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Fast scanning calorimetry is an attractive tool to study kinetics and thermodynamics of materials created
or used far from thermodynamic equilibrium. In the first part of this paper we describe a differential
fast scanning nano-calorimeter utilizing a new power compensation scheme. The device is suitable for
calorimetric experiments at controlled cooling and heating rates between 1 and 100,000 K/s. This part
of the paper focuses on determination of specific heat capacity out of the measured data. Assuming
time independent heat losses for sample and reference sensors at heating and cooling makes possible a
Keywords: . . . . .. .
. . heat capacity analysis based on symmetry arguments. The described procedure is not limited to chip-
Fast scanning nano calorimetry . . . . .
DSC based fast scanning devices but can be applied to common DSC too. Due to the differential scheme and
power compensation heat capacity of polymer samples with sample mass of a few 10ng is available.
Reproducibility of heat capacity is in the order of £2% at optimum scanning rates. Uncertainty of specific
heat capacity strongly depends on sample mass determination and is in the order of +10%. Adding a small
particle of a temperature calibration standard, e.g. indium or tin, on top of the polymer sample reduces
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uncertainty of temperature to about £4 K.
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1. Introduction

In polymers, pharmaceuticals, and metal alloys metastability is
the rule rather than the exception, and the study of the kinetics of
such systems has become an important issue [1,2]. 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 (calorimetric) techniques enabling the use of high
cooling and heating rates [3].

Conventional DSC is one of the few techniques that have already
a relatively large dynamic range of scanning rates. They allow
(quasi) isothermal measurements and scanning rates up to 10K/s
for power compensated DSCs [1,4]. Several approaches are known
how to overcome these limitations. Most of them are based on
thin film techniques. Quasi-adiabatic scanning calorimetry at high
heating rates, ca. 500 K/s, was developed by Hager [5] and even for
rates up to 107 K/s, by Allen and co-workers [6,7] and others [8,9].
Heat capacity determination in these quasi-adiabatic calorimeters
is relatively simple because heat losses can be neglected in first
approximation. Nevertheless, a more quantitative analysis requires
quite some corrections also for these calorimeters [7-12]. But as
mentioned above, further investigation of metastable phase for-

* Corresponding author. Tel.: +49 381 498 6880; fax: +49 381 498 6882.
E-mail address: christoph.schick@uni-rostock.de (C. Schick).

0040-6031/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2010.03.020

mation can be obtained only if the same high controlled cooling
rates are available too. Therefore a single sensor non-adiabatic fast
scanning calorimeter [13-16] was developed.

The main problem for heat capacity determination for the non-
adiabatic single sensor device is the subtraction of the heat loss
function. It is realized as a subtraction of a 3rd to 5th order polyno-
mial function [16]. But as soon as several sharp events in the sample
occur, the error in determination of the loss polynomial increases
dramatically (Fig. 1).

Adifferential power compensated fast scanning calorimeter was
set up to overcome these problems at least in part. It covers the
scanning rate range between 1 and 10° K/s in heating and cool-
ing. The device, as described in the first part of this paper [17],
uses the same low addenda heat capacity sensors [18] as previ-
ously used for the single sensor device [14,16,19]. The presence
of an empty reference sensor reduces the influence of heat losses
and addenda heat capacity on the obtained data. For a better sam-
ple temperature control, particularly in the transition regions, a
power compensation was introduced, this way following the work
by Rodriguez-Viejo and co-workers [20]. To improve signal to noise
ratio and resolution of the device, even under fast scanning condi-
tions, an analog power compensation technique was implemented.
A differential power compensation scheme provides, under condi-
tions of ideal symmetry of both sensors, directly the heat flow rate
into the sample, which simplifies heat capacity calculation. Fur-
thermore, user-friendly experiment management software and a
software package for data evaluation were developed.
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Fig. 1. (a) Heat flow rate at heating ®@o; and cooling @, for a heating—cooling scan at 2000K/s for ca. 480 ng poly (ethylene terephthalate) (PET) sample [15]. The heat
loss curve (T— Ty )G is determined outside the transition regions as the symmetry line between ®y; and @g;. (b) Problems of heat loss determination in case of complex

overlapping events in the sample during heating and cooling.
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Fig. 2. Scheme of the power compensated fast scanning calorimeter. A, the time-temperature profile is generated by the user and is provided to the PID controller through
a DAC board. B, sample temperature is made to follow precisely the required profile by means of control loop. C, the resulting temperature difference can be recalculated to

heat flow rate and sample heat capacity as shown below.

The developed new power compensation scheme realizes such
separate control loops as shown in part 1 [17,21]. It was already
successfully applied to the study of polymers [22-25] and met-
als [26-28]. Compared to the PerkinElmer power compensation
scheme [29] the new scheme allows a more precise control of the
temperature of both sensors. But the proportionality between the
remaining temperature difference in the differential control loop
and the differential heat flow rate is lost. Therefore the new scheme
requires the measurement of more than only one signal to allow
recalculation of the power difference as it is described in part 1
[17].

The practical realization of the control scheme described in Ref.
[17] is shown in Fig. 2. The user defined time-temperature profile
is recalculated into a voltage and provided as the setpoint for the
PID controller. The PID controller makes the temperature of the
reference sensor to follow the profile by adjusting power Pg to its
heater. The same power Py is applied to the sample loaded sensor.
The difference between the temperatures of reference and sample
side is minimized by the differential controller by adding power
Pyjer to the sample side. The actual realization of this scheme using
thin film chip calorimeter sensors is shown in Fig. 2.

The resistive film-heaters of the sensors provide the power,
which is supplied to the membrane/sample interface and prop-
agates through the sample, membrane and the ambient gas. For
a perfectly power compensated system power is distributed in a
way that both sensors are always at the same temperature, T, and

scanned at the programmed rate, dT/dt, independent of any heat
effect in the sample. Assuming an ideally symmetric differential
system, which means equal addenda heat capacities Cy on both
sides and equal heat losses Pj,s(T) to the surrounding on both sides,
the heat balance equations for both sensors are as follows:

reference : CO(T)% = Py(T) = Pioss(T) (1.1)
sample :  (Co(T)+ C(T) % = Po(T) + Pyie(T) — Pioss(T) (1.2)

where C is sample heat capacity. In this particular case the differ-
ence between Egs. (1.2) and (1.1) yields:

ST = Pyn(m) (13)
where Py is the difference between the power supplied to the
sample and the reference sensors.! Consequently, the aim was to
set up a system with near to perfect power compensation, which
allows determination of Pg;(T) and finally to correct for unavoid-
able asymmetries between both sides in real measurements at high
scanning rates. The hardware was designed for that aim having in
mind anticipated scanning rates of up to 100,000 K/s [17].

1 These considerations also hold for conventional DSCs and therefore the proce-
dure described below can be applied to conventional DSC too.
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Fig. 4. Reference heating rate (bottom) and differential heat flow (power) (top)

during the scan at 1000 K/s for a PCL sample of 50 ng with a small indium particle
on top.

2. Experimental

The device is intended to measure nanogram samples on con-
trolled cooling and heating at high rates. A typical temperature
profile, consisting of isotherms, heating and cooling, is shown
in Fig. 3. The sample is placed in the center of the membrane
covering the heated area. To homogenize temperature laterally a
100 nm thick gold foil is used. Silicon oil is placed in between the
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gold sheet and the membrane making a good wet thermal con-
tact. Only a small amount of oil, not adding much to addenda
heat capacity, stays there due to capillary forces. A similar foil is
placed in the same way on the reference sensor. The foil itself
(70 pum x 70 wm x 100 nm thick) adds negligibly small addenda
heat capacity in comparison with 10 wm thick polymer and the
difference between two similar foils is even smaller, ca. 0.5 n]/K.
A small piece of the material under investigation is placed on the
gold foil on the sample sensor. After first melting it spreads over the
foil and creates a good thermal contact with the foil. The dimen-
sions of the prepared sample should not exceed the size of the
heated area and, depending on maximum rate, 10 wm in height
to avoid temperature gradients inside the sample [15]. To ensure
the correct sample temperature measurement and for demonstra-
tion purposes a small indium particle was placed on top of the
sample.

The temperature profile in Fig. 3 consists of an isotherm for 0.1 s
at 100K, 1000 K/s heating from 100 to 450 K and successive cooling
at the same rate back to 100K followed by another 0.1 s isotherm.
Poly(e-caprolactone) (PCL) was used as sample. It has a glass transi-
tion temperature of ca. 200 K and melts at about 330 K. Indium has a
rate independent melting point Ty, =229.8 K and shows supercool-
ing of a few Kelvin only.

The result of the experiment is the differential heat flow as
shown in Fig. 4, which includes the heat flow to the sample but
also temperature dependent differential heat losses (PAiff(T)).

The bottom curve in Fig. 4 shows the result of digital dif-
ferentiation of the measured sample temperature. It shows the
well-controlled constant heating rate with short (3 ms) overshoots
at the beginning and end of heating and cooling.
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Fig. 5. Origins of the measured signal. (a) Temperature dependent heat capacity including a step at Tg. (b) On heating or cooling at the same rate a positive or negative
heat flow into or out of the sample is required. (c) The heat loss difference (dashed green line) is added to the heat flows from (b). This sum is the finally measured power
difference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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3. Heat capacity calculation
3.1. Heat balance

Scanning calorimeters determine the power difference between
reference and sample side during controlled temperature treat-
ment [17,30]. The heat capacity of the sample during the scan can
be recalculated from Pg;¢r and heating rate using the heat balance
Egs. (1.1)-(1.3), or more precisely:

. ref dTref ref ref
reference : (j T Pyt — P (T) (1.4)
deample
sample : (C(S)ample + Csample)idt = P(Sf‘mple + Pgir — PIS;STP]E(T)

(1.5)

where Py and Py are average and differential power generated
by the heaters, Co and Csympie are heat capacity of empty sensor
(addenda) and sample, respectively. dT/dt is temperature scanning
rate and Pj,¢5(T) is heat loss to the surrounding. Superscripts sample
and ref denotes sample and reference sensors, respectively.

The addenda heat capacity of the heated part of the membrane is
ca.30nJ/Katroom temperature. Using sensors from the same wafer
the difference in addenda heat capacity is of the order of 0.6 nJ/K
(see inset in Fig. 7(b) below). Therefore we can neglect the differ-
ence between reference and sample side addenda heat capacities
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Fig. 6. Power difference (red curve) on heating and cooling used for determination
of heat loss difference Pldoig(T) (green center curve). iPP sample of ca. 56 ng at 1000 K/s
scanning rate. The light grey curve shows the power difference from an empty sensor
at a 100-fold enlarged scale (right axis). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

compared to sample heat capacity of commonly more than 10 nJ/K
and express sample heat capacity as:
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(b) T T T T T T :
0.20 - 120
—— Heating
- Cooling
2 015 115
pun |
(1]
o <
< 010 {10 X
S b,
= m
c 3
30051 {058
0.00 - 4 oo
N
50 100 150 200 250 300 350 400 450 500

Temperature in K

*form_= 55 ng

(C) 3.5 01 T T T T T T
Specific Heat Capacity
3.0 Cooling*
] Heating*
——— ATHAS iPP amorphous
2.5
x
o
-
[ =
=, 2.0
o
1.5 4
1.0
Y
1 T T T
100 150 200 250

T T T
300 350 400 450

Temperature in K

Fig. 7. iPP sample of ca. 56 ng at 1000 K/s scanning rate. (a) Heat flow rate to the sample (red and blue curves, left axis) and from the empty sensor (light grey curve, right axis
100-fold magnified) recalculated by subtracting the power difference shown in Fig. 6 from the measured data. (b) Sample heat capacity (red and blue curves, left axis) and
addenda heat capacity difference from the empty sensors (light grey curve, right axis 100-fold magnified). (c) Specific heat capacity curve determined using liquid specific
heat capacity above melting at 430K from ATHAS databank [31]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)
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Determination of Pg;s for a fast scanning calorimeter is described in
Ref. [17]. The differential loss function PAiff(T) is a smooth function
of temperature containing asymmetries of the system including
the difference in heat losses and Pasym, containing all other dif-
ferences between the two sensors. The latter can be modified by
hardware adjustments to minimize P3if(T) and therefore the dif-
ference between Pyt and Csympie(dT/dt). The influence of the heat
loss difference on heat capacity determination and its correction is
described next.

3.2. Determination of differential loss function

The measured quantity by differential scanning calorimeters is
the power difference between sample and reference sensor. To bet-
ter understand interpretation of the obtained data we consider
once again the different causes of the obtained signals (Fig. 5).
As an example a polymer sample was chosen because of its good
adhesion properties and well-defined thermal contact properties.
The sample heat capacity shows solid and liquid heat capacity
below and above the glass transition (Fig. 5(a)). When the sam-
ple is heated it requires a heat flow into it and the same heat
flow out of it on cooling at the same rate (Fig. 5(b)). Never-
theless, the measured power difference is the heat flow to the
sample plus the smooth temperature dependent curve represent-
ing all asymmetries of the differential system (Fig. 5(c)). This is a
schematic representation of PIf(T) from Eq. (1.6). As shown by
Minakov and Schick [14] the chip sensors utilized for fast scan-
ning calorimetry behave quasi-static up to rates of 10> K/s. Only
at higher rates time dependence of addenda heat capacity (heated
area of the membrane) and heat losses have to be considered. The
same can be considered for common DSCs. Therefore the same
differential loss curve is added to the heat flow signal originat-
ing from the heat capacity (Fig. 5(b)), independent on heating rate
or thermal history of the sample. Then the differential loss curve
can be determined under optimal experimental conditions, e.g. if
only a glass transition and no crystallization and melting occurs.
This differential loss curve is then applicable for the correction
of all other measurements for this particular sample as shown
below.

If we are interested in sample heat capacity it requires correction
of the measured data in the reverse order. The first step, determina-
tion of the heat loss difference line in the whole temperature range
of interest is the main task for determining sample heat capacity.
In contrast to power compensated DSC it is not possible to deter-
mine this line experimentally from an empty measurement[22,30].
Similar to heat flux DSCs the loss function of the chip-based sensors
depends on the sample under investigation. If, for example, a 50 pm
diameter spherical metal sample is measured the heat exchanging
surface is nearly doubled compared to the flat reference sensor [27].
Under such conditions the assumption of symmetry between both
sensors is seriously violated and yields strong curvature and slope
of the P4iff(T) symmetry line between heating and cooling as shown
in Figs. 5 and 6. Furthermore, transitions on heating and cooling
may occur at different temperatures and have different width. Then
the symmetry line does not equal the average between both curves
in the whole temperature range but only outside the transitions. In
Fig. 6 these transitions are glass transition, cold crystallization, and
melting of isotactic polypropylene (iPP) on heating and only glass
transition on cooling. The construction of the loss curve PIiff(T)
therefore requires inter- or extrapolation into the transition region
from outside the transitions as shown in Fig. 6. Because it is not
a simple task to find an analytical expression for PJif(T) for each
sample under investigation it is recommended to search for a curve,
as smooth as possible, describing Piff(T) and yielding equal heat
capacity outside the transition regions, where heat capacity is sam-
ple history and time independent. For polymers these regions are

(a) 0.8- ) ) Scanning rate
1 PCL with In particle on top
064 vy - 50 K/s
1 —— 100 K/s
0.4+ - 200 K/s
1 —— 400 K/s
= 024 800 K/s
£ ] —— 1000 K/s
c 004 —— 2000 K/s
w 1 —— 4000 K/s
I -024 ——6000 K/s
1 — 8000 K/s
-0.4 + 10000 K/s
-0.6 l
endo
-0.8

T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500
Temperature in K

(b)

0.151 PCL with In particle on top Scanning rate
7 —— 50 K/s
—— 100 K/s

0.101 Heating 500 K/s
v ) —— 800 K/s
S —— 1000 K/s
= 0.081 , —— 2000 K/s
k= 1 10000 K/s

a 7

© 00 ‘\‘Iﬁ\

0.05 - T

Cooling
0.10 1 T endo

-150 -100 -50 0 50 100
Temperature in °C

150 200

Fig. 8. Cooling-heating-cooling scans of a PCL sample at different rates. (a) Power
difference measured and (b) heat capacity recalculated using one common curve for
heat loss correction. Pldoisfg(T) was determined from the measurement at 1000 K/s.

commonly below glass transition and above melting temperature,
as shown below.
In the differential fast scanning calorimeter measurements

PYIff(T) can be approximated with a smooth 2nd or 3rd order poly-

loss -
nomial. This fact and the significant reduction of P4

loss (1) t0 a value
comparable to the heat capacity contribution to the heat flow are
the main advantages of the new device in comparison to the single
sensor technique where a 3rd to 5th order polynomial is used to
describe the steeply increasing loss curve (see Fig. 1). The final cal-
culation of heat flow difference to sample heat capacity is shown
in Fig. 7. First, the P3fT(T) curve (green center curve in Fig. 6) is
subtracted from the measured data. The result is shown in Fig. 7(a).
Dividing curves for heating and cooling by the respective scanning
rates yields heat capacity as function of temperature as given in
Fig. 7(b).

The direct mass determination of the micron-sized samples
is a complex task, which is better to avoid. To calculate specific
heat capacity out of the data in Fig. 7(b) one has to estimate
sample mass indirectly. One possibility is to use reference spe-
cific heat capacity data for the particular material from literature
or independent measurements. For most polymers specific heat
capacity data can be found in ATHAS databank [32]. Knowing spe-
cific heat capacity at a temperature T" away from phase transitions,
e.g. in the melt, one can estimate sample mass by comparing
measured heat capacity with the known specific heat capacity
(Mgample = Csampte(T*)/catHAs(T*)) [12]. The resulting specific heat
capacity for heating and cooling of iPP by comparing with ATHAS
dataforliquid heat capacity at 430 Kis shown in Fig. 7(c). For sample
mass (56 + 5 ng) good agreement between measured heat capacity
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and expected specific heat capacity in the whole temperature range
of the measurement is achieved.

To demonstrate that PUifT(T) depends only on temperature and
not on scanning rate (time) a PCL sample was scanned at different
rates from 100 to 10,000 K/s. The resulting differential power curves
are shown in Fig. 8. Each curve consists of cooling and heating scans
at the same rate.

As seen from Fig. 8(a) all curves are symmetric around one line,
which corresponds to PJIf(T). For measurements in a wide range of
scanning rates or other thermal histories it is therefore preferable
to determine Pldoig(T) under optimal conditions, e.g. at a rate where
only the glass transition is seen and not crystallization and melting.
Then the P3fT(T) curve can be determined with high confidence and
applied for all other curves as long as the sample does not change
position, shape or color (changing losses). From Eq. (1.6) it follows
that at zero or close to zero heating rate the left side of the equation
becomes zero and PAif(T) equals Pgig(T), allowing a simple deter-
mination of PAff(T). Unfortunately, this procedure does not work
because at very low rates the sample commonly starts to flow and
the chip may be heated as a whole, including the cold junction of
the thermopile. As soon as the PIiff(T) curve is determined, the dif-
ferential power can be recalculated into heat capacity according to
Eq. (1.6). For selected rates heat capacity is shown in Fig. 8(b). The
scatter of the data at 450K is about +5 nJ/K. This corresponds to
a scatter of +8% for scanning rates between 50 and 10*K/s, with
the largest uncertainties for the slowest rates. Uncertainty for spe-
cific heat capacity is mainly determined by the uncertainty of the

sample mass determination. It is in the order of +10%, which is
not perfect but allows for a comparison between different sam-
ples. Reproducibility of the obtained data for one sample measured
under the same conditions and at the same rate is about +2%. The
good reproducibility of the heat capacity data allows a sensitive
comparison of curves obtained after different thermal treatments.
Next, an example of measurements on a polymer sample is pre-
sented.

4. Crystallization of polyethylene (PE)

The influence of cooling rate on the crystallization temperature
of PE was studied in a wide range of scanning rates. The polymer
sample commonly creates a good thermal contact with the mem-
brane surface. Butin order to improve the temperature distribution
and to allow an easy replacement of the sample a gold foil (gold
leave ca. 100 nm thick) was placed under the sample. In some cases
the foil also helps to avoid spreading of the sample into the cold
region of the membrane. In this particular case it was used to cre-
ate similar experimental conditions in three different calorimeters.
In case the sample-substrate interface acts as a nucleation site it
should not be too different. In DSC experiments, thought to extend
cooling rate range to lower rates, we use aluminum pans as sample
container. To make the substrate for the fast scanning experiments
also metallic the 100 nm thick gold foil was used (Fig. 9(a)).

Ultra high molecular weight polyethylene (UHMWPE) was
chosen as a model system because of its stability, very high crys-
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tallization rate and a large number of existing studies, e.g. [33]. The
resulting heat capacity curves from cooling and heating scans at
different rates are shown in Fig. 9(b). The sample mass was ca. 5 ng
which is not big enough to give a good signal at low scanning rates.
500K/s is the slowest rate with a reliable signal. But the low sample
mass increases the highest possible rate. Crystallization and melt-
ing were observed in the scanning rate range of 100-10,000K/s.
Except the curves at 100 K/s heat capacity is reproducible within
+2%. As shown in Fig. 9(b) with increasing cooling rate the crys-
tallization peak shifts to lower temperatures. Covering such wide
range in cooling rates makes peak position meaningless because
even a thermal lag of 1 ms creates a serious shift for a peak with
a magnitude of about 5 times that of the baseline heat capacity.
The shift for the peak may be about 50K at 10,000 K/s compared to
5K for the onset according the data shown in Ref. [17]. Therefore
the rate dependence of crystallization peak onset temperature is
shown in Fig. 9(c).

Because nonisothermal crystallization kinetics in a wider range
of scanning rates was of interest two other calorimeters were used
too. A Mettler Toledo DSC 822 was measuring an 11 mg sample at
slow rates down to 1 mK/s and a PerkinElmer Pyris 1 DSC was mea-
suring a ca. 1 mg sample from 0.05 to 2 K/s. There is still a gap of two
orders of magnitude in scanning rate between the PerkinElmer DSC
and the Fast Scanning setup. But the general tendency of the peak
onset reveals a relatively smooth line covering 7 orders of magni-
tude in scanning rate. Even the fastest rates of 1 MK/s [14] are not
possible with the device and the sensor used, the benefits of the
new power compensation differential scanning nano-calorimeter
are feasible. The ability to perform fast controlled temperature
treatments at the same sample and the advanced heat capacity
determination makes it a versatile device for routine investigations
of polymers [23-25] and metals [17,27,28,34].

5. Summary

In the first part of this paper [17] we describe a new differential
power compensated fast scanning calorimeter on the basis of thin
film chip sensors. Depending on sample, size, and shape heating and
cooling at controlled rates between 1 and 100,000K/s is possible.
Besides the big advantages regarding fast scanning the used thin
film chip sensors must be considered as two-dimensional calorime-
ters. All problems known from two-dimensional DSCs [22] apply
also to these calorimeters. There are heat flows to the surrounding
not recognized by the measuring system, which cannot be cor-
rected for by a measurement of an empty sensor as in conventional
DSCs because they depend on the sample itself.

In this part of the paper we describe a procedure to obtain
reliable heat capacity data even under non-ideal experimental con-
ditions. For polymer samples of a few 10 ng heat capacity can be
obtained with an uncertainty of about +£10% and reproducibility
at optimum measurement conditions is about +2%. At slow rates,
when signal to noise ratio becomes bad or at high rates when the
device reaches its limit, the uncertainty becomes larger and limits
the applicability of the device. Reliable temperature measurements
with an uncertainty of +4 K are possible if a tiny indium or other
reference material sample is placed on top of the polymer sample.

The device was applied to the study of crystallization and melt-
ing of UHMWPE. In combination with two other conventional DSCs
ascanning rate range of 7 orders of magnitude was covered. Includ-
ing data from single sensor fast scanning calorimetry [14] the
dynamic range is extended by two more decades covering 9 orders
of magnitude in total [35]. Furthermore scanning rates down to
1 K/s are feasible [36], allowing calorimetric experiments in a very
limited temperature range, because of time limitations, covering 12
orders of magnitude in scanning rate.
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