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A newly developed hyphenated technique is presented combining an existing rheometer and
differential scanning calorimeter into a single experimental setup. Through the development of a
fixation accessory for differential scanning calorimeter �DSC� crucibles and a novel rotor, the
simultaneous measurement is performed inside the well-controlled thermal environment of a
Tzero™ DSC cell. Hence, the evolution of thermal and flow properties of a material can be
simultaneously measured using steady or oscillatory shear measurements and regular or modulated
temperature DSC measurements. Along with the construction of a prototype, a validation of the
design was performed. The technique offers interesting opportunities for the investigation of
flow-induced transitions, for instance, crystallization or phase separation, and provides an asset for
high-throughput screening of materials. The potential of the novel technique is demonstrated by two
case studies: the chemorheology during the cure of a thermosetting epoxy-amine system and the
flow-induced crystallization of syndiotactic polypropylene. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2838585�

I. INTRODUCTION

To ensure proper processing of a material, the knowl-
edge about its flow behavior and thermal properties is of
crucial importance. The state-of-the-art approach for investi-
gating these parameters requires the use of several analytical
techniques, since a single technique does not provide suffi-
cient understanding of the complex material behavior. For
instance, transition temperatures are typically measured by
means of a �modulated temperature� differential scanning
calorimeter ��MT�DSC�, whereas flow properties are com-
monly obtained from rheological testing. However, an accu-
rate comparison of the quantities measured on separate
instruments—for instance, viscosity and loss angle versus
heat content and heat capacity—is not straightforward, since
the measuring conditions—such as sample size, sample mor-
phology, and temperature control—are often quite different.
Moreover, an additional problem arises from the fact that
different samples, not necessarily exhibiting the same kinet-
ics, have to be measured in different instruments. Especially
if one aims at investigating �flow-induced� material transfor-

mations that are associated with changes in rheological and
thermal properties, such as polymerization, melting and crys-
tallization, or phase separation and remixing, an accurate
comparison between the techniques is required. Shear-
induced crystallization can be studied with in situ synchro-
tron small-angle x-ray scattering and wide-angle x-ray dif-
fraction after a step shear under isothermal conditions,1,2

however, these techniques do not allow for a simultaneous
rheological measurement and are not suitable for following a
polymerization.

In this work, a hyphenated technique is developed that
allows for a combined measurement of rheological and calo-
rimetric properties. A similar concept was put forward by
Martins et al.,3 Rheometric Scientific �currently TA
Instruments�,4 and Nagatake et al.5 However, the drawbacks
associated with their approaches limit the applicability of the
instruments. Martins et al.3 developed a shear differential
thermal analyzer that allowed studying the effect of con-
trolled shear pulses on the isothermal and nonisothermal so-
lidifications of polymers. For this purpose, a capillary rhe-
ometer and a differential thermal analyzer were combined
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into a single instrument. The setup basically consists of two
capillaries, one for the investigated polymer and another for
a reference material, which are located in separated but iden-
tical ovens. A major drawback of the system is the choice of
the reference material: it should have a heat capacity and
thermal conductivity similar to that of the polymer under
investigation, something which is very difficult to achieve
when studying unknown samples. Secondly, due to the rela-
tively large sample volume required, important temperature
gradients develop across the cross section of the sample,
leading to temperature lags during nonisothermal measure-
ments. The approach described by Rheometric Scientific and
Nagatake et al.,4,5 consists of a commercial plate-plate rhe-
ometer with a modified lower plate containing two thermo-
couples, one positioned closely underneath the test sample
and one mounted in the base plate, and as such allowing for
the measurement of temperature differences resulting from
sample transformations, as in a differential thermal analyzer.
Since the temperature difference is only detected at a single
axial distance, the technique only provides a local measure-
ment of the heat flow and does not necessarily represent the
overall response of the sample. Moreover, since the upper
plate is not directly heated or cooled, vertical temperature
gradients are likely to occur in view of the generally low
thermal conductivity of the test specimen. Finally, since the
thermocouples are in different arrangements, the temperature
difference also contains contributions from the instrumental
setup in addition to those related to the sample’s response.
Such difficulties could be overcome by calibration proce-
dures, which are, however, not documented in the patent.4

To overcome the drawbacks associated with previous in-
strument designs, a commercial DSC cell was modified to
accommodate the rotor connected to a commercial rheom-
eter. By measuring directly in the DSC cell, one assures a
quantitative temperature control. As a result, steady shear or
small angle oscillatory shear rheometry measurements can be
combined with linear or MTDSC measurements; the latter
enabling the simultaneous measurement of heat flow and
heat capacity.6,7 First, the design of the new assemblies will
be discussed. Subsequently, the rheological and calorimetric
signals are analyzed separately, as to provide the necessary
validation of the device. To conclude, the potential of the
technique is highlighted by two case studies.

II. DESIGN AND CONSTRUCTION
OF THE INSTRUMENT

A prototype RheoDSC instrument was constructed
starting from two stand-alone instruments: a Q1000 Tzero
DSC �TA Instruments� and an AR1000 rheometer �TA
Instruments�. The Q1000 Tzero DSC uses the Tzero™
technology,8,9 which is of importance in view of the modifi-
cations that will be introduced into the cell when upgrading
to a RheoDSC setup. The Tzero thermocouple, located be-
tween the sample and reference sensors, allows for a detailed
mapping of the thermal environment of the sample and al-
lows accounting for the thermal resistances and capacitances
of the various heat flow paths in the cell.

To be able to conduct a rheological measurement inside
a DSC crucible located on a DSC sensor, important changes

were made with respect to the traditional rheometer configu-
ration �see Fig. 1�. In a conventional rheometer, geometries
often have a diameter in the order of 20 mm or more. Since
the rheological measurement will be performed inside the
DSC crucible, with a typical inner diameter of merely 5 mm,
a new rotor was developed with a diameter of 4.5 mm. It
consists of two parts: one part in contact with the sample,
being used for imposing the necessary shear condition, and a
second part designed to connect the former with the rheom-
eter spindle. In this manner, a parallel plate geometry is
achieved with the DSC crucible as the stator. To minimize
the influence of the required modifications to the DSC cell,
any new heat flow path introduced in the cell should possess
a sufficiently high thermal resistance. Thus, only rotor mate-
rials with a low thermal conductivity and a low thermal ex-
pansion coefficient are suitable. In the current setup, an in-
organic phosphate cement10 �IPC� has been selected. The
coupling part, connecting the IPC rod to the rheometer
spindle, is made of aluminum, mainly because of its easy
shaping. The thermal resistance of this part is not an issue
since it is not in direct contact with the sample, as can be
seen in Fig. 1.

On the one hand, the DSC crucible acts as the stator of
the rheological setup; on the other hand, it establishes the
thermal contact between the sample and the DSC sensor.
Hence, a reliable, motion-free positioning of the crucible
onto the DSC sensor is required. An appropriate fixation ac-
cessory has been developed and is sketched in Fig. 1. The
DSC crucible is attached to a thin supporting film that is
fixed into the DSC cell by screw fitting onto cylindrical hold-
ers on both sides of the sensors. As the film is in direct
thermal contact with the crucible and located inside the DSC
cell, this material should possess a high thermal resistance in
order to limit heat losses. Furthermore, high requirements are
imposed on the mechanical resistance of the film, since it
should be capable of withstanding the mechanical stresses
imposed by the oscillation or steady rotation of the rotor. In
this respect mica was selected because of its excellent ther-
mal and mechanical characteristics in a broad temperature
range.

To minimize external noise on the calorimetric measure-
ments, a proper thermal shielding of the DSC cell is needed.
For this purpose the standard Q1000 DSC cell configuration
has been employed, with the DSC oven covered by two sil-
ver lids and an additional heat shield �Fig. 2�. To position the

FIG. 1. �Color online� Principle of the RheoDSC setup for rheological mea-
surements on a sample in a DSC crucible inside a DSC-cell: �left� overview
of RheoDSC cell and �right� detailed view of the fixation of the DSC cru-
cible �1� on the Tzero sensor �2� using a mica film �3�. Other parts: IPC rotor
�4�, coupling part �5�, silver lids �6�. Left picture is view along Y-axis.
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silver lids in a reproducible manner onto the cell and to pre-
vent obstruction of the rotor by these lids, a three point po-
sitioning system was mounted on top of the cell. The heat
shield used is the conventional Q1000 heat shield that con-
sists of a thermally insulating, porous ceramic material sur-
rounded by a metal shell. In the silver lids and the heat
shield, holes through which the rheometer geometry can be
lowered were drilled. Care was taken to design the holes as
small as possible to maintain the shielding quality.

III. VALIDATION OF THE RheoDSC

First, the validation of the rheological signals is dis-
cussed. The use of a 4.5 mm geometry as the rotor and a
fixed DSC crucible as the stator constitutes a major modifi-
cation that might have considerable implications for the
quality of the rheological signal. As a test case, linear vis-
coelastic measurements obtained with a regular rheometer
setup and with the RheoDSC setup will be compared.

As a first reference material, a calibration oil of known
viscosity �Brookfield oil, 1000 Pa s at 25 °C� was used. Fig-
ure 3�a� shows the viscoelastic properties as a function of
frequency at 25 °C obtained with the 4.5 mm IPC geometry
�filled symbols� and with a conventional rheometer setup us-
ing a parallel plate geometry �open symbols�. The results are
very similar over a broad frequency range. Only at high fre-
quencies, small deviations in the rheological signals are no-
ticed. The latter is not unexpected since inertia will become
more of a concern at high frequencies in the case of a smaller
geometry.

As a second reference material, a uncross-linked poly-
�dimethylsiloxane� �PDMS� �provided by TA Instruments�

was used. The experimental result obtained with the
RheoDSC setup is given in Fig. 3�b�. As in a regular rheom-
eter, the elastic character of the viscoelastic material in-
creases with increasing frequency, leading to a crossover of
G� and G� at �c equal to 7.4�0.3 rad s−1 and Gc equal to
25.8�0.3 kPa �based on three measurements�. Measured
with a regular rheometer, the crossover occurs at �c equal to
5.75�0.29 rad s−1 and Gc equal to 25.5�2.0 kPa. Although
the crossover frequency is somewhat higher in the RheoDSC
setup, the modulus at crossover is very comparable. Overall,
the rheological measurements are of sufficient quality, not-
withstanding the small rotor and the DSC crucible stator.

In the course of the validation of the calorimetric signals,
different configurations of the DSC cell were explored. As a
general requirement, a more symmetric modification of the
cell proved essential to prevent a severe deterioration of the
heat flow signals for both first and pseudo-second-order tran-
sitions. Moreover, to obtain a stable heat flow signal during
isothermal tests, the silver lids and heat shield proved to be
of major importance. Finally, to ensure a more uniform tem-
perature distribution inside the cell, a flow of inert helium
purge gas was required. In the final setup, the isothermal
baseline shows variations of about 5 �W over 10 min, which

FIG. 2. �Color online� Exploded view of the RheoDSC setup showing the
mounting of the mica film, the thermal shielding of the DSC cell by two
silver lids and a heat shield, and the insertion of the IPC rotor with its
coupling part.

FIG. 3. Validation of the rheological signals: �a� Storage modulus ��� and
dynamic viscosity ��� for a frequency sweep �strain �=0.05� on a calibra-
tion oil with a viscosity of 1000 Pa s at 25 °C using a 2.5 cm parallel plate
�open symbols� and the 4.5 mm IPC rotor of the RheoDSC �filled symbols�.
Standard deviation on three experiments indicated. �b� Storage modulus ���,
loss modulus ���, and phase angle ��� for a frequency sweep �strain
�=0.02� at 25 °C on a PDMS reference material using the RheoDSC setup.
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is worse than a regular TA Instruments Q1000 DSC, but
comparable to a TA Instruments 2920 DSC. Despite the im-
mense changes applied to the original DSC cell environment,
a reasonably stable and reproducible baseline could be
obtained.

Following the modification process, the DSC cell was
calibrated using a T4 calibration procedure.8 Subsequently,
the heat flow signal was validated by measuring the
glass transition of polystyrene �PS� �Mn=140 kg mol−1,
Mw=230 kg mol−1, Sigma-Aldrich� upon heating at
2.5 °C min−1 �without modulation�. It can be seen that the
glass transition is well resolved in both heat flow and loss
modulus G� �Fig. 4�a��. Furthermore, the glass transition
temperature �104 °C� and the magnitude of the heat capacity
change at Tg calculated from the heat flow change at Tg

�0.33 J g−1 K−1� are in good agreement with literature values
�103 °C and 0.30 J g−1 K−1�.11 For a further optimization of
the heat flow signal and the baseline, the Tzero™ extended
heat flow equation could be modified to model the new ther-
mal environment of the calorimeter more precisely.

Figure 4�b� gives the evolution of other rheological sig-
nals for the glass transition of PS. As the temperature is
increased, G� decreases, and the material changes from an
energy-elastic solid with a loss angle of a few degrees �well

below Tg�, to a viscoelastic material with a phase angle of
about 30° �above Tg�. At the glass transition, G� and � go
through a maximum.

It is worth noting that the highest storage modulus G�
measured �close to 100 MPa� is limited by the compliance of
the setup. Assuming that the instrument is a spring in series
with the viscoelastic sample, the torsional stiffness measured
in oscillation is a summation of the inverse of the torsional
stiffnesses of the tool and sample �or a summation of their
compliances�,12

1

Kmeas
* =

1

Ks
* +

1

Kt
, �1�

where Kmeas
* is the measured complex torsional stiffness, Ks

*

is the actual complex sample torsional stiffness, and Kt is the
�elastic� torsional stiffness of the tool. The torsional stiffness
K of a cylindrical sample is defined as follows:

K = G
�

2

R4

h
, �2�

where G is the shear modulus of the material in torsion, h is
the gap between the platens, and R is the radius of the plat-
ens. The fourth order dependence of Ks on the sample �rotor�
radius explains why higher moduli can be measured �without
correction� using smaller radius platens.

For the RheoDSC setup, the tool stiffness contains both
contributions of the rotor and the stator �the fixation of DSC
pan�. To measure Kt, first the rotor was fixed to the crucible
of the rheoDSC using a very thin �h�5 �m� layer of a cy-
anoacrylate glue. Then the stiffness was determined by re-
cording the displacement �in rad� for an oscillatory torque
sweep from 500 to 5000 �N m �a range representative for
measuring moduli in the order of 1 MPa and above� at a
2 rad s−1 angular frequency. The resulting Kt equals
3.0�0.2 N m rad−1, with a phase angle of 1.9° �0.03 rad�.
This implies that 1 mm thick samples with a modulus up to
8 MPa can be measured with less than 10% deviation. Using
the experimental Kt, the measured modulus can be corrected
using

1

Ks
* =

1

Kmeas
* −

1

Kt
. �3�

Note that for viscoelastic samples, the complex inversion
needs to be made. For polystyrene sample having at 80 °C a
measured G� of 72.6 MPa and G� of 3.6 MPa, corrected val-
ues of 2.0 and 1.4 GPa, respectively, are obtained, which are
of a more reasonable order of magnitude for a polystyrene
about 20 °C below the glass transition. It should be noted
that as the stiffness of the sample increases, its contribution
to the observed displacement decreases, and the determina-
tion of Ks becomes less reliable: for a 1 mm thick sample the
estimated error on Ks reaches 50% for a modulus of about
0.3 GPa.

IV. CASE STUDIES

The potential of combined measurements using the
RheoDSC will be highlighted by two case studies: the iso-

FIG. 4. Validation of the heat flow signal and corresponding rheological
signals for the glass transition of polystyrene measured at a rate of
2.5 °C min−1. �a� Heat flow �line� and loss modulus ���; �b� storage modu-
lus ��� and phase angle ���. All signals recorded using the RheoDSC setup.
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thermal cure of a thermosetting polymer and the flow-
induced crystallization behavior of a thermoplastic polymer.

A. Isothermal cure of a thermosetting system

The RheoDSC was used to study the cure of digly-
cidylether of bisphenol A �DGEBA� �EPON 825, Shell� with
methylenedianiline �MDA� �Sigma Aldrich�. DGEBA-MDA
was chosen as a model system because it is commonly used
for fiber-reinforced composites, and because of its nonvola-
tile character, which is important since evaporation of re-
agents from the open crucible needs to be avoided. Stoichi-
ometric mixtures of DGEBA-MDA were prepared by
mechanically stirring weighed amounts of the materials at
80 °C for 5 min. Subsequently, the sample was loaded into
the DSC crucible in the RheoDSC at 40 °C, a temperature at
which the reaction rate is sufficiently low. After bringing the
rotor into contact with the sample, the temperature was
raised to 80 °C at a rate of 30 °C min−1 and then kept iso-
thermal for 300 min. The calorimetric and rheological sig-
nals were recorded in a combined MTDSC measurement,
using an amplitude of 0.5 °C and a 60 s period, and small
angle oscillatory shear measurement, respectively. For the
latter, the oscillation torque was initially set to reach a strain
of about 3% for an angular frequency of 2 rad s−1. As the
reaction proceeds, each time the strain decreased below
0.5%, the oscillation torque was automatically increased by a
factor of 2, thus maintaining the strain between about 1%
and 0.5%.

In Fig. 5�a�, the variation of the heat flow and heat ca-
pacity during the isothermal cure as recorded by MTDSC
measurement in the RheoDSC is compared to the results
obtained in a regular TA Instruments 2920 DSC. In the heat
flow signal, a reaction exotherm of 360 J g−1 is observed,
going through a maximum after 82 min due to the autocata-
lytic effect of hydroxyl groups formed during the reaction.13

In the heat capacity signal, a stepwise decrease in heat ca-
pacity of about 0.5 J g−1 K−1 due to reaction-induced vitrifi-
cation is noted.7,14 As the cure temperature �80 °C� is well
below the glass transition temperature at full conversion �ap-
proximately 175 °C, �Ref. 15��, a transition from a rubbery
or mobile to a glassy state occurs along the cure path.7,14–16

As a result, the epoxy-amine step-growth polymerization be-
comes diffusion controlled, resulting in a retardation of the
cure kinetics.16

Comparing the calorimetric signals obtained by both in-
struments, the maxima in the heat flow and the remainder of
the reaction exotherm are in good agreement, as is the step-
wise decrease in heat capacity. However, the evolution of the
reaction conversion cannot be calculated quantitatively from
heat flow signal of the RheoDSC because of a slow stabili-
zation of the heat flow signal after heating to the cure tem-
perature at 30 °C min−1. This can be improved by reducing
the difference in thermal lag between sample and reference
side using a slower heating rate or balancing the heat capaci-
ties. Another option is to subtract a baseline acquired using
the same temperature program with a fully cured material.
Similar approaches are used in conventional DSC experi-
ments �e.g., for studying a fast isothermal reaction or crys-
tallization�.

The rheological signals measured show the large
changes in the viscoelastic behavior of the cross-linking
epoxy-amine system �Fig. 5�b��. In the early stages of the
reaction, the reactive mixture is a low viscosity liquid with a
viscosity of about 0.05 Pa s �as measured at 80 °C in steady
shear with 4 cm platens�. The initial viscosity measured in
the RheoDSC experiment is 200–300 Pa s and the loss angle
about 90°. Based on the minimum torque specifications of
the instrument �0.1 �N m�, the rotor diameter �4.5 mm�, and
the measurement conditions used, the theoretical lower limit
of the viscosity measurement range of the RheoDSC is about
100 Pa s �using steady shear measurements, viscosities down
to 1 Pa s can be measured�. After curing for 90 min, the
viscosity increases above 300 Pa s and significant values are
obtained. With the progress of the cure reaction, G� and G�
increase rapidly, while the loss angle decreases as the mo-
lecular weight of the growing chains increases and the
sample gradually becomes more elastic. When an incipient
network is formed, flow becomes impossible, and the mate-
rial transforms from a viscous to a rubbery state. This trans-
formation, called “gelation,” is often characterized by the
crossover of G� and G� �observed after 122 min at 5.4 MPa�,
although more refined methods exist.17 Note that this tech-

FIG. 5. RheoDSC measurement of the cure of a stoichiometric DGEBA-
MDA thermosetting system at 80 °C: �a� Heat flow and heat capacity for the
RheoDSC ��� and for a regular TA Instruments 2920 DSC ���; �b� storage
modulus ���, loss modulus ���, and phase angle ��� measured simulta-
neously in the RheoDSC.
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nologically important transition cannot be observed in the
calorimetric signals.

As the cure reaction continues, the Tg ultimately reaches
the cure temperature, and vitrification occurs. The transition
to a glassy state should be observed as an increase in storage
modulus, while the loss modulus goes through a maximum
�at 124 min, Fig. 5�b��. The rheological results indicate that
gelation and vitrification closely follow each other. This is in
agreement with the limited difference between the estimated
degrees of conversion at gelation and vitrification of 58%
and 77%, respectively.15 A closer look at Figs. 5�a� and 5�b�
shows that vitrification as observed in the heat capacity
�t1/2	Cp=129 min� occurs slightly later than the maximum in
G� �124 min� recorded in the same experiment. As the fre-
quency of the imposed perturbation for rheometry �1 Hz� is
higher than for MTDSC �1 /60 Hz�, vitrification as charac-
terized by means of G� is expected at slightly lower conver-
sion and shorter reaction time.18

It should be noted that the evolution of the moduli dur-
ing vitrification and the final measured storage modulus
�24 MPa� of the isothermally cured glassy epoxy-amine net-
work is again limited by the compliance of the setup used, as
discussed in Sec. III. In addition to the isothermal monitoring
of the reaction, RheoDSC also allows to measure glass tran-
sitions of the �partially� cured systems under nonisothermal
conditions. After a reaction time of 300 min, the partially
cured thermoset was first cooled and subsequently heated to
200 °C to achieve full conversion. The Tg of the fully cured
thermoset was 174 °C, in good agreement with the reported
value of 175 °C.15

B. Flow-induced crystallization

During the processing of semicrystalline thermoplastics,
polymer melts are often subjected to severe flow conditions
prior or even during their solidification resulting from poly-
mer crystallization. Moreover, flow is known to modify the
dynamics of polymer melts and to alter their crystallization
kinetics.19–22 As shear can be imposed, the hyphenated
RheoDSC method offers unique opportunities for the inves-
tigation of flow-induced crystallization processes. Indeed,
in situ monitoring of crystallization is not possible using a
traditional DSC, since no flow field can be applied. Further-
more, when studying the crystallization under quiescent con-
ditions, experimental data from rheometry and calorimetry
cannot easily be confronted with each other due to important
differences in temperature control and sample volumes. The
newly developed RheoDSC device is not restrained by these
limitations: both the application of the flow field and the
measurement of the calorimetric signal are performed in one
single instrument.

As a model system for this flow-induced crystallization
study, syndiotactic polypropylene was selected �sPP, Mn

=63 kg mol−1, Mw=250 kg mol−1, stereospecificity approxi-
mately 80%, Fina Research�. The samples were premelted in
the RheoDSC to ensure good contact between sample and
crucible. The rotor was then brought in contact with the mol-
ten sample. Prior to each crystallization experiment, the
sample was held at 180 °C for 5 min to erase its thermal
history, after which it was subjected to a slow cooling at

2.5 °C min−1 to room temperature and subsequently reheated
under the same conditions. For the quiescent experiment, the
rheology was monitored in oscillation mode using an angular
frequency of 2 rad s−1 and a strain of 5%. For the crystalli-
zation experiments under flow, the samples were sheared
at shear rates of 0.2 and 0.8 s−1 during the entire cooling
segment.

Figure 6 combines the rheometric and calorimetric sig-
nals for crystallization in quiescent conditions and under
flow at different shear rates. In the heat flow the crystalliza-
tion exotherm is observed, while the increase in the �real
component of the� viscosity can be attributed to the forma-
tion of the crystalline structure. Even at a moderate shear rate
of 0.2 s−1, crystallization starts several degrees higher as
compared to quiescent conditions. Moreover, under quies-
cent conditions and at 0.2 s−1, crystallization is observed in
the calorimetric signals before being observed in the rheo-
logical signals. Taking as the start of crystallization the tem-
perature at which the first significant deviation from the
baseline is observed, the difference is about 3 °C. At 0.8 s−1,
the first significant deviation from the baseline is first ob-
served in the viscosity, and 1.5 °C later in the heat flow.

Although these are preliminary measurements using a
prototype instrument, the observed behavior might be ex-
plained by the specific morphology developed during crys-
tallization. In the absence of a steady shear flow, the crystal-
lites need to attain a proportionally larger size in order to
influence the viscoelastic properties to a detectable extent.
When a shear flow is applied, a higher nucleation density is
achieved, resulting in a finer crystalline morphology.22,23 At
sufficiently high shear rates, this might cause a proportion-
ally much more significant change in the viscoelastic prop-
erties compared to the situation under quiescent conditions
and may therefore lead to a significant increase in viscosity

FIG. 6. RheoDSC measurement of the nonisothermal crystallization of syn-
diotactic polypropylene during cooling at 2.5 °C min−1 under different shear
conditions: Heat flow �open symbols� and viscosity �filled symbols� for
quiescent conditions ���� and at shear rates of 0.2 s−1 ���� and 0.8 s−1

����. The dashed lines indicate the first points with a significant deviation
from the baseline.
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earlier in the crystallization process. For the heat flow mea-
surement, the rate of volumetric growth of crystalline lamel-
lae may be more important than the number of crystal nuclei
the crystals started from. To confirm these assumptions, a
more thorough investigation of the morphology development
under shear and its influence on the viscoelastic and calori-
metric properties is required.

V. CONCLUSIONS

By combining a rheometer with a DSC, the simultaneous
measurement of calorimetric and rheological signals on
10–30 mg samples was realized. The signals were reliable
and of good quality, without largely affecting the perfor-
mance provided by the two stand-alone techniques. By per-
forming the measurements simultaneously on a single
sample undergoing an in situ imposed flow and temperature
history, complementary information is obtained in a quanti-
tative way. For crystallizing systems, the rheological evolu-
tion can be directly linked to the advancing crystallization
and crystallinity as detected in the calorimetric signals. For
reacting systems the evolution in the viscosity and the occur-
rence of gelation and vitrification as observed from the rheo-
logical signals can be directly related to the advancing reac-
tion conversion derived from the calorimetric data. The
examples discussed show the wide applicability of this novel
technique and demonstrate the added value of a hybrid
RheoDSC setup for the characterization of material systems
with complex chemorheological changes and for studying
transformations that are influenced by the flow conditions.
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