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ABSTRACT: This paper reports on the characteristics and use of a new mode of measurement: High
Performance DSC (HPer DSC), which represents a major step forward in high-speed calorimetry, as
compared to standard DSC. It facilitates the study of the kinetics and metastability of macromolecular
systems, especially the analysis of rate-dependent phenomena in real time. Controlled and constant scan
rates at hundreds of degrees per minute and combinations thereof both in cooling and in heating are
possible. Heats of transition, heat capacities, temperature-dependent crystallinities, etc. can be established
at the extreme rates applied. Examples of the utilization of HPer DSC are given for polymers with respect
to the effective hindrance of crystallization and cold crystallization, avoidance of recrystallization and
the rate dependency of vitrification and devitrification. Low, milligram-scale sample masses, even down
to the microgram level, are utilized. The short measuring times also provide the high throughput needed
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in combinatorial chemistry.

1. Introduction

In macromolecular and pharmaceutical systems,
metastability!~ is the rule rather than the exception,
and the study of the kinetics of such systems has become
an important issue. For a thorough understanding of
the Kinetics of all kinds of temperature- and time-
dependent processes related to metastability, there is
an urgent need for new techniques. Keywords are “in
situ” and “real time” for techniques capable of analyzing
metastable structures on supramolecular scales ranging
from “nano” via “meso” to “macro” .

Specifically, a major challenge is coping with realistic
conditions as occurring in practice, such as the high
cooling rates,>™® high pressures,’°~ and high shear
rates®151% applied in polymer processing,'>” which
influence vitrification® and crystallization>1° strongly.

There is likewise a great need for equipment enabling
the use of high heating rates?520-31 Not only is it
important to be able to mimic realistic conditions as
occurring during a product’s life, but also it is crucial
to deduce a sample’s thermal history using a heating
scan. A case in point is the deduction of the glass
transition temperature of a sample or product in heat-
ing. To avoid enthalpy relaxation (not to be confused
with enthalpy recovery), aging, cold crystallization, etc.,
heating should be as fast as possible.

Another example is the challenge of linking melting
behavior to prior crystallization.’® Quite often, the
relationship between melting and crystallization and the
resulting morphology is obscured by all kinds of reor-
ganization processes*#192%:32 through which the meta-
stable system is striving toward thermodynamic equi-
librium during the heating run. Such reorganization can
be (partly) avoided by heating at a high rate,?® so that
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the relationship between crystallization, the resulting
morphology, and subsequent melting becomes transpar-
ent. High rates would also be very useful in high
throughput projects, as in combinatorial chemistry.

To meet one of the above-mentioned challenges,?9-30
we developed a High Performance DSC (HPer DSC)33:34
which is a generic name that encompasses quantitative
measurement at very high, controlled (including con-
stant) cooling and heating rates of hundreds of degrees
per minute (high rate DSC) of (sub)milligram amounts
of material, thus also facilitating high throughput DSC.
Thus, HPer DSC makes high-speed calorimetry possible.
Up to now, controlled constant rates as high as hun-
dreds of degrees per minute have been realized, and
there is still room for improvement. HPer DSC repre-
sents one extreme of the range of possible scan rates,
the other extreme being temperature-modulated DSC
(TMDSC)?°35-42 which extended the spectrum to lower
rates, including “quasi-isothermal” measurements.

In this communication, a new DSC mode of high-
speed calorimetry is presented that will drastically
improve researchers’ ability to study the kinetics of
systems in general, including macromolecular systems,
by applying much higher controlled (constant) cooling
and heating rates and combinations thereof than were
possible up to now. An important aspect of HPer DSC
is that it can be used not only for accurately determining
the characteristic temperatures associated with a tran-
sition but also for quantitatively determining peak areas
and in general the entire curve: the new technique
yields quantitative results. Heat capacity data are more
easily obtained by HPer DSC at extreme scan rates than
by standard DSC at conventional rates since instru-
mental drift is negligible during such rapid measure-
ments. Of course, the time between the experiment with
a sample and the experiment without a sample should
be kept as short as possible. For (very) high rates to be
effective, (very) low sample masses have to be used. The
loss of accuracy associated with a sample mass reduc-
tion is compensated by the increase in accuracy associ-
ated with the application of a higher rate. In fact, the
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Figure 1. Heating of indium (1.465 mg) at 10, 50, and 100 °C/min after cooling at 10 °C/min. Purge gas: helium (10)/neon (90).

reduction of the sample mass is an additional advantage
of the technique as it opens up the possibility to measure
samples whose mass is typically in the milligram range
or even down to the microgram range. Thus, although
the new DSC-mode belongs to the high-speed calorim-
etry category, the name High Performance was chosen
deliberately because it involves much more than just a
high rate, which in itself is of great interest.

2. Experimental Section

2.1. HPer DSC. General Remarks: Instrumentation
and Modifications Made, Calibration, and Sample Han-
dling. Measurements were performed with modified Perkin-
Elmer Pyris-1 calorimeters®® having software versions 3.0 and
higher. The reason for selecting this power compensation DSC
was that its low furnace mass and small dimensions ensure a
much faster heat transfer than in the existing commercial
heat-flux DSCs. The small gap between furnace and cooling
system (using guard ring inserts) promotes effective cooling.
The cryofill system used for cooling represents a very effective
heat sink. Special attention was paid to the avoidance of water
uptake by the gas tubes in the instrument, to the cooling of
the instrument electronics, and to the prevention of water
vapor condensation, one of the measures taken being the
installation of a glovebox with dry nitrogen purge. The choice
of the gas atmosphere (pure gas or a mixture of gases)
surrounding the sample containers depends on the specific
system and on the temperature range to be studied. In most
cases, a mixture of 10% helium and 90% neon is suited for a
combination of a temperature range of —176 to 585 °C and
typical controlled (linear) scan rates as high as 400 °C/min.
Both of these inert gases do not condense under cooling by
liquid nitrogen. With regard to the heat conduction around
the sample containers, the mixture offers a useful compro-
mise.*® Pure helium is in itself an excellent heat conductor
and can be used to maximize heat transfer, which offers
benefits in measurements down to low (subambient) temper-
atures. However, when it comes to reaching high tempera-
tures, the furnace will be a limiting factor, because the helium
causes too much heat to be lost so that the furnace can no
longer control the temperature beyond the ceiling level of about
200 °C. Neon** conducts heat less well (but better than
nitrogen), and makes it possible to control the temperature in
the higher ranges. It is even possible to use standard nitrogen
as long as it is prevented from condensing as a result of the
presence of liquid nitrogen cooling. This is sometimes possible,
depending on the route taken by the gas. Default isothermal
waiting times between runs amount to 5 min, although this
time can be shortened to, e.g., 1 min. To promote optimal

thermal contact between the sample and the sensor, a 15-um
thin aluminum foil of approximately 0.5 x 1 cm? is normally
used to wrap the sample, instead of using a pan as sample
container. If a lower accuracy is acceptable, it is also possible
to use pans of aluminum, even in combination with a sample
exchanger. Low sample masses are used, typically around 1
mg and lower. Temperature calibration is performed and
checked with indium, tin, lead, and zinc at 10 °C/min. Power
calibrations are performed using indium and checked using
indium and Sapphire. A furnace calibration is performed in
which the furnace temperature and sample temperature are
equaled. Zinc, adamantane, and 4,4-azoxyanisole are used for
checking the calibration in cooling vs heating, again at 10 °C/
min. This calibration in cooling is not an absolute one: it
depends on the calibration in heating. The three substances
mentioned are very useful for calibration because they show
no supercooling at the transitions used: crystallization <
melting (zinc); solid < solid (adamantane); anisotropic <
isotropic (4,4-azoxyanisole). After calibration at 10 °C/min,
using software versions 3.0 and higher, the Pyris-1 turns out
to be accurately calibrated for all other scan rates, including
the very high ones. Curves are normalized for sample mass
and rate. In cases where quantitative measurements are
desired, all curves are corrected for any remaining instrumen-
tal drift and curvature by subtracting empty foil or pan
measurements, as is the normal procedure in heat capacity
measurements.*

2.2. HPer DSC. Calibration for High Scan Rates, both
in Cooling and in Heating. Figure 1 shows how indium
melts at different heating rates. The onset of melting is the
same for all curves (one and the same indium sample having
a mass of 1.465 mg is used throughout), though the slopes on
the low-temperature side are different. In Figure 1, the area
(in mW °C) under the curves measured (i.e., the area enclosed
by the curve measured and the line that connects measuring
points at temperatures below and above the transition)
increases in proportion to the heating rate. In the case of power
compensation DSC, the heat of fusion in joules—which equals
the aforementioned area divided by the scan rate—is indepen-
dent of the heat transfer rate and hence also of the scan rate.
It does indeed appear to be constant, provided that the area
of any “undershoot” (leading to lower measuring values than
those obtained for the melt at temperatures at which melting
has virtually been completed, see Figure 1) is taken to be
negative. It is possible to arrive at the same curve shape at
all rates—and one should strive to do so—if at increasing rates
the sample mass is lowered proportionally; see discussion at
Figure 4. The inset in Figure 1 shows the corresponding heat
flow rate against time curves for the same indium sample.
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Figure 2. Cooling of zinc (0.970 mg) at 10, 50, and 150 °C/min, and subsequent heating at the same rates respectively. The
crystal < melt transition shows no supercooling. Purge gas: helium (10)/neon (90).
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(90).

Since HPer DSC is used both in cooling and in heating,
calibration in cooling is at least as important. Figure 2 shows
cooling and heating curves for zinc, one of the calibrants that
can be used for this purpose. Leaving aside a few subtle
differences between the curves, the important observation is
that in the case of zinc the extrapolated onsets of crystalliza-
tion (in a cooling run) and melting (in a heating run) lie at
virtually the same temperature, and that this is the case for
all rates after calibration at 10 °C/min, see Figure. A similar
picture was observed for the solid < solid transition of
adamantane and for the anisotropic < isotropic transition of
4,4-azoxyanisole. On the basis of experience gained so far, it
can be concluded that calibration at high scan rates is
straightforward. Thus, it is found that a HPer DSC that has
been calibrated according to the standard procedure at a
“conventional” scan rate, such as the 10 °C/min applied in the
above case, it is, remarkably enough, also accurately calibrated
at high rates (this has been checked up to 500 °C/min) in both
cooling and heating.

It is a standard procedure to carry out the enthalpy
calibration with indium. In that case, it turns out that the

PerkinElmer power compensation DSC is accurately enthalpy-
calibrated as well over a much wider temperature range than
the indium melt transition region. This is shown in Figure 3
on the basis of heat capacity measurements on Al,O3 (sapphire)
at —100 to +100 °C/min according to the ‘continuous measur-
ing method'.#

Figures 1 and 2 display peak broadening (“thermal lag” )
with increasing scan rates. Thermal lag is in fact a general
problem, which is always observed when using traditional
calorimeters at “conventional” , low scan rates. For instance,
indium melts within 0.05 °C*647 during stepwise heating while
at a moderate rate of 10 °C/min the melting range already
amounts to nearly two degrees. Thermal lag depends on
numerous factors, such as the capability of the instrument to
add energy during heating (or to remove energy during cooling)
as fast as possible; the response time of the instrument; the
heat conduction from the heater to the pan used and subse-
quently within the sample and the response from the sample
to the sensor. Thermal lag, and in general heat transfer issues
relating to DSC instruments,*84° have received a great deal
of attention recently because they have a strong impact on the
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results of TMDSC and indeed temperature-modulated calo-
rimetry in general.>® However, the issue here is whether, and
if so to what extent, the use of extremely high rates results in
an increase in thermal lag beyond values commonly accepted
at the moment. Such an increase can be effectively avoided,
as will be demonstrated and explained below.

Any researcher will, on one hand, try to keep the sample
mass as low as possible to minimize thermal lag. Obviously,
on the other hand, the sample should have a certain minimum
mass to ensure a measurable signal and an acceptable signal-
to-noise ratio. Moreover, the higher the sample mass, the more
accurate the peak area. So, usually, in the case of traditional
calorimeters, a compromise has to be found, for example a
sample mass of about 5 mg in combination with a scan rate of
10 °C/min. Thus, in the case of high rates as applied in HPer
DSC, to maintain a peak shape (i.e., to avoid any additional
peak broadening) which is commonly accepted at the moment,
the sample mass has to be reduced. This turns out to pose no
problem, because in the case of a PerkinElmer power com-
pensation DSC—even under the extreme conditions studied
here—the sample mass and scan rate are closely interlinked.
It follows that in the case of HPer DSC, too, if the scan rate is
increased by a factor of x, the sample mass has to be reduced
by the same factor x. Figure 4 shows that this leaves the peak
shape unchanged in the case of zinc.

The example in Figure 4 shows that thermal lag does not
necessarily increase. This illustrates that the Pyris-1 instru-
ment and its software is capable of effecting an adequate heat
transfer under the conditions chosen, and the examples given
later on will show that it retains this capability even under
more extreme conditions. The following observations in par-
ticular illustrate that the calorimeter continues to function well
under those conditions:

eRather than increasing, as one would expect in the case of
an increase in thermal lag, the melting temperatures of
polymeric samples remain constant or decrease as the scan
rate increases.

oAt higher cooling rates the glass transition of a polymeric
sample shifts to higher temperatures, as one would expect for
thermodynamic reasons, rather than to lower temperatures,
as one would expect in the case of an increase in thermal lag.

oIn the case of recrystallization of a polymeric sample, the
intensities of the peaks do change with increasing heating
rates, as expected, but the positions of the peaks relative to
the temperature axis remain unchanged.

oFor 4,4-azoxyanisole, whose thermal conductivity is be-
tween that of polymers and metals, the anisotropic < isotropic
transition in heating and cooling remains at the same tem-

perature, even in measurements at +150 and —150 °C/min,
respectively, a difference of as much as 300 °C/min.

In our opinion, there is an additional reason for the system'’s
excellent performance besides its demonstrably adequate
response in the case of notoriously “difficult” samples such as
polymers (difficult in terms of heat transfer), namely the use
of aluminum foil instead of a pan as sample container. The
aluminum foil has a much lower mass and, more importantly,
provides a drastically improved way of heat transfer. Instead
of one-dimensional heat transfer (from the aluminum bottom
of a pan to the sample), there is now a three-dimensional
transfer as it were (from the surrounding aluminum foil to
the sample, from all sides). Moreover, since the sample mass
can be varied at will, down to microgram level, in our
experience there is no extra thermal lag compared with
measurements at conventional, low scan rates. Therefore, if
the aim is to reduce thermal lag—see the observation made
with regard to indium—one would do well to improve the
performance of traditional thermal analysis equipment under
conventional conditions—especially in cases where the DSC
is used as TMDSC and especially for polymers, which are
notoriously poor heat conductors. Under such conditions,
thermal lag deserves to be given more attention than it has
received until now, because in many cases samples with high
masses and correspondingly large dimensions are chosen
which, in combination with a DSC pan, result in downright
poor heat transfer in the sample. This will definitely be the
case for samples with “difficult” shapes, such as powders. As
noted earlier, the problems mentioned for standard DSC have
received a great deal more attention, and insight into them
has greatly increased, on account of their major impact on the
performance of TMDSC. However, no dramatic improvement
is to be expected unless improved hardware is developed, see
the “Outlook” section. If one were forced to make a choice, the
combination of high rate/low sample mass and small dimen-
sions would be preferable to the combination of low rate/high
sample mass and large dimensions. In other words: measure-
ments at high rates do not pose any bigger experimental
problems than measurements at conventional rates—on the
contrary—provided the right precautionary measures are
taken.

An obvious question is given as follows: If the scan rate is
increased from 10 °C/min to an extreme value, for example
500 °C/min, will a corresponding decrease in sample mass
from, e.g., 5 mg to 100 ug present any problem with regard to
the measuring signal and the signal-to-noise ratio? The answer
is given by Figure 5, which shows the results of a HPer DSC
measurement on a ultrahigh molecular weight polyethylene
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Figure 5. Very high scan rates facilitated by the capability of HPer DSC to perform measurements on minute amounts of
substances, in this case 2.6 ug of a ultrahigh molecular weight polyethylene sample. Purge gas: helium (10)/neon (90).

sample with a mass of 2.6 ug, much less than was assumed to
be necessary to answer the above question. As Figure 5 shows,
measurement of this sample presents no problem. In fact,
instead of measuring in a 10 mW range (corresponding to for
example a typical peak height of a polymer as measured in
standard DSC conditions) we measured under conditions
where the peak height lies in the 100 «W range, bridging a
factor 100 difference. The unused “margin” of about 40 (2.6
ug compared with 100 xg) may be needed when measurements
are performed on a polymer or other material having an
intrinsically lower heat of transition.

The ability to measure on a low sample mass—from milli-
gram level down to micrograms—opens the door to quite
different applications: just to mention some of the systems
brought within reach are coatings and very thin layers, such
as in multilayer films,*° heterogeneities in samples such as
gels or additives, tiny amounts as produced in high throughput/
combinatorial chemistry, etc. The method also opens up
tremendous opportunities for studying the crystallization/
melting behavior of fractions'® obtained by small-scale frac-
tionation methods.3® Of course, one should be aware that the
small dimensions corresponding to low sample masses can
influence the crystallization behavior, in particular nucleation,
because they have an influence on the number of active
nuclei'>17%6 and/or because they lead to a change in the way
nucleation takes place (for example transnucleation becoming
the prevailing mode®5’). Therefore, it is always a good idea to
use other techniques besides DSC, in particular microscopy,
to detect any changes. Besides the aluminum foil used here,
other foils (such as gold) can of course also be used for special
purposes, as long as they have the right heat conductivity.

2.3. HPer DSC. Linearity in the Case of High Scan
Rates, both in Cooling and in Heating. An important
aspect of HPer DSC is the linearity of the temperature—time
relationship during a measurement, in other words the
constancy of the scan rate. Most DSCs, including heat-flux
DSCs, are capable of heating at reasonably high rates. Of
course, DSCs differ in the degree to which the sample
temperature—of which the sensor temperature gives an
indication—lags behind the program temperature and the
furnace temperature. This is because across the entire chain
from furnace to sample there are differences in heat transfer
due to differences in equipment construction. Cooling at a high
rate is much more difficult, and most DSCs are incapable of
realizing a constant cooling rate higher than, typically, 20 °C/
min. One should strictly adhere to the procedures supplied by
the manufacturer (see instrument specifications) because
otherwise the measurements will result in blatantly erroneous
results, as the reader can easily verify by performing such

experiments using existing equipment. Furthermore, the
relationship between temperature and time will be anything
but linear.

The capabilities of HPer DSC in this field are easy to
demonstrate. Figure 6 shows both sensor temperature mea-
sured and the program temperature as functions of the linear
temperature—time programs imposed. Although the actual
sample temperature will intrinsically lag somewhat behind the
sensor temperature, this effect is not noticeable, thanks to the
temperature calibration procedure applied. Cooling and heat-
ing scans were programmed with constant scan rates of 50,
100, and 200 °C/min, over a wide temperature range: from
—120 to +500 °C. In every case, the heating scans coincide
with each other and the programmed T—t ramps were always
realized. It was not investigated to what temperatures above
+500 °C this still holds. The results obtained in the cooling
scans vary as a function of the cooling rate programmed. In
the —50 °C/min scan the result is perfect: the programmed
T—t ramp is realized over the entire temperature range.
However, at higher cooling rates, the sensor temperature lags
behind (i.e., is higher than) the programmed temperature in
the low-temperature range. In the —100 °C/min scan, the two
temperatures diverge below about —75 °C, and in the —200
°C/min scan, they diverge below about 0 °C. Even so, the
objective of achieving high, constant scan rates over wide
temperature ranges is amply met: in the —50 °C/min scan the
temperature range over which the scan rate is constant spans
more than 620 °C, in the —100 °C/min scan it spans about
575 °C and in the —200 °C/min scan it spans about 500 °C. In
general, the conditions chosen (in particular the “heat sink”
temperature, i.e., the lowest temperature that can be achieved
by the cooling system but also the scan rate itself, the
measuring range, the composition of the purge gas, etc.) should
be such that in the measuring range of interest, where actual
processes such as vitrification, (cold) crystallization, melting,
or reorganization occur, a constant scan rate is achieved. The
choice of a linear relationship between temperature and time
is an obvious one because it is simple. But it should be clear
that any T—t ramp can be programmed, so that complex
situations occurring in practice can be mimicked (at least as
far as the scan rate is concerned). Moreover, an analytical T—t
relationship makes it easier for other researchers to repeat
experiments using different equipment. In high-rate experi-
ments based on DTA and heat-flux DSC there is usually no
well-defined T—t relationship, which means these experiments
are very hard to duplicate.

Figure 7 gives a detailed overview of how a high scan rate
experiment proceeds. This time the scan rates were increased
to —300 to +300 °C/min, the temperature range was once again



3606 Pijpers et al.

500

Macromolecules, Vol. 35, No. 9, 2002

B

-

450

400

350

{ -200/+200
°C/min /

300

250

Temperature (°C)

200

Sensor and Program

150

/
R / / g
1\ / [
‘ \ - f / -50/ +50
\ \ / i °C/min

100

N

50

P—,,
T —— ::

\

0

\

-50

_ \

[

100
150
0
Program
temperature

[\\\5......1
5 10 1
Sensor
temperature

s 20 25

Time (minutes)

Figure 6. T—t ramps for two empty pans: sensor temperatures recorded and program temperatures chosen against time in the
case of cooling and heating rates of 50, 100, and 200 °C/min, in a temperature range of —120 to +500 °C. Purge gas: helium

(10)/neon (90).

531 — 0
® -~ 500 ( o=
A= i
a 400 \ // 'E 8
5 A -300/ +300 °C/min // 150 T
e %00 \ Vi 100 qé
£ 7 £
= / . 3
g S
o 200 4 / -
3 \ g
2 A 50 g'
g 100 (—\\ . /4> // > g
g 0 \\ ’/ / 150 §
® \X r tel:;Zf aot:ll’ e J // -200 (};
Rl _J/ \% J/// 250
1519 N 300
hal 1 2 3 4 5 6 7

Program
temperature

Time (minutes)

Figure 7. T—t ramp for two empty pans: sensor temperatures recorded and program temperatures chosen against time in the
case of cooling and heating rates of 300 °C/min, in a temperature range of —120 to +500 °C. Also shown are the sensor temperature/
time derivatives, representing the scan rates realized. Purge gas: helium (10)/neon (90).

from —120 to +500 °C. The figure not only shows the sensor
temperature and the program temperature plotted against
time but also the sensor temperature/time derivatives. It can
easily be seen that in the cooling scan a rate of about —290
°C/min is achieved between 500 and about 75 °C, that is, over
a temperature range of about 425 °C. Between +75 and —120
°C the cooling rate decreases to —50 °C/min. In the heating
scan, the programmed scan rate of +300 °C/min is achieved
across the entire temperature range from —120 to +500 °C.
The HPer DSC is capable of achieving even higher scan rates
in heating: +500 °C/min is feasible.

In some cases, a smaller temperature range, from —150 to
about +200 °C, suffices. This is an interesting measuring range
for a number of polymers, in particular polyolefins (including
EPDM rubbers). Figure 8 shows the results obtained at scan
rates of —100 to +100 °C/min and —200 to +200 °C/min. Again,
the two heating scans coincide and the programmed T-t
ramps are realized. In the —100 °C/min cooling scan, the result
is virtually perfect: the temperature range at which the
programmed T—t ramp is realized extends to below —100 °C.
In the case of the —200 °C/min scan, this range extends to
below —50 °C. For the aforementioned polymers this result is
more than satisfactory. It should be noted that in this

temperature range pure helium was used as a purge gas in
order to maximize heat transfer.

Finally, Figure 9 gives an impression of the lowest temper-
atures that one can achieve while still maintaining a virtually
linear sensor temperature—time relationship, in other words
a constant cooling rate, as a function of the programmed
cooling rate. As discussed earlier, these lowest temperatures
depend on the variables chosen, such as the highest starting
temperature (500 °C in Figure 9) and the purge gas used [in
Figure 9 this is a helium (10)/neon (90) mixture].

3. Results and Discussion

Two of the target applications of HPer DSC men-
tioned will now be discussed in more detail: the study
of the kinetics of various processes under realistic
conditions of measurement and the elucidation of the
metastability? of the resulting phases.

The time required for the crystallization of long-chain
molecules varies, depending on the environment and the
experimental conditions, in particular the actual tem-
perature in relation to the equilibrium melt temperature
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as a function of the programmed cooling rate for two empty
pans. Highest starting temperature 500 °C; purge gas consist-
ing of a helium (10)/neon (90) mixture.

and the glass transition temperature.>%® The amount
of time thus consumed can be in competition with the
time available for crystallization. Thus, the development
of crystallinity can be reduced by increasing the cooling
rate, and it will be minimal at very high cooling rates,
such as occur during injection molding. Therefore, to be
able to mimic processing conditions and to gain insight
into crystallization phenomena as a function of the
molecular structure of macromolecules,!® it is essential
that thermal analysis instruments offer the possibility
of applying a wide range of cooling rates. This will also
make it possible to determine the cooling rate at which
the sample does not crystallize at all, and to study the
efficiency of nucleants for crystallization.

Another intriguing phenomenon is the fact that quite
often melting temperatures as a function of molar mass
or cooling rate do not resemble the crystallization
temperatures observed during the preceding cooling
step.®32 This must be caused by extensive reorganiza-
tion phenomena during heating. Such phenomena can
be effectively avoided by cross-linking??:59.60 or etching
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Figure 10. Cooling at 100 °C/min of a polypropylene sample
(0.922 mg) giving rise to crystallization at relatively low
temperatures (compared to cooling at 10 °C/min). Subsequent
heating at 10 °C/min results in a double peaked curve because
of melting followed by immediate recrystallization; heating at
100 °C/min, however, results in a single peaked curve because
recrystallization is effectively suppressed. Purge gas: helium
(20)/neon (90).

away the amorphous phase, but these are complicated
and risky routes. For most polymers, measuring at
heating rates much higher than the applied cooling
rates is a more convenient route to take.

The same applies in the case of recrystallization.
Figure 10 presents an example, where a polypropylene
(PP) sample heated at 10 °C/min after relatively fast
cooling at 100 °C/min shows a melting peak at 163 °C
and a shoulder at approximately 155 °C.33 It is well-
known that at such a high cooling rate, and certainly
at even higher cooling rates, the main peak is caused
by a melting process following the recrystallization of
the part melted around 155 °C. So, in fact, the melting
at 155 °C is linked directly to the preceding crystalliza-
tion, in this case around 100 °C. Heating at 100 °C/min
shows the real link, because obviously recrystallization
is impossible at this high rate. In this way, the inter-
pretation of measurement results is greatly simplified.
Another advantage is the possibility of operating and
experimenting at high cooling rates. Even the moderate
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rate of 100 °C/min lowers the crystallization tempera-
ture by approximately 12 deg compared with cooling at
10 °C/min. In the case of PP, high scan rates open up
even more possibilities. In PP the occurrence of various
crystalline phases, such as a, 3, and y, is to a large
extent determined by the T—t ramps imposed on the
samples, although the presence of specific nucleating
agents also plays a role. Obviously, if an extremely large
variation in scan rates in both cooling and heating (and
combinations thereof) can be applied, the development
of such phases can be influenced very effectively. Also,
the Kinetics of these processes and any transitions
between them can be studied, and compared with
evidence obtained by other techniques, such as X-ray
analysis.

The measurements at —100 °C/min and +100 °C/min
in Figure 10 are quantitative. They are in fact heat
capacity measurements according to the “continuous
measuring method™:*® the designation “c,” along the
y-axis applies to the measurements at high scan rates.
The measurement at +10 °C/min is not quantitative as
far as the curve shape is concerned, but it is quantitative
with respect to the characteristic peak temperatures.
The explanation for the nonquantitative measurement
of ¢p at +10 °C/min is that a low sample mass (0.922
mg) was used because the high scan rate experiments
were to be performed with the same sample. To arrive
at a quantitative measurement for the extremely dif-
ficult combination of such a low sample mass with the
low heating rate of +10 °C/min would necessitate a
separate optimization of the apparatus, which was not
the aim of this experiment. This highlights an important
capability of High Performance DSC: it enables heat
capacity measurements to be carried out at 100 °C/min!
This is a great step forward, the more so as the
measurement is no more difficult than a heat capacity
measurement at 10 °C/min. On the contrary: the higher
rate results in a shorter overall measuring time. This
minimizes the risk of instrumental drift occurring
during the time the sample is measured and during the
measurement of an empty aluminum foil (or an empty
pan) and thus increases the likelihood of a quantitative
result being obtained. However, it has to be emphasized
here that heat capacity measurements are never simple,*
not even with HPer DSC: they are feasible, but only if
the instrument is thoroughly optimized and if the
experimenter is highly skilled and extremely critical.

Figure 11 illustrates the capability of HPer DSC to
influence the nucleation process during crystallization.
If the polymer [a poly(ethylene terephthalate) (PET)
sample®®] is cooled at 100 °C/min, it remains amorphous
right down to the glass transition, which starts at about
90 °C. Apparently, the rapid cooling process does not
allow the sample the time needed for nucleation. The
same PET sample partially crystallizes if it is cooled at
a lower rate, 10 °C/min.3%33 If, after cooling at 100 °C/
min, the sample is subsequently heated at 10 °C/min,
cold crystallization takes place on a large scale im-
mediately after devitrification, with a maximum signal
at 160 °C. After that, the melting process starts, with a
maximum signal around 250 °C. However, if the sample
is heated at a higher rate, 100 °C/min, cold crystalliza-
tion is virtually prevented. The figure shows that there
is still some cold crystallization between the glass
transition and about 150 °C and that the material that
crystallizes in this range melts again above about 200
°C. So, in conclusion, for this sample, heating at 100
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Figure 11. During cooling at 100 °C/min of a polyethylene
terephthalate sample (1.285 mg) no crystallization occurs, just
vitrification. During heating at 10 °C/min (---), after devitri-
fication, extensive cold crystallization and subsequent melting
takes place; heating at 100 °C/min (—) nearly suppresses cold
crystallization and subsequent melting. Purge gas: helium
(10)/neon (90). The dotted lines represent the reference curves
for purely amorphous and purely crystalline PET.

°C/min reduces cold crystallization to virtually zero and
the heating curve obtained much better reflects the
preceding cooling run—which amorphized the sample.
This is of course very important in cases where an “as
received” sample has to be analyzed whose thermal
history is not known. In such cases it is essential to
avoid reorganization in the broadest sense of the term,
including cold crystallization and recrystallization, to
be able to form an accurate picture of the effects of the
sample’s thermal history, such as crystallization, an-
nealing, vitrification, aging!® and the formation of a
rigid amorphous phase.*®

Again, the —100 and +100 °C/min curves are heat
capacity curves and are in good agreement with the
reference curves for purely amorphous and purely
crystalline PET;®! see the dotted curves. And again, the
heating curve measured at 10 °C/min is not a heat
capacity curve, because the measurement was not
optimized for this combination of a low scan rate and a
low sample mass (1.285 mg).

Not all PET samples remain amorphous in a cooling
scan at 100 °C/min. In some grades, crystallization can
still occur, for instance if the material has a low molar
mass, if nucleating agents are added to the samples,
etc. Such a sample®® will be briefly discussed here. On
cooling at 10 °C/min this particular PET sample crystal-
lizes around 200 °C, resulting in a crystallinity of
approximately 36%. Subsequent heating at 10 °C/min
gives a double peaked melting curve, with peak values
just above 245 °C and just above 250 °C. Heating at 100
°C/min changes this double peak into a single peak, at
approximately 245 °C. Apparently, reorganization (prob-
ably by recrystallization) is successfully prevented by a
higher heating rate. Cooling at 100 °C/min shifts the
crystallization peak value from 200 °C to a much lower
value of 162 °C, while the crystallinity is also lowered
to the much lower value of approximately 10% compared
to 36%. Heating at 10 and 100 °C/min shows cold
crystallization in both cases. This illustrates the meta-
stable character of the crystals formed, which is due to
the relatively high cooling rate. So, obviously, even the
heating rate of 100 °C/min, after cooling at 100 °C/min,
is not high enough to avoid cold crystallization. Because
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Figure 12. Enthalpy-based mass fraction crystallinities for
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Figure 13. Various second heating curves, at scan rates of
10, 100, and 200 °C/min, after cooling at 10 °C/min for a Nylon
10.6 sample. The extensive reorganization that occurs during
heating at low scan rates is increasingly hindered as the scan
rate increases.

of this cold crystallization, the crystallinity increases
during heating from 10% to a maximum of approxi-
mately 27% (which is still lower than the 36% obtained
in cooling at 10 °C/min) before decreasing to zero as the
sample melts completely; see Figure 12. This example
convincingly shows that even at the extreme conditions
applied—high scan rates and a low sample mass of
milligram level—quantitative measurements can be
performed, because instrumental drift is virtually ab-
sent. Thus, heat capacities, enthalpies, crystallinities,
baseline, and excess heat capacities*® can be determined
at high scan rates.

Another example of the great potential of HPer DSC
in studying and influencing metastability is the melting
behavior of a Nylon 10.6 sample;®? see Figure 13, after
cooling at 10 °C/min.

During the 10 °C/min cooling scan, the sample
crystallizes at a maximum rate around 210 °C. The
heating rate that is subsequently chosen has a major
influence on the shape of the heating curve. Heating at
10 °C/min initially shows a relatively small endothermal
effect, which, in the temperature region just above the
onset of crystallization, is followed by a clearly distin-
guishable but likewise small exothermal effect. The
melting and recrystallization processes probably par-
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Figure 14. Second heating curve of a polycarbonate at 20 °C/
min after cooling at 0.1 °C/min. Some “characteristic temper-
atures” that mark the glass transition: the “inflection point”
; the “onset” ; “Y/,Ac,"; the thermodynamic “enthalpy-based”
Ty, or fictive, temperature.

tially overlap, which would explain the relatively weak
net signal. Further heating produces a melting peak
around 237 °C. Even in a heating run at 100 °C/min,
there is still an exothermal effect. The first melting peak
is now more distinct and has its maximum around 220
°C. It seems plausible to relate this peak to the crystal-
lization peak around 210 °C. The second peak once
again has a maximum at 237 °C and is substantially
smaller than the peak obtained in the heating run at
10 °C/min. This effect is even more pronounced in the
case of heating at 200 °C/min: the second peak once
again lies around 237 °C, and no exothermal effect is
visible. All this points to a substantial degree of
reorganization during heating, probably by recrystalli-
zation, as is also evidenced by the constant net total area
of 47.5 + 1.0 J/g under the heating curves obtained at
10, 100, and 200 °C/min. Also, it is conceivable that
there are transitions between the various crystal poly-
morphs. An X-ray study has been initiated to investigate
this.52 Another conclusion from the above findings is
that apparently an even higher heating rate will be
needed to prevent reorganization altogether (resulting
in the complete disappearance of the second peak).

Finally, an entirely different field of application of
HPer DSC will be discussed now, namely the study of
vitrification and devitrification as a function of the
cooling and heating rate.8 This application, too, involves
the use of widely different scan rates and enables the
curves to be evaluated in quantitative terms.

Figure 14 shows a heating curve (20 °C/min) for a
polycarbonate previously cooled at 0.1 °C/min.?° Using
commercially available software packages, it is possible
to determine “characteristic temperatures” of a glass
transition curve, like the ones shown in Figure 14: an
“onset” temperature; the temperature at which half of
the total ¢, jump (moving from below the glass transi-
tion temperature to above this temperature) can be
determined, referred to as “!/,Ac,”; the temperature of
inflection (the temperature corresponding to the maxi-
mum in the first derivative of the DSC curves), etc. The
aforementioned methods for determining the glass
transition serve to chart the various aspects of the curve
shape as a function of the cooling and heating rates.
Some software packages additionally offer the possibil-
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Figure 15. Second heating curves at 20 °C/min of a poly-
carbonate, after cooling at various rates: 0.1, 1, 10, and 100
°C/min. Locations of some “characteristic temperatures” that
mark the glass transition and the thermodynamic “enthalpy-
based” Ty as in the preceding figure.

ity of determining the “enthalpy-based” Tg, or fictive
temperature, based on the “enthalpy method” the
enthalpy curves before and after the transition are fitted
using a second-order polynomial and a least-squares
method (assuming the DSC curves to be linear in the
regions mentioned, which is a good approximation, at
least above the glass transition region). The intersection
of these regressions is taken as a value for the Ty, which
is why the glass transition temperature thus determined
is also named the “isoenthalpic” Tq. This temperature
alone determines the “intrinsic” glass transition tem-
perature of the sample which is realized during cooling
and which would have been measured by a DSC
instrument if the cooling curves had been recorded.
Obviously, this is not always possible, either because
the cooling rate is too high to be imitated in a DSC
instrument, as is the case with several processing
methods, or because one has to measure the sample “as
received” without knowing its thermal history. This
glass transition temperature realized during cooling is
of course not affected by heating in the DSC instrument.
On the other hand, the way the sample takes up
enthalpy—which well-known and extensively studied
phenomenon is called “enthalpy recovery”—as reflected
in the shape of the heating curve as a function of
temperature, is strongly influenced by the heating rate,
and by the sample history.18 For example, see Figure
15, where the “inflection point” illustrates that when
the heating rate is faster than the cooling rate the
change in heat-flow rate in the heating curve occurs at
higher temperatures and is followed by a peak in the
curve (the temperature at which this peak occurs might
be added to the list of characteristic temperatures). This
figure shows heating curves (20 °C/min) for a polycar-
bonate previously cooled at different rates, ranging from
0.1 to 100 °C/min. Using the enthalpy method, it is
possible to determine the glass transition temperature—
reflecting a frozen-in and metastable state—and thus
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Figure 16. Some “characteristic temperatures” that mark the
glass transition of a styrene acrylonitrile (SAN; 27% of AN)
copolymer: the “inflection point”; “*/,Ac,”; the “half-width”; the
thermodynamic “enthalpy based” Ty, or fictive, temperature,
as determined at different heating rates (1, 10, and 100 °C/
min) after cooling at different rates (also 1, 10, and 100 °C/
min).

gain insight into the thermal history regardless of the
way the sample is heated. The method is described in
detail in ref 18. The result is shown in both Figures 14
and 15. For thermodynamic reasons, it is to be expected
that the glass transition temperature increases with
increasing cooling rate, and this trend is reflected only
in the fictive temperature. All other characteristic
temperatures show the opposite (i.e., wrong) trend: they
suggest that T, decreases as the cooling rate increases!
So, if these temperatures are used as a basis for
determining the glass transition temperature during
cooling, they lead to wrong conclusions, as a result of
which a research project may be steered in the wrong
direction. It is obvious that the enthalpy method should
be used, if only to enable comparisons with results
obtained by other techniques.

In the same way, Figure 16 shows the influence of
the cooling rate (1, 10, and 100 °C/min) and the heating
rate (also 1, 10, and 100 °C/min) for a styrene acryloni-
trile (SAN) copolymer. Again, Figure 16 shows the
results of monitoring the glass transition via “charac-
teristic temperatures”, using slightly different defini-
tions, because now commercial PerkinElmer software
was used: the “inflection point”, “Y,Ac,”, the “half-
width” (the temperature belonging to the point on the
curve that is halfway between the onset and end points,
as defined and determined by the PerkinElmer soft-
ware), and the “enthalpy-based” one.

Using the HPer DSC procedure, the sample masses
were now adjusted to suit the various scan rates.
Specific values used were 50.754 mg for a scan rate of
1 °C/min, 9.813 mg for a rate of 10 °C/min, and 0.792
mg for a rate of +100 °C/min.
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Enthalpy recovery is again clearly visible in Figure
16, for example at a constant cooling rate of 1 °C/min.
When the heating rate is increased from 1 via 10 to 100
°C/min, it is seen that the temperature defined by the
“inflection point” increases by about 12 deg. Relating
such a change in the heat-flow rate curve to processing
conditions or properties can be important in industrial
practice.

The 12-deg upward shift of the “inflection point” that
is observed when the heating rate is increased from 1
to 100 °C/min after cooling at 1 °C/min is also found for
the other characteristic temperatures: the “l,Acy”
temperature and the “half-width” temperature.

However, this does not imply that Ty increases by 12
deg, because that would make the glass transition
temperature dependent on the ratio of the heating rate
and the cooling rate or, in the case of a fixed cooling
rate, on the heating rate alone. This would be absurd
from a thermodynamic point of view; after all, the glass
transition temperature is determined by the cooling
rate, and the method for determining the “enthalpy-
based” Ty is the only method that is in line with this
thermodynamic approach. It is assumed that—for the
conditions chosen—enthalpy relaxation during the iso-
thermal stays and during heating, which would result
in a change in glass transition temperature, does not
occur.

The fact that Ty after cooling at 1 °C/min is not
influenced by the heating rate (which in these experi-
ments was varied from 1 via 10 to 100 °C/min) is clearly
illustrated by the values of the enthalpy-based Ty at
these different heating rates: these values are virtually
constant (as was to be expected) at 103 + 1 °C. They
are in good agreement with the Ty measured in cooling
at 1 °C/min: 102 °C; see Figure 16.

The difference between the various characteristic
temperatures can be quite large. For example, if the
“inflection point” temperature and “enthalpy-based” Ty
after cooling at 1 °C/min and heating at 100 °C/min are
compared, a difference of 17 °C is seen. The figure
further shows that the trends are totally different. The
“inflection point” temperature decreases with increasing
cooling rate (and constant heating rate), while the
“enthalpy-based” T4 shows the reverse trend. The latter
is the correct trend; it is the trend one would expect on
the basis of thermodynamic considerations. Its correct-
ness is confirmed by measurements of the characteristic
temperatures in cooling: all of these temperatures
increase as the cooling rate increases. The “enthalpy-
based” Ty values determined in cooling at 1, 10, and 100
°C/min agree very well with the “enthalpy-based” Ty
values determined in a subsequent heating scan at 100
°C/min. The change in the “enthalpy-based” T4 values
as a function of the cooling rate amounts to 3.5 °C/
(decade in cooling rate). Heating at 10 °C/min also yields
an acceptable result: agreement within 2 deg, possibly
a slightly different slope, and of course, the correct
trend. Clearly, HPer DSC is very suitable for such
studies, the more so as it enables the scan rate to be
varied to an even greater extent than shown here, using
submilligram sample masses.

4. Outlook

Up to now, controlled constant rates as high as
hundreds of °C/min have been realized. Of course, there
is still room for improvement. After all, the authors
obtained the results described here by setting up effec-
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tive procedures and by making relatively simple modi-
fications to an existing, commercially available calorim-
eter. It would be enlightening to hear from the manu-
facturer why the results obtained are so good, and what
hardware and software configurations have been used
to achieve such a performance. It should be noted,
though, that this performance cannot be achieved with
the earlier types of DSC (No. 2 and No. 7) and not even
with all versions of the Pyris instrument. It goes without
saying that modeling® such an instrument in terms of
heat flows is no simple exercise and may even be
impossible without additional, detailed information.
Obviously, the manufacturer has access to hardware
and software know-how that is not available to the
authors and can use this know-how to optimize the
equipment so as to further expand the range of pos-
sibilities in the direction indicated. This will probably
enable even higher (constant) rates to be achieved in
the temperature ranges that are important for polymers
and pharmaceuticals. If the calorimeter design is modi-
fied in a targeted way, a substantial further expansion
of the range of possibilities may even be feasible, until
the heat exchange between the sample and its sur-
roundings becomes a limiting condition. In our opinion,
the poor thermal conductivity of a polymer sample is
not the biggest problem, because the sample mass can
be chosen considerably lower; see the experiment with
ultrahigh molecular weight polyethylene on a micro-
gram scale. The use of a highly conductive sample
packaging material (in this case aluminum foil), which
completely envelops the sample, will then result in
optimum heat transfer between the sample and its
surroundings.

Further, drastic improvements will be possible only
if the design of the calorimeter is thoroughly renewed.
Miniaturization will be the key to success.256465 “Cal-
orimetry-on-the-chip” with the aid of nanotechnology
should lead to a major improvement (i.e., increase) in
scan rates.

It is hardly possible to overemphasize the importance
of extremely high cooling rates, not only for imitating
important processing methods but also for suppressing
or even preventing crystallization in cooling (keeping a
sample in the amorphous state until the glass transition
is reached). In addition, extremely high heating rates
are important for reducing or even eliminating reorga-
nization during heating. For both scientific and indus-
trial research, the sky is the limit as far as scan rates
are concerned.

Whether the development sketched above—which is
of paramount importance for both scientific and indus-
trial research—will become a reality is hard to predict
at this moment. In any case, a compromise will have to
be sought between the ideal situation sketched above
and the technical feasibility. Commercial realization will
depend on the potential market, i.e., the demand from
potential users.

5. Conclusions

HPer DSC—High Performance DSC—is excellently
suited for studying the kinetics and metastability of
polymer systems, because it is capable of applying very
high, controlled and constant scan rates (hundreds of
degree per minute) and combinations thereof both in
cooling and in heating: it is also a high rate DSC.

(De)vitrification, crystallization, and solid—solid-
phase transitions can be measured under much more
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realistic conditions, as occurring in practice during fast-
cooling processes; moreover, these processes can be
understood much better because reorganization phe-
nomena during heating like cold crystallization, recrys-
tallization, etc.—which obscure the interpretation of
melting and solid—solid-phase transitions—can be stud-
ied, influenced, and in some cases, even avoided.

As instrumental drift is minimal during the very short
times of measurement, quantitative results can be
obtained. Thus, even heats of transition and heat
capacities can be established at the extreme rates
applied.

Sample masses ranging from approximately 1 mg
down to a few micrograms can be utilized. This will
facilitate research on heterogeneities, additives, dis-
persed substances, nanoparticles, fractions, etc. present
in very low concentrations or available in minute
amounts. Coatings, thin films, and multilayered struc-
tures can also be measured at high sensitivity.

The extremely high scan rates applied in HPer DSC
enable the measurement time to be drastically reduced.
This is an advantage in high throughput research—for
example in combinatorial chemistry. However, quality
control (QC), measurement of specifications of samples
and products, etc. will also be fruitful areas of applica-
tion: HPer DSC is also a high throughput DSC.

Although the application of HPer DSC in polymer
research is obvious, the new method/technique will be
of use for measurements on all kinds of substances,
materials and products thereof that consist of high and/
or low molar mass molecules.

Thus, the capabilities of HPer DSC, as mentioned, will
be of advantage in different fields, including material
science, the life sciences, pharmaceutics, solid-state
physics, etc. and thus provide analytical support to (bio)-
chemistry and physics research.

Finally, the development presented here should be
regarded as a first step: via “calorimetry-on-the-chip”
with the aid of nanotechnology it should be possible to
reach much higher scan rates.
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