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Chip calorimetry for fast cooling and thin films: a review
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Here we review on the thin-film chip calorimeter with controllable cooling as well as
heating rates up to 10°K-s ' developed in the last 5 years at the Institute of Physics,
Rostock University. The calorimeter has been successfully used for fast thermal
processing and simultaneous calorimetric measurements of many polymer samples,
the physical properties of which are generally dependent strongly on their thermal
history. Besides, owing to the very small addenda heat capacity, the calorimeter is
very sensitive to study samples of only several tenths of nanograms. With differential
alternating current (AC) design, the sensitivity of the calorimeter increased to a few
tenths of pico-Joules per Kelvin. Therefore, it can be used to study glass transition of
polymers confined in ultra-thin films down to several nanometers thickness. After the
discussion of the strategy to realize fast cooling, we describe the static and dynamic
thermal properties of the sensors used for the setup of the calorimeter. Finally, we
present examples to show the performance of the calorimeter in different

measurement modes.
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1 Introduction

Fast cooling is commonly used to produce partially crystal-
lized or totally amorphous polymers, metal alloys, and other
materials for industrial applications and fundamental research
[1-5]. A calorimeter that measures physical properties (e.g.,
heat capacity and enthalpy) of materials simultaneously
during the fast thermal processing is very attractive. With
the introduction of silicon nitride membrane technology, the
performance of calorimeters has been greatly enhanced [6—
10]. The heating—cooling rate, as well as the sensitivity of the
thin-film calorimeter constructed on a submicron SizN,
membrane microchip module, can be pretty high mainly due
to the very small addenda produced by the cell itself. Allen
and coworkers [7,10] were the first to develop the thin-film
differential scanning calorimeter (TDSC) using silicon nitride
membranes for ultrafast heating. The cell of their calorimeter
consists of a thin-film heater, Ni or Pt ~50 nm, deposited on a
thin, ~30 nm SizN, membrane. The heater simultaneously
serves as a resistive thermometer. When operated under high
vacuum conditions (~10°-10°Pa), the heating rates can
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reach as high as 107 K-s ™' and the sensitivity is approximately
several tenths of pico-Joules per Kelvin [11-13]. This type of
ultrafast quasi-adiabatic membrane calorimeters has been
successfully used for heat capacity measurement of nanopar-
ticles [6,8,14], ultrathin polymer films [9,15,16], and
nanoparticles embedded in nanofilms [17,18].

While ultrafast heating can be realized by increasing the
heating power and decreasing the heat capacity of the sample
and addenda during a quasi-adiabatic heating process, the
ultrafast cooling can only be achieved under nonadiabatic
conditions with low total thermal inertia (sample, addenda,
and heat transfer media) because the cooling rate of any
system is restricted by the finite heat transfer from the system.

In recent years, starting from a commercially available thin-
film vacuum sensor (thermal conductivity vacuum gauge,
TCG-3880, Xensor Integration, NL) [19] fabricated on
submicron silicon nitride film, we built a chip calorimeter
with controllable cooling as well as heating rates up to
10*K-s™" in polymer and polymer nanocomposites [20]. The
method was successfully applied to study melting, crystal-
lization, and recrystallization of poly(ethylene terephthalate)
(PET) [21,22], polyethylene (PE) [20,23-25], polypropylene
(PP) [26-28], poly(butylene terephthalate) (PBT) [29],
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polyamide blends [30], and isotactic polystyrene (iPS) [31].
With a series of newly designed sensors, we are now able to
process samples and perform measurements with scanning
rates up to 10°K-s™' [32]. Isothermal calorimeter [33] and
differential AC calorimeter [34—37] are also built based on the
fast scanning chip calorimeters. The isothermal calorimeter
has a time resolution in milliseconds, hence can be used to
study the isothermal crystallization kinetics of fast crystal-
lizing polymers, such as PAL, isotactic polypropylene (iPP),
and PE. Differential AC calorimeter was used for the study of
glass transition of polymers confined in ultrathin films of
about several nanometers thick because it has a very high
sensitivity (~50 pJ-K™') and a wide modulation frequency
range (10'-10° Hz).

We focus our review on the non-adiabatic chip (thin-film)
calorimeter with fast cooling as well as heating rates built in
this laboratory. The main text is organized into three sections.
In Section 2, the strategy to realize the fast cooling is analyzed
in detail. In Section 3, we describe the static and dynamic
thermal temperature properties of sensors for the setup of fast
scanning calorimeter. In Section 4, we present examples to
show the performance of the calorimeters in different
measurement modes.

2 How to make cooling fast?

To realize calorimetry at high scanning rates, addenda and
sample should have sufficiently small heat capacity. The
cooling agent must be thermally “inertia less” as well, which
means it must have a small heat capacity as shown below.
There are two possibilities to produce a fast cooling device: (i)
using a solid heat sink (cold finger, as shown in Figure 1)
made from high thermal conducting materials, such as metals,
but adding a large heat capacity to the system; (ii) using low
thermal conducting gas with very low heat capacity as the
cooling medium. In order to make a decision which method is
best suited for fast cooling, we estimate the maximum cooling
rate for both cases.

2.1 Upper limit of fast cooling with “heat sink”

First, we determine the upper limit of the scanning rate for a
“cold finger” system as shown in Figure 1.

A cell with sample is placed at the flat face of a uniform rod
with a specific heat capacity ¢, density p, thermal conductivity
A, and length L. The other face of the rod is coupled with a
massive cooler, which is kept at a low temperature 7. The
temperature of the sample/rod interface is controlled by a thin
flat heater with negligible heat capacity and thermal
resistance. Ideal thermal contacts are assumed between the

vacuum chamber
cell & sample
0]
heater
“cold finger”
1y cooler

Figure 1 Scheme of the system with a “cold finger”. The cell
with the sample is placed at the flat face of a “cold finger” that is
coupled with a cooler at a low temperature 7. The temperature of
the sample is controlled by a thin heater located at the face of the
finger.

sample and the heater as well as between the heater and the
rod. To determine the upper limit of the scanning rate, first we
suppose the heat capacities of the cell and the sample are small
enough to be neglected. A uniform heat flux ¢(¥) is supplied to
the face of the rod at z = 0 and transmitted along the rod axis.
The heat leakage from the lateral surface of the rod is
negligible. The temperature distribution in the rod 7(z,) is
described by Fourier’s heat transfer equation:

()

Usually, the sample temperature is scanned linearly with
time. Consider a sawtooth-shaped heating—cooling process
with a period 7, and amplitude 7. The sample temperature is
driven by a periodic heat flux ¢(f) with an amplitude g, (the
flux is changed in the range from 0 to 2qq). This periodic
process can be presented as a sum of harmonic functions with
periods 7o/2n+ 1)atn=0,1,2, .. .. According to Eq. (1), the
amplitude Ty of the temperature oscillation of the rod surface
z = 0 at the frequency wy = 27/, equals to gao/(wpcA)'?,
provided the thermal length I, = (2A/wypc)? is small with
respect to L, where gao ~ qo is the heat flux amplitude at ¢
The temperature of the rod surface is oscillating around the
average value Tay = Ty+ Tg, where the bias temperature 7
equals to ~goL/A. The amplitude of the temperature oscilla-
tions can be enhanced by varying the parameters in the
relation Tag = gao/(wopcA)?, but Tao cannot be larger than
Tg.

Generally, the parameter cp of condensed materials does
not depend essentially on the chosen material (except for
the low temperature region that is not considered at this

pc-0T (z,t) )0t = 1-0*T(z,t) )02
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point). For example, for metals, cp ranges from a minimum
of .9 x 10°J-K™'-m™ (lithium) to a maximum of 2.5 x
107 J-K™'-m3 (silver) and over 75% of them equal to (21) x
10°J-K'-m? at room temperature. To increase the amplitude
Tao at a fixed ga0, one can choose a material with small
thermal conductivity; but the choice is limited by the
following restriction Ay, = gL/ T max » Where T max is the
maximal allowed bias temperature. For example, the minimal
appropriate thermal conductivity A equals to 25 W-K™'-m™
with the following predetermined parameters: go = 2 X
10°W-m > (20 W-cm?), L = 0.05 m, and Ty max = 400 K.

Next, the scanning rate can be estimated as the rate at the
main harmonic: wy- Tag ~ qo(wo / pcA)"?. The rate increases
with the increasing of angular frequency wj (or the decreasing
of period 7). On the other hand, the scanning period 7
should satisfy the relationship d7/d¢: 7y ~ go/(wopc ) ~ AT,
where AT is the scanning range as required by the scanning
experiment. Therefore, 7, ~2mpcA(AT)*/q3. Finally, the
scanning rate d7/d¢ can be estimated as the ratio of the
peak-to-peak amplitude 2AT and the time interval 7y/2: d7/d¢
~q4/(2npcA- AT). Given the minimal 2, one gets the maximal
scanning rate:

(d7/dt)max ~[g0/(PeL)]- (Tpmax /AT) @)

or

(dT/dt)max ~[45/ (pcA)]- (1/AT). (€)

Now we can estimate the upper limit of (d7/df).x of the
metal “cold finger” strategy with the following realistic
parameters: go=2 x 10°W-m > AT=100K, T8.max =400 K,
and L = 0.05 m. For all metals, their cpAs change from 9.26 x
10°W2-s-m™-K? (bismuth) to 1.06 x 10" W?-s-m™-K?
(silver), so that the upper limit of (d7/df),.x for the metal
“cold finger” strategy is below 10*K-s'. The scanning rate
can be further increased by decreasing the temperature
scanning range 2A7. However, this is not desired for a
scanning calorimeter setup. Actually, for any scanning range
AT in the range AT T < Tp max OF equivalently 7 in the
range of 7 <7 T3/(AT)> <t T3 max/ (AT)> =1cpL? [ Apin
the product of scanning rate and the scanning range
(dT/d?)-AT is invariant with respect to the range AT or
period 7. This results from the fact that d7/dt ~ 7, '"? while
AT ~ 7',

Actually, Eq. (3) indicates that the upper limit of (d7/d?)ax
can be greatly increased if gases are used as heat
transfer agents owing to their very small value products of
cp and A. For example, cpA of N, at 10° and 10° Pa is 3.2 x
10' W2 sm™-K? and 3.2 x 107 W?-s-m™ K2, respec-
tively. Therefore, (d7/df)max Would be as large as ~10” K-s™
and 10°K-s™', respectively. Of somehow anti-intuitive is that

A should also be as small as possible to increase (d77/d?)pax-
This is true for the metal “cold finger” strategy but wrong for
the nonadiabatic thin-film (chip) calorimeter that will be
discussed below. Otherwise, we will get the misleading result
that adiabatic chip calorimeter in the vacuum is the best way
to realize the ultrafast cooling owing to the infinitesimal value
of cpA.

2.2 Nonadiabatic thin-film scanning calorimetry with gas
cooling agent

According to Eq. (3), akind of gas is the best cooling agent for
the fast scanning calorimetry. Also the addenda and the
sample heat capacity should be as small as possible.
Therefore, thin-film calorimetry is ideal for fast scanning
experiments. We will consider the limitations of the scanning
rate in the following two geometries. The first is a plate-like
sample and the second is a point-like sample placed at a thin-
film membrane, which serves as a heater and a support. In
both cases, the film heater is very thin and the heat transfer
along the membrane is negligible. In the first case, a thin-film
sample of thickness d; is deposited on the membrane. The film
system is placed in a kind of gas with the following
parameters: pg, g, and A,. The corresponding parameters of
the sample are p, ¢, and A;. The distance between the film
and the thermostat wall L is small with respect to the film
lateral dimensions a and b. The temperature of the thermostat
T, is kept constant. To estimate the upper limit of the cooling
rate, we assume that the distance L is small with respect to the
thermal length in the gas [, = [Ay70/(Ttpec)]"?, Which in the
case of nitrogen gas at pressures in the range of 10° to 10° Pa
equals to ~0.8 to 8 mmat 7o=0.1 s (p,=1.2kg-m >, ¢, = 1.04
x 10°J-kg"-K"', and A, = 0.026 W-K'-m™"' at room
temperature and normal pressure). Then the heat flow from
the sample into the wall equals to @= Azab(T—1y)/L, where T
is the sample temperature (we neglect the heat transfer in other
directions). Note that at increasing distance L the heat flow
becomes smaller. In the case when L > /,, the heat flow tends
to be A.ab(T—To)/ly = ab(T—Ty) [Ty ' (pecaAe)]'.

The maximal cooling rate can be estimated from the
relation (Cs+ Ca)-dT/dt = Azab(T— Tp)/L, where the total heat
capacity of the sample C, = abdspscs. Assume that the
addenda heat capacity C, can be neglected, the maximal
possible rate (d7/d0)max = A(T—To)/(Ldspscs). Thus, (d7/
df)max is ~7 x 10°K-s™" at L =100 um, 7— T, = 500K, d, =
10 pm, pc=2.0x10°J-K™'-m~, and 2,=0.026 W-K'-m .

In the second case, consider a small disk-shaped sample of
a thickness d, and a radius r( placed on a thin-film heater of
the same radius located at the membrane center. The distance
from the heated region to the thermostat wall L and the
thermal length in the gas /, are large with respect to the radius
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ro. Here, we assume that the radius 7, of the heated region
equals ry. However, as will be shown in the next section, 7y,
will change with the scanning rate. But at high enough
scanning rates, r, X 7y can be justified. Then, at any relation
between L and /,, the heat flow @ from the point-like source of
radius 7y to the gas can be estimated as @ = — 471”2, d T (r)/dr
at » = ro, where the temperature in the gas around the heater
equals to Ty(r) = To+(T— To)ro/r. Consequently, the heat flow
from the sample into the gas equals to:

&= (T-Tpy)G, 4)

where G = 47tr( A, is the heat exchange parameter measured in
W-K'; it depends on the gas thermal conductivity and the
size of the heated region. For ry = 40 pm, the parameter G
equals to ~10° W-K' in N, atmosphere at pressures in the
range 10° to 10° Pa and room temperature [20-22]. It can be
several times larger in helium gas. The estimated G based on
Eq. (4) is in agreement with the measured value.

Then the maximal cooling rate in air can be estimated as
(dT/dt)max = 4A,(T—To)/(rodspscs), when the addenda heat
capacity Cy, is negligible. Thus, at 7—To = 300K, d;, = 5 um,
and pycs=2.0x10° J- K™ m™, (d7/df)ax equals to ~10° K-s™'
in the nitrogen gas and ~5 x 10° K-s'in the helium gas.

The second case is very promising. The rate (d7/df),.x can
be even faster at smaller sample and heater dimensions as long
as the radius is large enough and the membrane thickness dj,
and d; is small enough to neglect the thermal gradient in the
sample. The shapes of the heated region and the sample do not
have effect on the heat transfer into the gas if the thermal
length [, is large with respect to 7.

The limitation of the scanning rate arising from the
thermal gradient in the sample can be estimated as following:
if the maximal acceptable temperature difference across
the sample equals to o7;, then the limiting rate is
(AT /dt)ax = 6T A/ (pscsd?). Therefore, the maximal thick-
ness d, should not exceed 1 pum for pcs=2 x 10°J-K™'-m™,
As=03W- K" m™, (d7/df)max equals to ~10°K-s™, and 7
=3K.

Another limitation of the heating rate generates from the
thermal contact between the sample and the heater. The
temperature difference o7 at the thermal contact between the
sample and the heater should not be too large; that is, the
thermal contact resistance must be sufficiently small. The
maximal heat flux from the heater to the sample equals to
~PsCsds(dT/d?) max. On the other hand, the heat flux through the
contact is g, = R, '67T, by definition of the thermal contact
conductance R, ' measured in W-m2-K'. Therefore, we can
estimate (d7/df)yax ~ 0T/ pscsdsR.. Generally, the contact
conductance measured between a dry joint of polished
surfaces equals to ~2 x 10°W-m2-K™' and increases with

contact pressure and temperature [38—40]. The thermal
contact conductance becomes 10? times larger if adhesive
grease is used to improve the contact. Generally, the
conductance R, ' can be 10° to 10°W-m2-K! for contacts
with adhesive materials [41]. The adhesion between a
polymer and the membrane becomes nice after first melting.
Suppose the thermal contact conductance for the polymer/
membrane interface is of the order of 5 x 10°W-m2-K™.
Then the limit of the scanning rate is ~1.2 x 10°K-s™" for 67,
=5K, pocs =2 x 10°]J-K''-m >3, and d, = 1 um. However,
when melting, the apparent heat capacity can be of the order
of 107 J-K™'-m™ (10 J-g'-K™") [20,21]. In this case, the rate
limit equals to ~2.5 x 10°K-s™'. The effect of the thermal
contact resistance can be reduced with the decreasing of
sample thickness.

In conclusion, the strategy to realize ultrafast cooling is to
use a tiny sample placing on a point-like heater of several
tenths of microns and running in the low thermal inertia gas
atmosphere. In this case, the cooling and heating rate can be
estimated by the equation (d7/df)max= 4 Ao(T— To)/(rodspscs) if
the addenda heat capacity is neglectable. Therefore, con-
trollable cooling and heating rates up to 10°K-s™'
achieved if the diameter of the sample is within ~20 um and
the thickness is within ~1 um.

can be

3 Static and dynamic thermal properties of
sensors for the calorimeter

Nonadiabatic thin-film (chip) calorimeter for ultrafast thermal
processing and simultaneous measurements with submillise-
cond resolution and pJ-K™' sensitivity can be constructed
using silicon nitride membrane technology. Commercially
available gauges from Xensor Integration, NL, can be utilized
for this purpose.

The first sensor available was the thermal conductivity
gauge TCG-3880 as shown in Figure 2. It consists of a
submicron (~0.5 pum) amorphous silicon nitride membrane
with a thin-film thermopile and a resistive film heater located
at the center of the membrane. The heater strips and all
electrical leaders (including thermopile) are formed by p- and
n-type polysilicon tracks with specified thermoelectric proper-
ties and resistivities. The size of two parallel heater strips are
~5um X 100 pum and they are separated by ~20 pm. All
electrical connections are covered by additional 0.7 um SiO,
layer for electrical insulation and protection. The six
thermopile hot junctions and the white spots around the
central region in the photograph are arranged around the
central heated area of ~50 um x 100 um. The cold junctions
are placed at the silicon frame fixing the membrane at a
distance of ~1 mm from the center. Thus the cold junction
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temperature equals to the temperature of the holder, which is
close to the temperature of the thermostat. An additional
copper—constantan thermocouple was utilized for the mea-
surement of the holder temperature, which was used as the
reference temperature 7.

The silicone frame with the membrane is bonded to a
standard chip carrier as shown in Figure 2. The whole
assembly can be taken out of the thermostat and positioned
under a microscope for sample handling. The gauge being
installed in a thermostat with controlled temperature; gas
pressure can be utilized as a sensor for the fast scanning
calorimetry of submicrogram samples.

The TCG-3880 is not optimized for calorimetry since the
thermometer (thermopile junctions) is placed ~50 um away
from the heated region. This separation results in the
measured temperature being shifted and delayed from the
temperature of the heater/sample interface. The temperature
calibration is a non-trivial task even with the knowledge of the
temperature distribution in the membrane. Therefore, in the
new sensors, the thermopile hot junctions are arranged in the
central part of the heated area between the heater stripes. A set
of sensors with different dimensions of heated area is now
available. For example, the sensor XEN-3969 has the size of
the central heated part of 14 pm x 14 pm and can be used for
scanning rates over 10°K-s™'; while sensor XEN-2972 has a
largest size of smooth heated area of 100 um x 100 um and is
suitable for the measurement of ultrathin films.

Although a point-like heating source is assumed, it is very
important to know the dynamic thermal properties of the
sensors, for example, the addenda heat capacity, the
temperature distribution in the membrane and the ambient
gas. This is required for a better understanding of the thin-film
calorimeter and for the development of even better sensors.

(a) (c)

3.1 Temperature distribution in the membrane and addenda
heat capacity

We will consider a volume element dxdydz around the heater
in the membrane plane in the Cartesian coordinate system, as
shown in Figure 3, with the origin O at the center of the
membrane, axis Oz perpendicular to the membrane, and axes
Ox and Oy are correspondingly parallel and perpendicular to
the heater strips. A flat wall (the holder) is assumed to be
located parallel to the membrane at z = L and the temperature
of the wall equal to the thermostat temperature 7. Because the
membrane thickness d,,, & 0.5 pm is assumed to be negligibly
small, we then need to consider the two-dimensional
temperature distribution 7(x,y) within the membrane plane.
During steady-state heating, the heat flow along the
membrane into a volume element dxdyd,, equals to A, (&*T/
ox* + *T/0y*)dxdyd,, and it is balanced by the heat flow
qo(x,y)dxdy into the gas from the surface increment dxdy. The
temperature distribution in the gas and the heat flux g,(x,y)
can be calculated analytically when the membrane tempera-
ture 7(x,y) is determined [42].

The function T(x,y) can be estimated by assuming that the
heat transfer through the gas is proportional to the temperature
difference T(x,y)—Ty. Then the heat flow from the surface
increment dxdy into the gas approximately equals to
Agdxdy(T —T,)/L. This assumption is in good agreement
with experiments. Therefore we have a heat balance equation
with separable variables:

T /ox* + T )oy* = k(T —T,), (5)

where K =Ag/Andnl, T = Tot+ X(x)Y(y), and

(1/X)0°X Jox* + (1/Y)*Y Joy* = k.

X —rqil Il |
| T i

.
|| 100 pm

18 um

10 mm

=]

1581
| 1 1]
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=

Figure 2 (a) chip sensor TCG-3880 (Xensor Integration, NL) mounted onto a standard chip carrier; (b) magnified center area of the
membrane of sensor TCG-3880 with the heater indicated by the arrow and four hot junctions of the thermopile by bright squares; (c)
magnified center area of the membrane of XEN-3973 with very small heated area; and (d) one thermal couple between the heater. The
sensor can be used for the control of heating and cooling with rates over 10°K-s !, magnified center area of the membrane of XEN-2972
with very relative large heated area, and six thermal couples between the heater. It can be used for the measurement of ultrathin film in the

differential AC mode with best sensitivity of ~50 pJ K
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Figure 3 (a) Cartesian coordinate system used for the determination of the temperature distribution 7(x, y) in the membrane plane and
the gas atmosphere; (b) normalized temperature distribution 7(0, y) and 7(x, 0) in the membrane.

Thus, for a point-like heat source located at the origin O, the
temperature distribution equals to:

T(xy) = To+ (T"=To)exp (=[x Jexp (=¢y)),  (6)

where T * is the temperature at the origin O and &' equals to
(2LdyAm/ Ag)"? in the case of an isotropic membrane. Eq. (6) is
valid when the length &' is small with respect to the distance
from the heated area to the membrane periphery, that is, the
temperature drops significantly at the membrane periphery.
Hence, the boundary conditions at the membrane periphery do
not essentially affect the shape of the temperature distribution
near the heater. This is the case in the sensor design
because £ ' is ~250 pm at d,,, &~ 0.5 um, L & 0.5 mm, A, &
0.026 W-K'-m', and A, ~ 3W-K'-m™ [43].

Actually, the heater consists of two stripes oriented along
the Ox axis and located at y = £y,. The length and separation
of the heater strip change with different sensors. For TCG-
3880, yo equals to ~25 um, length b is ~100 um, and the width
of the heater a is ~ 5 um. Therefore, by integrating along the
stripe surface, we obtain the final temperature distribution in
the membrane:

T(xy) =T,
b/2 a/2
T [ X [ vade,
~b)2 —a)2
(7
where  X(x,8) = exp(~€ ' x—pl/u) ¥ (1) = exp(~¢ !

‘y=vo—al) +exp(—& 'y +yy+a|) and the normalizing

b/2 al2
constants X, | = f X(0,8)dB, Yy ' = f Y (0,0)de.
“b/2 a2

The dependence of 7(x,y) determined by Eq. (7) is shown in
Figure 3(b). The temperature difference 7(x,0)— 7, at 1 mm
from the membrane center is below 2% of T* —T;,. Thus the
assumption that the boundary condition at the membrane
periphery is not essential to the shape of the temperature
distribution 7(x,y) is correct. The function T(x,y)* is in good
agreement with the measured fast infrared thermographic
intensity /(x,y) for DC heating at different powers and with
quasi-static oscillating heating—cooling conditions [44].

When deviated from quasi-static conditions, the dynamic
heat transfer problem for the membrane placed in a gas is
described by the following equation, obtained in the same way
as for the quasi-static conditions:

T /ox* + 8T )oy* = k(T —-T,) + (1/D,,)dT /o1, (8)

where D, = An/(Pmcm) 18 the thermal diffusivity of the
membrane.

In the case of stationary harmonic temperature oscillations
excited by a point source located in the membrane center, the
solution of Eq. (8) equals to T(x,y,t) = T+ T, exp[i
(wt—kx—k,y)] exp(—&x—£y). The temperature oscillations
exponentially decay with the distance from the source at

characteristic length 1/¢ described by:
(€+ik)* = & + iw/Dy, ©)

where ¢ =& + §f, kK =k + kyz. This is the dispersion
law of the thermal waves in the membrane. The complex
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Eq. (9) is equivalent to the relations k& = w/(2£D,) and
€ = € + [w/(2£D,)]*. From the last relation as follows:

2
g(w)zzégé 1+ 1+<ﬂ> , (10)

[@h)

where wy = &Dg = Ag/(PmCmdml). wo is the characteristic
maximum frequency beyond which the quasi-static tempera-
ture distribution changes in the membrane.

We consider a sawtooth-shaped heating—cooling process
with the period 7, the scanning temperature range AT, and the
rate R = 2AT/7,. This periodic process can be expressed as a
sum of harmonic oscillations. The characteristic length 1/£(R)
for this scanning process is of the order of the length 1/£(w)
for the main harmonic w = 27t/7, of the sawtooth process.
Then, £(R) is expressed as:

§R? =361 +\1+ R/R)),

where Ry = 2ATwy; correspondingly, it is the characteristic
maximum scanning rate beyond which the quasi-static
temperature distribution changes in the membrane.

The effective radius of the heated region of the membrane
can be estimated as a sum of ro+ o/£(R), where « is a
dimensionless parameter of the order of 1. Actually, we
obtained from experiments that & equals to ~0.2 [24,32]. Then
the addenda heat capacity can be estimated as Cn =~
T PmCmdm[70+ &/ & )]*. Substituted with Eq. (11), we get:

(11)

2
{1+1+ (R/Ro)2]1/2}1/2> ’

where Cy = nr3dypmem and a = 20/ (ro&y).
At low frequency or scanning rate, C equals to the static

CA(T.R) = G, (1 + (12)

value 7(rg + /&) dppmcm; at high enough rate, C, is
determined only by the center heated area 7r3dy,pmcm. The
experimental dependence of C, versus R for different sensors
in different gas atmosphere has been studied. The measured
dependence is found to be well described by Eq. (12) with
realistic parameters.

3.2 Temperature distribution in a gas around the membrane

The heat transfer from the heated region to the environment
through the nitrogen gas is much larger than through the
membrane only because the membrane is very thin [20-22,
45]. The heat transfer from the heated area to the environment
can be described by a heat exchange parameter G measured in
W-K™'. It is shown from the pressure calibration curve of the
TCG-3880 that at pressures below 0.1 Pa, the gauge output
voltage is 10 times larger when only heat transfer through the

membrane exists compared with the output voltage at
atmospheric pressure when the heat transfer through the gas
is dominant. As the gauge output voltage is proportional to the
temperature difference AT between the heater and the
environment and AT is inversely proportional to the heat
exchange coefficient G, the heat transfer through the gas at
atmospheric pressure is ~10 times larger than that through the
membrane. The heat transfer through the gas can still be
increased by several times, provided the helium gas is utilized
instead of the nitrogen gas. The heat flow from the heated
region due to radiation emission does not exceed 1% to 2% of
the heat transfer through the gas at 7* = 600K and T, =
300 K; also the convective heat transfer is insignificant for a
small heated region of ~100 um at reduced pressures as
proved by Minakov [44]. Therefore the thermal conduction
from the heated region through the gas is dominant.

The main features of the temperature distribution in the gas
around the membrane have been studied analytically and
numerically using a model with an analytical solution [44]. It
is found that the linear approximation for the thermal gradient
in the gas between the membrane and the wall is not perfect at
least in the neighborhood of the membrane center. The
gradient near the membrane center is larger than (7— 7;)/L. On
the other hand, the linear approximation (7— 7y)/L is correct
outside the ~100 um central region. As a result, the
temperature distribution in the central part of the membrane
is smeared with respect to the exponential distribution 7(x,y)
obtained in the previous section, but this smearing is
insignificant because the heater size also equals to ~100 um.
Thus, the actual temperature distribution is well described by
Eq. (7) even in the middle of the membrane.

The heat flux in the lateral directions of the gas is found to
be of the same order of magnitude as that along the z direction.
The central heated region can be considered as a small (point-
like) source of the heat flow into the gas because of the nearly
spherical temperature distribution around the heated region.
As proven in Section 2, in the point-like heating source
approximation, the heat flow from the heated region into the
environment equals to G(T*—T;), where G = 47rg4, is the
heat transfer coefficient through the gas. Thus, at room
temperature in the nitrogen gas, the estimated value G equals
to ~2 x 10°W-K™. It can be several times larger the in
helium gas. As a comparison, the heat flow from the heater
perimeter P into the membrane equals to

Gu(T*—To) &~ AndnP(T* - Ty)é, (13)
where the perimeter of the heater P &~ 2mr, and the heat
transfer coefficient through the membrane G, &~ 2¢émroAndn,.
Then, in the steady-state or in the quasi-static state, G,, equals
to~2 x 10°W-K™" at (1/€) ~ 250 um at d,, & 0.5 pm, and
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An ~ 3 W-K™'-m™, which is one order of magnitude smaller
than G.

4 Experiments with chip calorimeter

In this section, we present examples to verify the performance
of calorimeters based on the thin-film sensors. These are
mostly on but not limited to the studies of polymer systems.

4.1 Scanning calorimeter

A sensor as described in the previous section was placed into a
temperature-controlled oven (see Figure 4). A vacuum-
shielded oven originally designed for an AC calorimeter
[46] was used for all experiments. The internal volume can be
filled with some gas at controlled pressure between 10 Pa and
100 kPa. The whole construction fits into a Dewar vessel with
liquid nitrogen for cooling. A thin-wire copper—constantan
thermocouple was located close to the sensor in order to
measure surrounding gas temperature. The cold junction
temperature of the sensor thermopile on the silicon frame was
assumed to be equal to the measured gas temperature.

/

/5
//6
/9

roaang

Figure 4 The oven of the calorimeter (not to scale). (1) sensor;
(2) thermocouple to measure gas temperature; (3) thin wall tube;
(4) connector; (5) internal volume (pressure controlled); (6) heater;
(7) external volume (vacuum); (8) Dewar vessel and (9) liquid
nitrogen.

For studies of fast melting and crystallization, the sample
must be small enough and stay at the heater during thermal
cycling so that the adhesion between the sample and the cell
could be sufficiently good. A tiny grain of polymer sample,
normally ~100 to 500 ng, was transferred to the membrane
using a soft cooper wire (diameter of 50 um) to prevent the
damage to the sensor film (~0.5 um). A stereomicroscope was
used to control the movement. When the sample was on the

right place, an electrical current through the heater was
switched on to melt the sample for the first time. In this way
the sample was fixed at a position just on top of the heater.
Because of strong adhesive forces, the sample membrane
thermal contact was good and very stable after a few heating—
cooling cycles, which is important for calorimetric measure-
ments [47,48]. For the study of metals or other materials (the
thermal contact with the sensor is not as good), ~1 pm layer of
Apiezon™-N grease [49] was utilized as lubricant for good
thermal contact between the sample and the membrane.

The resistive film heater, ~600 Q, provides the heat flow
Py(f), which is supplied to the membrane/sample interface and
propagates through the sample, the membrane, and the
ambient gas. The equation of the heat balance is as following:

(Co+C)-dT/dt = Py(t)-G-(T(t)-T,),  (14)

where 7(¢) and Ty are the temperatures of the heating region
and the environment (of the holder in fact), respectively. This
equation is correct provided that the temperature scanning rate
d7/dt is a few times smaller than the maximal (d7/d?)yay,
which is limited by the thermal thickness of the sample and
the size of the heated area as discussed in previous sections.
For the sensor TCG-3880, the distance between the central
heated area and the hot junctions of thermal couple is ~50 pm.
The temperature measured by the thermopile is then ~10 ms
delayed with respect to the heater current. Therefore the
scanning rate must be less than A7/7, where 75 = 10 ms.
However, in the newly designed sensor, such limitation is
removed because the hot junctions are now placed inside the
heated area.

The heat flow Py(?) is determined by the electric current in
the heater /(7) and its resistance Ry(7). The resistance Ry(7T)
was calibrated in advance. The electric current in the heater
was monitored in real time during its scanning simultaneously
with the temperature difference 7(f)—7, measured by the
thermopile. The temperature dependence of the thermopile
sensitivity S was calibrated by measuring the melting
temperature of indium and other pure metals starting from
different oven temperature 7.

Thus there are three unknown parameters, G, Cx, and C, in
Eq. (1). The parameter C, was determined in advance for the
empty cell. The heat transfer parameter G can be estimated
according to G = 4mrgA, and it can be measured simulta-
neously with C from a heating—cooling scan as following.

We are interested in the dependence C(7) of a sample near a
phase transition temperature 7., where heat capacity C. at
cooling is not the same as Cj, at heating. Consider a heating—
cooling scan in the range from 7.—T7 to T+ T, where T is
large enough for the observation of C(T) = C(7) at least at
the ends of the scanning interval far from 7.. Then, both
functions C(7) and G(7) can be determined simultaneously as
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C(T) = (U2)[Pon(t)~Poo(1)]-|dT/de " ~ Ca and G(T) = (1/2)
[Pon(D+ Poo(D]-(T(H)—Ty) ' at temperatures far from 7.
Pon(?) and Py (f) denote the heat flows at heating and at
cooling, respectively. Next, the G(7) is approximated by a
monotonous polynomial function and is extrapolated into the
phase transition region, where the sample heat capacities
C(7) and C(T) can be determined finally as follows:

(Ch + Ca)-|dT /dt| = Poy(t) ~[T(¢) — To]- G;

—(Ce+ Ca)-[dT/dt| = Po (1) = [T(1)=To]-G.  (15)

The scheme of the electronic setup is shown in Figure 5. The
sensor (1) is connected through amplifiers (2) to the analog-to-
digital and digital-to-analog converter (ADC-DAC) board
(PCI-DAS64/M1/16 from Measurement-Computing™). A
precision reference resistor R (resistance of 100Q) is
connected in series with the heater to measure the current
through the heater. Data are collected at a rate of 5 x 10*
samples/s. Two buffer differential amplifiers IC2 and IC3
(AD713J) are needed because the board requests low output
impedance of the signal source if one wants to switch the
inputs at high frequency. The preamplifier IC4 of type
PGA204AP is used for the thermopile signal.

The methods described above have been used to study the
crystallization and melting of poly(ethylene terephthalate)
(PET) [21,22], poly(butylene terephthalate) (PBT) [29],
isotactic polystyrene (iPS) [31], isotactic polypropene
(iPP) [26-28], polyethylene (PE) [24,25], and submicron
polyamide-6 (PA6) droplets in polystyrene/PA6 blends [30].

For the crystallization of polymers, a fully crystalline state
with extended chain crystals is seldom reached owing to the
long-chain nature of the polymers [50]. The morphology of
the semicrystalline polymer is described by the stacking of
crystalline polymers with multiply folded chains, localized
fully amorphous domains, and intermediate motion-restricted
rigid amorphous fractions [51,52]. During subsequent heat-
ing, the melting—recrystallization—remelting, the creation of
secondary lamella, or the relaxation of rigid amorphous
fractions are often considered for the description of the
complex melting behavior of the semicrystalline polymers
[53-60]. For several polymers such as PET, the issue is not
finally resolved yet even though it was already studied since
1970 [61]. To exclusively investigate the melting of the
originally formed crystals is difficult because recrystallization
is a fast process and most experimental techniques applied so
far do not allow fast heating in order to prevent recrystalliza-
tion totally. Sauer et al. showed that the PET crystallized at
low temperatures becomes liquid-like considering its viscos-
ity at relatively low melting temperatures [62]. Robertson
et al. [63] showed that recrystallization is ~2 orders of
magnitude faster than isothermal crystallization at the same

DAC (heater)

R ADC (heater current)

ADC heater voltage

1 2 3
AAAAS ADC-DAC
¢ board
[I211%Y
Q
_Jf ADC thermopile voltage
/H/ Giain setting
(1-10-100-1000)

Figure 5 Scheme of the calorimeter. (1) sensor; (2) amplifier and
(3) ADC-DAC board. Details are described in Section 4.1.

temperature using special temperature sequences in DSC
experiments for PBT. To exclusively study the melting of the
originally present crystals in a polymer sample consequently
requires very high heating rates. Pijpers et al. extended the
heating and cooling rate range of DSC to rates as high as
500 K-min™ (Hyper DSC™) [64]. But for commercial PET,
these rates are not high enough yet to prevent recrystallization.

The results of DSC measurements at heating rates up to
500K-min~' (8.3K-s™) for samples melt-crystallized at
210°C and 130°C are shown in Figure 6. For the PET sample
melt-crystallized at 210°C (Figure 6(a)), a very complex
melting behavior is observed. At the two lowest heating rates,
two melting peaks at 260°C and 250°C and a broad shoulder
around 240°C appear. The high-temperature melting peak
decreases with the increasing of the heating rate, and
disappears as a separate peak at the heating rate of
20 K-min'. At higher rates, the shoulder at 240°C develops;
finally, only one single peak is observed. The low-temperature
peak at 240°C is hidden at low heating rates because of the
continuous melting and recrystallization. Why we see two
peaks at higher temperatures at low heating rates is not well
understood, but all these peaks disappear at high heating rates.
Obviously, there is no indication for any multimodal
distribution in the melting temperatures, etc. For the
crystallization temperature of 210°C, the rate of 200 K - min™'
(~3 K-s™) is fast enough to reach some limiting curve shape.
The crystals formed at 210°C do not recrystallize very fast.
Therefore, the rate of 200 K-min™' is fast enough to prevent
recrystallization. The crystals formed at 130°C (Figure 6(b))
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Figure 6 Temperature dependences of the specific heat capacity of 0.5 to 16 mg PET samples at the following heating rates,
(1)0.033K-s' 2 K-min ") 16 mg; (2) 0.083K-s ' (5K-min") 16 mg; (3) 0.33K-s ' 20K-min ') 6 mg; (4) 0.83K-s' (50 K-min")
6 mg; (5) 3.3 K-s! (200 K-minfl) 0.5 mg and (6) 8.3 K-s! (500 K-min 1) 0.5 mg. The samples were crystallized at (a) 210°C and (b)
130°C for 1 h. The curves are vertically shifted and the straight lines are guides to the eyes only.

are less stable. Therefore, even at 500 K-min !, two well-
separated peaks are observed. But the increasing low-
temperature peak and the shift of the second melting peak
towards lower temperatures with increasing heating rate
strongly support the melting—recrystallization—remelting
model for this sample, too. Obviously, the rate of
500 K-min™' is not fast enough to prevent recrystallization.
In order to increase the heating rate even more, we used the
chip calorimeter described in the experimental part. The PET
sample of 360 ng was molten at 340°C for a very short time to
minimize degradation of the sample. During heating and
cooling at 2700 K-s !, the sample was subjected to tempera-
tures above 300°C for 30 ms only. After isothermal cold
crystallization, the sample was quenched again below glass
transition at 30°C. The quenching rate was 10*K-s™'. The
measurements were then performed at different scanning
rates. The melting curves and the subsequent cooling curves at
the same rates are shown in Figure 7. The appearance of
dramatic changes in the shape of the melting peaks depends
on the heating rate. When cooling, no crystallization occurs
and the glass transition of the amorphous PET is seen. For the
two lowest rates, two separate melting peaks are observed.
The high-temperature peak decreases with increasing heating
rate and shifts to lower temperature as for in DSC
measurements (see Figure 6(a)). At 1100K-s™', only a
shoulder remains at the high-temperature flank. Even at the
rates of 2700 K -s™', the melting peak shows a slight shoulder.
It may be explained by the recrystallization during the scan or
a broad distribution in the crystal stability (melting points),
which may exist for the crystals initially formed at 133°C.
The similar situation is found for the crystallization of iPS.
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Figure 7 Temperature dependences of the specific heat capacity
of 360 ng PET sample crystallized at 133°C for 1h on heating
and subsequent cooling. The measurements were performed at
the scanning rates:(1) 150 K-s ' (9000 K-min'; solid line); (2)
550K-s ' (33,000K-min'; dashed line); (3) 1100K-s
(66,000 K-min'; short dashed line) and (4) 2700 K-s!
(162,000 K~min71; dashed-dotted line). The inset shows the curves
in the glass transition range. The curves for the completely
amorphous and crystalline PET according to Ref. [100] are shown
by dotted lines.

The iPS sample melt-crystallized at 170°C (Figure 8(a))
shows again a complex melting behavior. At the two lowest
heating rates, three peaks appear at 180°C, 205°C, and 220°C,
respectively. The high-temperature melting peak decreases as
the heating rate increases. At 500 K-min™, all three peaks
merge to one broad melting peak ranging from 195°C to
240°C. Obviously, there is no direct indication for any
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Figure 8 Temperature dependences of the specific heat capacity of 400 ng to 4 mg iPS samples at the following heating rates:
(1)0.16 K-s ' (10 K-min '; 4mg); (2) 0.83K-s ' (50 K-min '; 4mg); 3) 1.6 K-s ' (100 K-min '; 0.5 mg); (4)3.3K-s ' (200 K-min ';
0.5mg); (5) 6.6 K-s ' (400 K-min'; 0.5 mg); (6) 8.3 K-s ' (500 K-min '; 0.5 mg); (7) 100 K-s ' (6000 K -min '; 400 ng); (8) 250 K-s '
(15,000 K -min'; 400 ng) and (9) 500 K-s ' (30000 K -min'; 400 ng). The samples were crystallized at (a) 170°C and (b)140°C for 12
and 4 h, respectively. The curves are vertically shifted and the straight lines are guides to the eyes only.

multimodal distribution in melting temperatures, etc. for the
crystallization temperature of 170°C. But the observed peak is
very broad and probably the superposition of multiple peaks.
The crystals formed at 140°C (Figure 8(b)) are less stable.
Even at 500 K-min', two well-separated peaks are observed,
indicating recrystallization. But the increasing low tempera-
ture peak and the shift of the second melting peak towards
lower temperatures at increasing heating rate strongly support
the melting—recrystallization—remelting model for this sam-
ple, too. Obviously, 500 K -min ™" is not fast enough to prevent
recrystallization. With the chip calorimeter, there is only one
peak that can be seen at heating rates above 6000 K-min™
(100K -s™") for both samples. For the sample crystallized at
170°C, the broad peak observed at 500 K-min™' becomes
significantly smaller, indicating the occurrence of recrystalli-
zation even at 500 K-min".

The peak temperature of the low melting peak of PET and
iPS depends strongly on the heating rate; this peak shifts to
higher temperature as the scanning rate increased. This is
because the peak temperature equals to the temperature where
the difference between melting and recrystallization rate is
maximal. At slightly higher temperatures when the heat flow
is close to zero, a steady-state regarding melting and
recrystallization is established. At low rates, as long as a
second melting peak is observed, the maximum is not at all
related to some maximum in the lamella thickness distribution
as considered for the construction of a Hoffman—Weeks plot
[65]. A detailed discussion is also presented by Yamada et al.
[66,67]. Very high heating rates are needed to prevent
recrystallization during the melting of PET and to obtain a
meaningful melting temperature for the lamellae formed at

isothermal crystallization. Under the conditions of fast
heating, superheating has to be considered, too. From a
technical point of view alone, it is therefore very questionable
if a Hoffman—Weeks extrapolation can yield correct values for
the equilibrium melting temperature of polymers.

Superheating and supercooling are associated with the
nucleation of the new phase inside the primary one during a
first-order phase transition (e.g., solid-liquid transition). The
study of the melting transition can be useful for the
understanding of the nature of the crystalline phase as well.
The melting process of crystals is usually initiated at
heterogeneous sites such as grain boundaries and free
surfaces. Provided that the heterogeneous nucleation can be
avoided, the crystals can be superheated significantly above
the equilibrium melting temperature. The actual melting
process then starts at a temperature 7, above T,. Generally,
superheating can be realized at a sufficiently large heating rate
R = dT/dt even in the presence of heterogeneous sites. The
superheating magnitude AT = T,,,— Ty depends on the kinetics
of the melting process and increases with the heating rate.
Nevertheless, there is a critical temperature 7¢", above which a
solid cannot be heated without transforming into a liquid [68—
74]. A crystal becomes unstable at temperatures above 7" and
a catastrophic melting process will be initiated.

The nature of the upper limit of the superheating 73" is not
completely understood at present. Several models for the
crystal instability at critical superheating were proposed [68—
74]. These thermodynamic or kinetic models predict (72"/T,
—1) to be varying from 0.2 to 0.38, but it is significantly
higher than the typically experimentally observed value
(T&/Ty—1) ~ 0.1 [74]. In order to verify the different
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approaches to determine the superheating limit, kinetic
experiments on superheating in a broad range of heating
rates are required.

The crystalline amorphous interface in the polymers is
rather fractal than flat on the scale ranging from a few
nanometers to a few micrometers [75-78]. Therefore,
heterogeneities play an important role in the melting process
of polymers. Nevertheless, polymers can be superheated
significantly above 7}, at sufficiently fast heating rate [66,79—
82]. The melting kinetics and superheating in polymers is not
understood at present. Generally, at sufficiently low heating
rates (e.g. at ~1K-s™'), the melting process is often
accompanied by recrystallization and the shape of melting
curves can be very complicated as shown above
[21,22,29,75,83]. Therefore, the first experimental question
arises: how to determine the melting temperature 7,,(R) in the
presence of recrystallization? Next, is it possible to measure
Ile% T (R) with a reasonable accuracy in the presence of

recrystallization? This is important because it is required as
a reference point for superheating measurements. As we
have shown, the recrystallization for several polymers can
be avoided at heating rates above 10°K-s™'. Rates up to
10°K-s™ are required for the measurement of the critical
instability of superheating in polymers as will be shown
below. At such heating rates, the sample should be thin
enough (~10um) due to heat transfer limitations [45].
Consequently, the experimental technique should be quite
sensitive for measuring samples in the nanogram range. Last
but not the least, the initial sample state must be definite and
reproducibly prepared. For example, the sample should be
reproducibly quenched from the molten
crystallization temperature T, be isothermally crystallized at
T, during a definite crystallization time #., and be heated with a
definite rate to the melt. Therefore, we need a sample
processing system with possibility to scan temperature 7(f) at
ultrafast rates with at least millisecond resolution. The cooling
process should be controlled as well as the heating. For these
reasons, the sensitive ultrafast scanning calorimeter described
above is the key step towards the study of the superheating of
polymers.

First of all, the position of the first endothermal peak T, of
the melting curve cannot be used for 7, measurements in
polymers because the melting process is accompanied by
recrystallization and remelting. Therefore, T, is determined
not only by the melting of the original crystals but also by the
recrystallization process. The recrystallization is initiated just
after the start of melting. Then, for a correct recrystallization
independent definition of 7, it is reasonable to use just the
melting onset. Furthermore, it is the only way to define 7}, in
the case of a strong recrystallization-remelting process.

state to a

Another reason to use such a definition is that a possible
apparatus thermal lag can cause the broadening of the melting
peak. And the maximum of the melting curve can be shifted to
higher temperatures. This shift increases with the increasing
of the sample mass and specific enthalpy of fusion related to
the melting transition. On the other hand, the position of the
melting onset is basically independent of the lag. Next, even if
the recrystallization is avoided, the position of a melting curve
maximum can be dependent on other reasons not directly
related to the superheating. The melting onset can be
determined using the intersection of the extrapolated heat
capacity curve before melting and the linear fit to the rising
flank of the first melting peak. Although the melting onset is
smeared due to the recrystallization process, we have found
that the extrapolated melting onset can be detected with good
reproducibility of about +1 K. Consequently, the error of the
T,, measurements was determined by the uncertainty of the
extrapolated melting onset detection [25].

Superheating of iPS, PBT, PET, and iPP with different
abilities of recrystallization are studied in a broad range of
heating rates [25]. The typical result is shown in Figure 9. For
at least the following observations, we can safely say that
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Figure 9 Rate dependence of superheating AT = T,,—T,
measured by DSC for 5mg iPS samples (filled symbols) and
0.8 mg iPS samples (stars) as well as by fast scanning calorimeter
for 150 ng iPS samples and 170 ng PBT samples (empty symbols).
The dependence curves of 40ng iPS samples and 32 ng PBT
samples (crosses) are also shown. The iPS samples were crystal-
lized at 205°C for 16 h (squares) and 1h (circles and crosses).
respectively. The PBT samples were crystallized for 15 min at
200°C (circles) and 180°C (squares and crosses). respectively.
Dashed lines correspond to the power law AT(R) = AR’ with g=
0.16 and 4 = 10.6 K for the iPS and with f=0.21 and 4 = 1.95K
and 1.75 K for the PBT at 7,= 200°C and 180°C. respectively. The
shift of the melting peak AT\ .x = Tmax— I for iPS is shown by
semifilled symbols.
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superheating does not come from the thermal lag of the
apparatus but from the measurement of the intrinsic properties
of samples studied. The observations are listed as following.
(1) Samples of different masses, i.e. 150 ng and 40 ng for iPS
as well as 170 ng and 32 ng for PBT, were measured; but the
superheating is independent of the sample mass as shown in
Figure 9. (2) For the same sample on the same sensor, the
superheating is determined by the annealing temperature 7
and annealing time #.. This is particularly clear for iPP, whose
recrystallization—remelting effect is very strong [25]. (3) At
high heating rates, the dependence AT(R) tends to saturation.
Such behavior is just opposite to what was expected due to the
apparatus thermal lag. The situation may be resulted from the
fact that the sample we used for very high rate scanning is
only a few micrometers. In such case, the surface effect is no
longer neglectable because the surface nucleation can
substantially increase the crystallization rate compared to
the rate in large samples.

In the studies discussed above, strong superheating A7/T},
~ 10% is observed in slow, moderate, and fast crystallizing
linear polymers. The increment AT = T,,,— T is an appropriate
definition of superheating in the linear polymers, where 7, is
the melting onset and T, is the crystallization temperature. The
heating rate dependence of the superheating in the linear
polymers is described by the power law:

AT(R) = AR’ (16)

The parameter A4 is in the range of 2 to 10K for different
polymers; it depends on the annealing temperature 7, and
even on the annealing time interval #, as in the case of iPP. The
exponent f is in the range of 0.16 to 0.21 for different
polymers and depends only slightly on 7, and ¢.. Eq. (16) is, in
some cases, satisfied for 6 orders of magnitude in the heating
rate. The dependence AT(R) is a straight line in the double
logarithmic plot. Within this plot, we have found a quasi-
equilibrium melting temperature 7 = ]leilr(l) Tn(R) equal to

T.. This result is not surprising for semicrystalline materials,
in which heterogeneous melting can take place at the interface
between the amorphous and the crystalline phases. Therefore,
the melting can start at a temperature just above T.
Nevertheless, the melting process can be slowed down due
to an energy barrier retarding the crystalline amorphous
interface movement. Thus for example, at the heating rate of
102 K-s™, the melting onset in PBT and iPS is observed at
0.7K and 5K above T, respectively, as shown in Figure 9.
Apparently, the energy barrier in the slow crystallizing
polymer iPS is larger than that in PBT as well as in PET
and iPP.

The reason why the linear polymers can be superheated
significantly above 7. and on the superheating critical limit

can be explained by the local stress generated at heating near
the crystalline amorphous interfaces. It predicts that 5 equals
to ~0.25, in good agreement with experiments. The stress is
created due to the thermal expansion gradients existing near
the interfaces. These gradients are inherent in the semicrystal-
line polymers because the thermal expansion of the
amorphous phase is considerably larger than that of the
crystalline one.

4.2 Isothermal calorimeter

Besides measuring the heat capacity during the fast cooling or
heating, the fast scanning calorimeter can also be used to
prepare samples with certain thermal history that is needed for
the study of the isothermal process (e.g., isothermal crystal-
lization, reorganization, or chemical reactions) just after the
fast cooling or heating. Based on the fast scanning
calorimeter, an isothermal calorimeter is built with a time
resolution better than 10 ms.

Figure 10 shows the melting, cooling, and crystallization of
a polycaprolactone (PCL) sample of ~100 ng on the sensor
TCG-3880. We can see an almost constant time lag of ~10 ms
between the temperature change and the heating power. This
is an indication of the quasi-static heating and cooling
conditions, which is predicted by Eq. (15). At the end of the
cooling, the heater power equals to zero. Because of the
ballistic cooling at the very end of the cooling scan, the
sample temperature approaches the oven temperature at
slower rate. If we zoom in the temperature signal (inset in
Figure 10), we can see some increase of the temperature at the
beginning of the isotherm. This is due to the crystallization of
the PCL sample, which is an exothermic process. To obtain
the heat flow rate to the surroundings from the measured

sl o370 1140
’ k2 1120
r §372r 1100
2 30 313?4 180
[= . £-374F 1 ¢
5 25 = 160 B
2 20t 37.6 lao 2
: =] a3l MNP SIS P PR I B S 7]
g L5r 00020406081.0121.420 £
2 10f time/s 10 3
051 ‘ — ] -20
— - 4()
0.0 [ -
06 04 0200 02 04 06 08 10 12
time/s

Figure 10 Melting and isothermal crystallization of a PCL
sample (~100 ng). Heating-cooling rate was 700 K-s!; the oven
temperature was —38°C. Inset shows small temperature change
dues to crystallization.
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temperature increase, one can make use of the almost linear
dependency between the heater power and the temperature as
seen in Figure 10. This is because power losses are at the first
approximation proportional to the temperature difference
between the sample and the surroundings.

This experiment clearly proved that the performance of the
calorimeter based on the sensor TCG-3880 followed the
isothermal processes. When temperature is below the
maximum crystallization temperature, the crystallization rate
decreases dramatically until it reaches zero at the glass
transition temperature. At low crystallization rates, the heat
flow rate from the sample to the surroundings also decreases
and reaches the noise level. To follow the isothermal process
under such conditions, we can measure the heat capacity,
which is decreasing with the increasing of the crystallinity, to
follow the process of crystallization. To measure the heat
capacity, one can apply a small oscillating voltage to the
heater to generate an oscillating power of a few microwatts
and detect the amplitude of the temperature oscillations on the
second harmonic of the voltage [84] as commonly performed
in AC calorimetry. As generally known from AC calorimetry,
the proper choice of the modulation frequency is important if
one wants to measure the absolute values of heat capacity
[85,86]. However, to study the crystallization kinetics, it is
enough to measure relative changes in heat capacity; therefore
we can neglect all the non-trivial calibrations and corrections.
Choosing small temperature amplitudes allows keeping
conditions of linear response. Apparent heat capacity can
then be obtained from the ratio of power and temperature
amplitudes.

The basic electronic setup is the same for the scanning
calorimeter. A Stanford Research DS340 programmable
arbitrary function generator was used to drive the current
through the heater in accordance to the desired time-
temperature profile. The function was generated by a
computer and downloaded to the DS340 via computer
interface. A model 7265 lock-in amplifier from EG&G
Instruments (now Signal Recovery) was utilized for the
measurement of the AC signal. The lock-in amplifier
measured the amplitude of the temperature oscillations at
the second harmonic. Heater voltage amplitude was 30 mV,
corresponding to the power amplitude of ~1 uW. The voltage
at the thermopile was ~30 pV, corresponding to temperature
amplitude of ~30 mK.

Moreover, one can perform “scan” and “oscillating”
measurements simultaneously. Then the generator output of
the 7265 lock-in amplifier was connected in parallel to the
DS340 output. However, it was not possible to synchronize
the start of data acquisition of the 7265 with the beginning of
the pulse of the DS340 because of problems in both devices.
Therefore, a PXI-6120 board from National Instruments is

used. This board provides four high-speed (1 Ms/s), simulta-
neous analogous sampling channels. The DAC output is
programmed to provide a heating pulse superposed by an AC
modulation. The other three channels are used to measure the
current (reference resistance voltage), heater voltage, and
thermopile voltage, respectively. This electronic setup is
shown in Figure 11.

DAC pulse+
AC modulation

%} ADC current
% AD C thalcr

NI-PXI6120

10

14

;
thermal couple

Figure 11 The electronic scheme of the isothermal calorimeter
using NI-PX16120 board.

For relatively fast crystallization, the heat flow rate due to
the enthalpy change is large. Then we can observe a
crystallization peak in the temperature (see Figure 10). In
the time interval between the end of the cooling and the local
maximum of the overheating, the crystallinity reaches roughly
half of its end value at the actual temperature. We call this time
“crystallization half-time”. The reciprocal is a measure for the
overall crystallization rate. At crystallization half-times longer
than 10 s, the temperature signal decreases below the noise
level. To follow the crystallization at slower rates, we have to
switch to heat capacity measurements as described above.

A relatively high oscillating frequency was chosen to get
better resolution in time and to follow the crystallization
almost from the very beginning. The “crystallization half-
times” obtained by the two methods, total heat flow and heat
capacity, are quite similar (see Figure 12). The time of the
maximum of the crystallization rate (the local maximum in the
temperature signal), #,.y, corresponds to the time in good
approximation when the heat capacity approaches half-way of
the total decrease, 7.

By using the fast isothermal calorimeter, we have studied
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Figure 12 Different modes of the PCL crystallization kinetics
measurements. Heat frequency 2f was 140Hz and the oven
temperature was —54°C. The curves represent the average over
128 measurements of the oscilloscope.

the isothermal crystallization of PCL, PE, iPP, PBT, and some
iPP nanocomposites and blends [23,26,28,33]. For PCL, the
crystallization half-time shows a typical bell-shaped tempera-
ture dependence; for iPP and PBT, a bimodal crystallization
rate as shown in Figure 13 is found, probably owing to the
polymorph properties of iPP [28]. Why a similar curve is
observed for PBT is not yet understood [29]. For PE, the
crystallization is so fast that it starts even during the cooling.
So far, the temperature of the maximum crystallization rate for
PE is yet unknown.
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Figure 13 Crystallization time of iPP and iPP/HR 90/10 film
after fast cooling from the melting inside the chip isothermal
calorimeter.

4.3 AC calorimeter and differential AC nanocalorimeter

With the ultrafast calorimeter, we can prepare samples far
from equilibrium and measure their physical properties. But

often one would prefer to measure the thermal properties of
small samples at or at least close to thermodynamic
equilibrium. This can be achieved by a combination of the
chip calorimetry and the AC calorimetry. While on scanning
the relation between the scanning rate and the relevant time
scale for the molecular processes at glass transition is not
easily established [87,88] for the AC calorimetric measure-
ments, the frequency of the temperature oscillation can be
straightforward linked to the dynamics of the molecular
processes under investigation. At glass transition for the
maximum of the frequency-dependent imaginary part of
complex heat capacity, the relation w7 = 1 holds, where w =
27tfis the angular frequency of the perturbation and 7 is mean
relaxation time.

As common in AC calorimetry, a small periodic heat flow
with amplitude P, is provided to the heater of the sensor and
the resulting complex temperature amplitude 7 is measured.
The measurements are performed at slow scanning or at
constant bath temperature. Owing to the small size of the
heated area, at a large distance compared to the radius r, the
thermal oscillations exited in the gas are closely spherical
waves: T,(t,r) ~exp (iwt—k,yr)/r. The complex valued wave
number k, is given by the dispersion law for the thermal
waves: k; = iwp,yCy/Ag, Where ¢, and 2, are the specific heat
capacity per unit of volume and the thermal conductivity of
the gas, respectively. The heat loss through the gas can be
described by the heat exchange coefficient G = 47rA,.
Solving the Fourier heat flux equation for such a system, one
gets the temperature modulation amplitude of the heated
membrane area:

Py

Th=—O" 17
AT wC+ G (a7

Therefore, the apparent heat capacity Cy = Py/(iw)T,
equals to C+ G/(iw). The term G/(iw) in the apparent heat
capacity describes the heat loss through the surrounding gas.
Further contributions to the apparent heat capacity are
determined as follows: the effective heat capacity of the
sample with a finite sample thickness dg is given by Cg
tanh ag/ag, where the effective thermal thickness ag of the
sample is defined as the thickness dg times thermal wave

number ks dik, = dg+/iwpscs/As for the substance. For thin
films, a5 << 1 and then the factor tanh o/ equals to one
with high precision up to 10 kHz. The size of the heated area
of the sensor is frequency dependent and becomes smaller
with higher frequencies. Thus, the apparent addenda heat
capacity can be described by Eq. (10) to Eq. (12).

With the sensor TCG-3880, Minakov developed the first
chip AC calorimeter and successfully studied the magnetic
phase transition of a 3.8 pg sample of ruthenium-doped CeFe,
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in magnetic fields up to 8 T and in the temperature range of 20
to 280 K [89]. The sensitivity of this system is ~10nJ-K™" at
room temperature. The sensitivity of this calorimeter should
be improved if we want to study even smaller systems (e.g.,
glass transition of polymer confined into a few tenths of
nanometers). As will be shown below, by a differential design,
we achieved sensitivity in the pico-Joule per Kelvin range,
allowing to measure samples of ~1 ng. Consequently, the limit
for film thickness is in the range of 1 nm [37]. Because of the
small total heat capacity (addenda and sample), not only a
high sensitivity is achieved but the AC measurements at
relative high frequencies are possible, too [84]. The
calorimeter allows heat capacity measurements in the
frequency range of 1 to 1000 Hz.

For the difference of the thermopile signal amplitudes ATz
= ATr9 — ATas an empty sensor AT»o and a sensor with a
sample AT g, the following equation holds:

iOAT, 1 B 1
~ Cs (18)

[Co(@) + G/ (iw)]*’

where the term Cs was neglected with respect to Cy assuming
Cs << Cy. With an effective heat capacity of the empty cell
C = Cy(w) + G/(im), one gets iwAT, /Py ~ cs/éz. In this
formula, two identical sensors are assumed.
When there is asymmetry between

iwATA /Py = [Cs + 6Cy + 6G/(iw)]/€‘2. The temperature
amplitude is given by the voltage amplitude at the thermopile
U divided by the thermopile sensitivity S. For the case of two
empty sensors, the differential thermopile signal is denoted by
AU, and for the case with the sample AU. In terms of the
measured quantities, the heat capacity of the sample for the
non-ideally symmetric system is then given by:

sensors,

Cs = i0C” (AU — AUy) /(SPy). (19)

Eq. (19) is valid for thin (submicron) samples. If the sample
thickness increases, the factor tanh ag/ag has to be taken into
account.

The electrical scheme of the device is shown in Figure 14.
The heaters on the chips are driven by an alternating current at
frequency «/2 from the oscillator of the lock-in amplifier. This
results in an oscillating power at frequency . The amplitude
and phase of the resulting oscillating temperature at frequency
w are measured with the surrounding thermopile using a
digital lock-in amplifier (Model 7625 from Signal Recovery).
The oscillator voltage is applied to the two sensors and a
known constant resistor in series. The applied power is
calculated from the voltage over the known resistor measured

osc (®

lock-in

reference sensor

sample

Figure 14 Schematic picture of the electric setup. The usage of
the internal generator of the lock-in amplifier results in better phase
stability. The differential signal A-B of the thermopiles is analyzed
and further processed. The voltage over the known resistor R is
measured with a digital multimeter in order to calculate heater
power. All components are controlled by a computer.

with a digital multimeter (PREMA 6001) or with an extra
ADC input of the lock-in amplifier, which takes the oscillator
voltage and the internal resistance of the oscillator into
account. Both sensors are placed adjacent in a thermostat at
temperature 7. Measurements are carried out either at a
single frequency with the temperature changing continuously
(temperature scans) or at different frequencies with constant
temperature (frequency scans). In the later case, the
emperature can be changed stepwise. A self-made computer
program using Labview® was used to control the instruments.

Depending on the surrounding gas and sample thickness,
the available frequency range is between 1 Hz and 1 kHz. The
heater power per sensor is ~10 to 50 uW, resulting in a
temperature oscillation amplitude and a temperature bias of
less than 1 K. The frequency of the maximal sensitivity
depends on the thermal conductivity and the heat capacity of
the surrounding gas. For nitrogen at ambient pressure, the
maximal sensitivity is observed between 10 Hz and 100 Hz.
For lower frequencies, the losses through the gas dominate.
Reducing the losses by lowering the pressure in the frequency
range can be extended to lower values. For higher frequencies,
the thermal gradient in the heated membrane and within the
sample will become too large, resulting in large inhomogene-
ity and instability.

The differential AC chip calorimeter can be specific heat
spectroscopy for polymers [37,90-93], liquid crystals [94],
and other glass forming materials [35]. For example, the glass
transition of polystyrene (PS) films is from 50 to 4 nm [36,
37]. The films are produced by spin coating the polymer
solution onto the sensor. The thickness is assumed to be same
as the thickness of film spin-coated onto the flat silicon wafer
under identical conditions (identical polymer concentration
and identical spin rate). In Figure 15, data from a polystyrene
film of 15 nm thickness are shown. Frequency sweeps from
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0.6 to 1280 Hz are performed and the temperature is changed
stepwise from 323 K to 423 K in steps of 5 K (only 80 Hz is
illustrated). Here, we do not determine the heat capacity from
measured signals. Nevertheless, the glass transition tempera-
ture and relative changes of the signal are easily detected. The
empty measurement of the system gives an additive term that
is usual at least one order of magnitude lower than the signal
of the sample. Therefore, contributions from asymmetry only
slightly change the overall picture in such a small temperature
range and do not affect the glass transition temperature
determination. From the real part of the measured thermopile
signal, the frequency-dependent glass transition temperature
is determined as the half-step temperature. The tangent
construction for the determination is indicated in the figure.
Also in the phase, a peak at the glass transition is found as
commonly for complex heat capacity. The half step of the real
part and the maximum in phase are at the same temperature
position. There is an underlying step in the phase that is
proportional to the real part. The phase signal is corrected by
subtracting this contribution as described in Ref. [95]. For the
15 nm sample, the peak in the phase is detectable and can be
used to determine the glass transition temperature in the range
of 20 to 320 Hz, while the step at the glass transition can be
evaluated in the frequency range from 0.6 to 1280 Hz. Both
values (peak temperature and temperature at half-step height)
are in good agreement within the error limit of 43 K.

With this calorimeter, the thickness dependence and the
glass transition temperature for films of thickness down to
4 nm are studied at the frequency of optimum sensitivity. The
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Figure 15 Corrected phase angle (solid triangles) and signal
amplitude times frequency for a polystyrene film of the thickness of
15 nm (solid squares) and for an empty sensor (open squares) for a
frequency of 80 Hz. The measurements are performed isothermally
with 5K steps. The tangent construction for determining the
dynamic glass transition temperature from the real part is shown. A
peak in the phase appears in the glass transition range as expected.

second heating—cooling cycle is evaluated to avoid influences
of sample preparation such as the evaporation of solvent
residues. The glass transition temperature is determined as the
half-step temperature using the tangent construction as shown
above. The results are shown in Figure 16 and Figure 17. No
changes in temperature position or the deviation from the
WLF behavior [96] for the measured film thicknesses were
found. Poly(methyl methacrylate) (PMMA) films from 400 to
10 nm [97] and blend of PS with poly(phenyl oxide) (PPO)
from 300 to 5 nm are also studied in the same way. No shift in

(b)
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Figure 16 (a) The normalized AC calorimetric response AU/d; as a function of the temperature for six different film thicknesses ds and
(b) the film thickness dependence of the glass transition temperature at 40 Hz for the series of polystyrene films from 50 to 8 nm. The 4-
nm-thick film shows a kink in the same range as indicated by the line in A. However, the data are not shown in this figure because no clear

step is found.
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Figure 17 Arrhenius plot for the glass transition of the
polystyrene film of different thickness. The solid symbols are
from the half-step temperature of the real part and the open circles
from the peak in the phase for a film thickness of 15 nm. The curve
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the glass transition temperature depending on the film
thickness is observed, which is similar to the results presented
by Efremov and Allen [9,16]. For the film thickness in the
range of 50 nm down to 4 nm, other studies report glass
transition temperature reductions of more than 25K for
polystyrene of similar molecular weight [98]. This reduction
is significantly larger than the uncertainty of the glass
transition temperature determination by the AC calorimetric
measurements. Unfortunately, the present setup does not
allow the measurement at lower frequencies as mandatory for
a direct comparison with the data presented by Fakhraai and
Forrest [99]. To extend the frequency range to lower
frequencies, measurements should be performed at reduced
pressure. Necessary setup is under construction and hopefully
will allow the measurement at least down to the frequencies of
0.05Hz. In this case, this calorimeter may help to gain a
deeper insight into the dynamic behavior of supported thin
films in a wider range of timescales.

S Summary

The strategy we applied to realize ultrafast cooling is to use a
tiny sample placed on a point-like heater of several tenths of
microns and to run in the low thermal inertia gas atmosphere.
Commercial sensors from the Xensor Integration, NL, which
are fabricated on the submicron silicon nitride film, can be

used to set up the fast cooling chip calorimeter. The maximum
controllable cooling and heating rates can be increased by
decreasing the size of heated area if we suppose the sample is
thin enough. Therefore, the sensor XEN-3973 with a radius of
heated area of ~20 um can be applied to the thermal
processing and simultaneous measurements at scanning rate
up to 10°K-s™". Besides the possibility of fast scanning, the
calorimeter are very sensitive. They are successfully applied
to the study of the complex melting and crystallization of a
wide range of polymers (e.g., PET, PBT, PE, iPP, iPS, and
polyamide) with the sample mass down to ~30 ng. Based on
the fast scanning calorimeter, we have built the isothermal
calorimeter and the differential AC calorimeter. The
isothermal calorimeter has the time resolution in milliseconds
that can be used to study the isothermal crystallization
kinetics of fast crystallizing polymers, such as PAL, iPP, and
PE. The differential AC calorimeter has a very high sensitivity
(~50pJ-K™") and a wide modulation frequency range
(10" =10°Hz). The differential AC calorimeter has been
used to study the glass transition of PS, PMMA, and PS/PPO
blend confined into thin film down to a few nanometers. No
thickness dependence of glass transition temperature and no
significant deviations from the WLF behavior are found for
these polymers. This finding is in agreement with the results
from fast scanning calorimetric experiments reported by
Efremov and Allen [9,16] and is contrary to many other
studies that report strong thickness dependence.

To further increase the performance of fast cooling
calorimeter and isothermal calorimeter, we can further
decrease the size of the heated area; however, this will make
difficult of the fabrication of the thermopile and more
importantly, of the sample preparation as well. Another
possibility is to decrease the thickness of the silicon nitride
membrane without destroying its mechanical integrity. There-
fore, the addenda heat capacity and the time constant of the
isothermal calorimeter can be decreased. Decreasing the
thickness is also important if we want to increase the upper
limit of the frequency range of measurement in the AC
calorimeter. However, to extend to lower frequency, measure-
ments should be performed on the reduced gas pressure.
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