new method, study on the
isothermal crystallization of PE including the
temperature dependency and effect of preshear on the crystallization kinetics were
presented. The increasing the degree of
crystallinity
during
the
isothermal
crystallization experiment was measured via
TD NMR and the data was evaluated via
using the CPMG echo sequence. Kinetic
parameters (K, n) were determined by fitting
an Avrami model up to 50% of the final
crystallinity. A 1.7 °C increase in
temperature caused a factor of ~3 decrease in
K. And the change in the value for exponent
n indicates a potential change in the type of
crystal growth from disks (n≈2) to spherical
(n≈3). The nucleation mode was assumed to
be a heterogeneous nucleation based on the
literature due to the low cooling rate of the
device. The t1/2,rheo values showed an increase
monotonically from 435 s to 761 s, and tgel
changed from 276 s to 393 s with a 1.7 °C
increase in temperatures. The Xc,gel changed
from
0.7 to 1.9% with increasing
temperature. The results showed the
crystallization was slower when the
crystallization
temperature
increased.
Applying a short time pre-shear in the melt
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state enhances the crystallization, but did not
change the dependence of the rheological
moduli on the degree of crystallinity, which
may indicate that the morphology of the
sample was not affected. This unchanged
morphology should be confirmed via XRD as
a next step. Low-field RheoNMR enables a
clear evaluation of temperature and pre-shear
effects on the isothermal crystallization
kinetics.
Furthermore,
this
new
characterization technique can be used to
study gelation or curing reactions and, in the
case of polymer crystallization, the influence
of pre-shear, high strain amplitude,
temperature, additives, Mw, PDI and branch
or tacticity characteristics on the isothermal
crystallization process.
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tion for the industry and can be found in
a variety of forms in many manufacturing
operations. Extrusion throughput is limited by the onset of instabilities, i.e. product defects. Comprehensive reviews on the
subject of polymer melt extrusion instabilities can be found elsewhere.4, 6 A recent method proposed for the detection
and analysis of these instabilities is that of
a high sensitivity in-situ mechanical pressure instability detection system for capillary rheometry.8, 10 The system consists
of high sensitivity piezoelectric transducers
placed along the extrusion slit die. In this
way all instability types detectable, thus
opening new means of scientific inquiry. As
a result, new insights into the nonlinear dynamics of the flow have been provided.9, 14
Moreover, the possibility of investigating
the reconstructed nonlinear dynamics was
considered, whereby a reconstructed phase
space is an embedding of the original phase
space.2, 14 It was shown that a positive Lyapunov exponent was detected for the primary and secondary instabilities in linear and linear low density polyethylenes,
LDPE and LLDPE,.14 Furthermore, it was
determined that Lyapunov exponents are
sensitive to the changes in flow regime and
behave qualitatively diﬀerent for the identified transition sequences.14 It was also
shown that it is possible to transfer the
high sensitivity instability detection system to lab-sized extruders for inline advanced processing control and quality control systems.13

A high sensitivity system for capillary
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V., Wilhelm,
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of simultaneously
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the only method of probing material rheological properties in processing-like conditions, i.e. high shear rate, nonlinear viscoelastic regime, albeit in a controlled
environment and using a comparatively
small amount of material.1 Thus, it is
of paramount importance to develop new
techniques to enhance capillary rheometers for a more comprehensive probing of
material properties. Extrusion alone accounts for the processing of approximately
35% of the worldwide production of plastics, currently 280 ⇥ 106 tons (Plastics Europe, 2014). This makes it the most important single polymer processing opera-

A very recent possibility considered
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