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Abstract

To study phase-transition kinetics on submillisecond time scale a set of new membrane gauges for ultrafast scanning nanocalorimetry were
constructed. Controlled ultrafast cooling, as well as heating, up to 10® K/s was attained. The maximum cooling rate is inversely proportional to the
radius of the heated region, which was in the range 10-100 wm for different gauges. The minimum addenda heat capacity was 3nJ/K. A model
describing dynamics of the temperature distribution in the membrane-gas system at ultrafast heating and cooling was developed. The characteristic
rate R, corresponding to the quasi-static limit of the temperature change in the membrane—gas system was determined. The rate Ry equals 10° K/s
for the different gauges in helium gas. The new calorimetric cells in combination with common differential scanning calorimetry (DSC) were
applied for the measurements of superheating in a set of linear polymers. A power law relation between the superheating and the heating rate was

observed in the broad heating rate range 10~2 to 10° K/s.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The nature of melting and crystallization in polymers is a
central subject of polymer science [1]. Even for low-molecular
systems important details of the solid-liquid transition are still
not completely understood [2,3]. A finite latent heat is required
to convert the crystal phase to a liquid. Under certain conditions
the substance can be overheated or supercooled into a metastable
state with respect to equilibrium transition temperature Tp. In
order to enlarge the temperature range accessible for the inves-
tigation of metastable states, a wide dynamic range for heating
and cooling rates is needed.

Polymers can be superheated significantly above Ty at suf-
ficiently fast heating rate [4-8]. The melting kinetics and
superheating in polymers is not understood at present. Generally,
at sufficiently low heating rates R, say at R ~ 1 K/s, the melt-
ing process is accompanied by recrystallization and the shape
of melting curves can be very complicated [1,7,9-11]. The first
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experimental question arises: how to determine the melting tem-
perature Tm(R) in the presence of recrystallization? Recently, it
was found that the recrystallization can be avoided for several
polymers at heating rates above 10% K/s [9-11]. Next, as we have
found, the ultrafast rates up to 10° K/s are required to measure
the critical instability of superheating in polymers. In fact, there
is a critical temperature above which a solid cannot be heated
without transforming it into a liquid [12-18]. A crystal becomes
unstable above this critical superheating and a catastrophic melt-
ing process is initiated. To measure the critical superheating in
polymers at such heating rates the sample should be thin enough,
~10 pwm, because of heat transfer limitations [19]. Consequently
the experimental technique should be quite sensitive for mea-
suring samples in the nanogram range. At last, but not least, the
initial sample state must be definite and reproducibly prepared.
For example, the sample should be reproducibly quenched from
the molten state to a crystallization temperature T¢, then isother-
mally crystallized at T during a definite crystallization time 7,
and heated with a definite rate to the melt. Therefore we need a
sample-processing system with possibility to scan temperature
T(¢) at ultrafast rates with at least millisecond time resolution.
The ultrafast cooling process should be controlled as well as


mailto:minakov@nsc.gpi.ru
dx.doi.org/10.1016/j.tca.2007.03.020

A.A. Minakov et al. / Thermochimica Acta 461 (2007) 96—-106 97

heating. For such measurements we have constructed a sensitive
ultrafast nonadiabatic calorimeter [19,20].

In the first part of the paper we consider the basic princi-
ples of the ultrafast nonadiabatic calorimetry and describe the
equipment utilizing a set of new membrane gauges now avail-
able from Xensor Integration [21]. Next, as an example, we
present the results of superheating of the melting transition for
a set of linear polymers. Combining standard differential scan-
ning calorimetry (DSC) and ultrafast nanocalorimetry we have
performed measurements in a quite broad range of heating rates
10~2 to 10° K/s. Calorimeter performance at ultrafast rates and
temperature calibration of DSC and ultrafast measurements have
been verified by a set of test experiments.

2. Ultrafast nonadiabatic calorimetry

A sensitive and ultrafast calorimeter can be constructed using
silicon—nitride membrane technology. Such calorimeter consists
of a submicron amorphous silicon—nitride membrane with a
thin-film heater and a temperature sensor located at the central
part of the membrane. Ultrafast thin-film membrane calorimetry
has been advancing rapidly in the recent years [22—-26]. Nano-
and even pJ/K sensitivity of thin-film calorimeters is primarily
related to a very small addenda heat capacity. The ultrafast mem-
brane calorimeters were used for heat capacity measurements of
ultra-thin films [22,23] as well as nanoparticles and nanostruc-
tures [24,25]. The ultrafast scanning calorimetry provides excel-
lent opportunity to study kinetics of thermodynamic processes
on submillisecond time scale and at fast (up to 107 K/s [26])
heating rates. While heating rate can be enlarged under quasi-
adiabatic conditions by increasing heating power and decreasing
sample mass [22-26], the only way to increase the cooling rate
is diminishing of addenda and sample heat capacities and per-
forming the experiments at essentially nonadiabatic conditions.

To allow fast cooling the measurements can be performed
in an ambient gas atmosphere. More over, the maximum rate
of controlled cooling can be achieved with a gas cooling agent,
rather than in a system with a solid heat-sink, because of the very
small thermal inertia of the gas [19,20]. A thin-film membrane
calorimeter is quite well adapted for fast cooling experiments,
because of very small thermal inertia of the membrane and the
ambient gas. Next we consider the optimal conditions for real-
izing maximum cooling rate. Recently, we have utilized the
commercially available microchip (thermal conductivity vac-
uum gauge, TCG 3880, from Xensor Integration [21], NL)
for calorimetry at heating and cooling rates up to 10* K/s
[9-11,19,20]. Since the gauge TCG 3880 initially was not opti-
mized for fast-scanning calorimetry we have developed a set
of calorimeter sensors (XEN-3935, XEN-3940, XEN-3969, and
XEN-3973 [21]), which allow us to get scanning rates (including
cooling) up to 108 K/s.

2.1. Measuring cell and upper limit of cooling rate
A cross-sectional view of the calorimeter cell with a sample

is schematically shown in Fig. 1. The gauge XEN-3940 shown in
Fig. 1 consists of a submicron amorphous silicon-nitride mem-

brane with a thermopile (of six thermocouples) and a resistive
heater (~1 k2) located at the center of the membrane. The heater
stripsand all electrical leaders (including thermopile) are formed
by p- and n-type polysilicon tracks with specified thermoelec-
tric properties and resistivity. The thermopile hot junctions are
arranged in the central part of the heated area between heater
stripes. The cold junctions are placed at the silicon frame fixing
the membrane at a distance ~1 mm from the center. Thus, the
cold-junction temperature equals the temperature of the holder
which is close to the temperature of the thermostat 7;. The sil-
icon frame with the membrane is bonded on a standard chip
carrier. 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 tempera-
ture and gas pressure can be utilized as a calorimeter for samples
in the nanogram range.

To allow fast cooling the cell operates in an ambient gas,
which serves as cooling medium providing heat transfer between
the sample and the thermostat. Usually, the sample temperature
T(¢) is scanned linearly with time. In order to derive the optimum
conditions for highest cooling rates we consider a saw-tooth
shaped heating—cooling process with the scanning temperature
range AT and the scanning time interval . Then the sample tem-
perature is driven by a periodic heat flux ¢(¢) with an amplitude g
supplied to the sample—heater interface. Recently, for such scan-
ning process and one-dimensional geometry, we have proved
[19] that the product AT|d7/d¢| cannot exceed qg /pch, where p,
c and A are the density, the specific heat capacity and the ther-
mal conductivity of the cooling medium, respectively. Provided
heat capacity of the sample and addenda are negligibly small,
the product AT|d7/dz| attains the maximum value qg/pc,\ atany
7 in the range 0 <t <o, where 7o =mpcL?/x and L is the dis-
tance between the heater and the thermostat. In fact, AT ~ /T
and d7y/dr ~ 1/./T at T < g and the product AT|d7/d¢| is invari-
ant with respect to the scanning time interval [19]. The sample
temperature is changing around the average value 7; + T with
the bias temperature Tg = goL/), which should be in the limits
required by the experiment. Also the scanning range is restricted
to a smallest acceptable ATpin. Then, for the maximum rate we
have the following relation:

~ (90 Ts
max - (ch) <ATmin) ' @

Thus, to realize the maximum rate with a reasonably large
AT the parameter pc should be reduced as much as pos-
sible, i.e. the thermal “inertia” of the cooling medium
should be small. We can exemplify this result, say, for
go=2x 10°W/m?, Tg=300K, AT=100K and L=ATg/qo.
Then, for nitrogen gas with Xig~2.6 x 1072 W/K m,
cg~1.040IgK, pg~1.19x 10~3g/cm® at 10°Pa [27] and
pg ~ 1.19 x 107 g/cm? at 10% Pa we have |d7/d|max ~ 107 K/s
and 10°K/s, respectively. In contrast, for amorphous
silicon—nitride — the material of the membrane — the maximum
rate equals ca. 50K/s at 1o ~3W/Km, ¢g~0.71J/gK and
po~3.4g/cm® [28,29]. Consequently, the cooling medium
should be a gas even at a low pressure, as long as the gas

dl
dr
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Fig. 1. Photograph of the gauge XEN-3940 utilized as a measuring cell. () Rectangular 2mm x 3 mm silicon frame supporting submicron silicon—nitride membrane
is bonded on a standard chip holder. (b) Zoomed photograph of the central part of the membrane with 60 um x 60 wm heater at the middle and six hot junctions of
the thermopile located between two parallel heater stripes. And schematic cross-sectional view of the gauge with the sample is shown at the bottom (not to scale).

thermal conductivity stays reasonably large. In our experiments
the heat transfer through the ambient gas is dominant because
the membrane is very thin. The measurements are performed in
nitrogen gas at reduced pressure p ~ 103 Pa or in helium gas in
the pressure range 103-10% Pa. Note, the mean free path in the
gases — s <10 wm at p > 103 Pa [27] - is still small with respect
to the other length parameters.

In fact, the sample heat capacity with addenda is not negligi-
ble and the heat-transfer from the heater to the thermostat cannot
be considered as a one-dimensional problem. Next, we estimate
the maximum cooling rate of the sample for the experimental
setup schematically shown in Fig. 1. The central heated region
of the membrane can be considered as a small (point-like) source
of the heat flow @4 into the gas, because of nearly spherical tem-
perature distribution Tg(r) ~ Ty + (T — Tt)ro/r around the heated
region in the gas at the distance from the membrane center r>rq
[20]. Then the heat flow from the sample can be estimated as
@y~ —ArrgdTy(r)/dr at r=rg, that is &g = (T — Ty)G, where
the heat-transfer coefficient through the gas equals G ~ 4mrgig.
This approximation was confirmed in [9,10,19,30]. Thus, at
room temperature for the gauge XEN-3940 with rg ~ 40 m the
estimated value G equals about 10> W/K and 5 x 10~° W/K in
nitrogen and helium gas, respectively, at corresponding thermal
conductivities of nitrogen gas 0.026 W/K m and of helium gas

0.152 W/K'm [27]. This estimation is confirmed in the experi-
ment. The effect of the membrane on the total heat exchange
is relatively small because the membrane is very thin. The heat
flow through the membrane in radial direction is at least 10 times
smaller than that through the gas in the perpendicular direction
[9,10,19,20,30].

If the heat-flow from the heated region into the environment
is determined mainly by the heat-transfer through the gas, then
the maximum cooling rate for a sample with heat capacity Cs
equals

a7 (Tmax— TG
dT | max (Cs+Cp) ’

where Tmax is the maximum sample temperature and Ca
is the addenda heat capacity. Assume the addenda heat
capacity can be neglected. Then, for a disk-like sample of
thickness ds and of radius rp the maximum cooling rate is
|d7/dt|max & 4(Tmax — Tt)Ag/rodspscs, Where ps and ¢ are
the density and the specific heat capacity of the sample.
Consequently, the maximum rate is inversely proportional
to the radius rg. Thus, for 19 =40 um at (Tyax — 7t) =300 K,
ds=5pm and pscs =2 x 108 J/K m3, the maximum rate equals
~10° K/s in nitrogen gas and ~5 x 10° K/s in helium gas. The
maximal rate can be even more increased by decreasing of rg as

@)
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long as the radius is large enough with respect to the membrane
thickness dp and ds is small enough to neglect the thermal
gradient in the sample.

Suppose, the acceptable maximal temperature difference
across the sample equals 875, then the limitation for heat-
ing rate is pscsds|dT/dz| < As 8Ts/ds, which is equivalent to the
limit for the sample thickness ds < (As 8T/ pscs|dT/dz|)Y2. There-
fore, the thickness ds should not exceed 1 um for a polymer
sample at pscs =2 x 108 JJKm3, s =0.3W/Km, 8Ts=3K and
|d7/dz| ~ 108 K/s.

A set of gauges with different dimensions of the heated
regions is shown in Fig. 2. The gauge XEN-3973 with the cen-
tral heated part 18 um x 20 wm can be used for ultrafast cooling
experiments up to 10% K/s in helium gas.

To estimate the addenda heat capacity Ca of the gauges con-
sider the temperature distribution T(x, y) in the membrane plane
around the heater in Cartesian coordinate system with the ori-
gin O at the center of the membrane, axis Oz perpendicular to
the membrane, axes Ox and Oy correspondingly parallel and
perpendicular to the heater strips. At quasi-static conditions the
function T(x, y) is described by the following equation;

2T 3T
w2tz = (T — T, 3)

where 58 = Ag/AodoL [19,20]. The thermal gradient along Oz
axis in a thin membrane placed in a gas is insignificant, pro-
vided Aq(T — Tt)/L < hoko(T — Tt), i.e. Agdo/roL < 1. This is
the criterion for a thin membrane. The temperature in the mem-
brane plane exponentially decreases with the distance from the
central heating region [19,20]. The characteristic length 1/&q
of the exponential decay depends on the membrane and the
gas thermal conductivity, as well as on the distance from the
heater to the thermostat and the membrane thickness. Thus 1/&g
is about 200 wm for nitrogen gas and 100 wm for helium gas
at the thickness dp~ 1 um and the distance from the mem-
brane to the chip holder L~0.5mm. The distance from the
central heated region to the membrane periphery is large with
respect to the length 1/&o, i.e. the temperature drops down signif-
icantly at membrane periphery. Hence, the boundary conditions
at the membrane periphery are not essential for the shape of
the temperature distribution near the heater. The result from

the analytical solution [19] was confirmed by means of fast
infrared thermographic measurements under static and oscillat-
ing heating—cooling conditions [20]. Then, the effective radius
of the heated region of the membrane can be estimated as a sum
ro +al&g, where « is a dimensionless parameter of the order of
1. Actually, we obtained from the experiment « equals about 0.2
(see below). Then, the addenda heat capacity can be estimated
as Ca ~ mdopoco(ro + alég)?.

The dynamic heat transfer problem for the membrane placed
in a gas is described by the following equation obtained in the
same way as Eq. (3) [19,20]:

PT PPT ) 1 ar

—+— =(T-T — ) =, 4
i =w-ng+ (o) @
where the thermal diffusivity of the membrane

Do =xolpoco. In case of stationary harmonic tempera-
ture oscillations exited by a point source located in the
membrane center the solution of Eq. (4) equals T(x, y,
1) =Ty + T, expli(wt — kex — kyy)] exp(—&xx — £,y). The tem-
perature oscillations exponentially decay with the distance from
the source at characteristic length 1/£ described by
iw

(417 = & +

(%)
where &2 = &2 + £2, k* = kZ + k2. This is the dispersion law
of the thermal waves in the membrane. The complex Eg. (5) is
equivalent to the relations k = w/2£Dg and &2 = £o2 + (w/2Dgé)?.
From the last relation follows

2
2_1p o
87 =58 [ 1+4[1+ (s&m) . 6)

The coefficient &(w) can be presented as a function of the
temperature-modulation rate amplitude R, =wT,,. Then, from
Eq. (6) we have &(R,)? = (1/2)&5(1+ /1 + (RuT0/ Tw)?),
where the characteristic time constant of the thermal relaxation
in membrane equals

1

-, 7
200 ()

70

also tg can be expressed as follows: 7o = pocodoL/Ag.

Fig. 2. Photographs (zoomed) of the central part of the membrane for the gauges with different dimensions of the heated regions. From left to right: for XEN-3935,
XEN-3936, XEN-3940, XEN-3969, and XEN-3973. The hot junctions of the thermopile are located between two parallel heater stripes. The second outer heaters of
the gauges XEN-3935, XEN-3936, and XEN-3969 were not utilized in the present work.
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Next, consider a saw-tooth shaped heating—cooling process
with the period tp, the scanning temperature range AT, and the
rate R=2AT/t,. This periodic process can be expressed as asum
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 =2w/tp of the saw-tooth process. In fact, £(R) =

(1/4/2)&0 \/1 + /14 (R/Ro)?, where Ry =2AT/zq. The char-
acteristic rate Ry corresponds to the maximum rate of the
quasi-static temperature change in the membrane. At low rate
£(R) ~ &o and £(R) ~ £o(RIRg)Y2 at R >> Ro. Then, the addenda
heat capacity can be expressed as follows:

2

: )

Ca(T,R)=Co| 1+

a
\/1 + /14 (R/Ro)?

where Cg = n’rgdopoco and a = \/2alro&o.

The experimental dependence of Ca versus R for differ-
ent gauges at 0°C and 100°C in helium gas at 6 x 10% Pa
are presented in Fig. 3. The measured curves are well
described by Eq. (8) at corresponding parameters Cp, a, and
Ro. For all gauges we have found Ro=(1.3+0.2) x 10°K/s
in helium gas at AT=493K in nice agreement with
2ATItg=1.24 x 10°K/s at to=pocodoLlrg, Which equals
70=7.9 x 10~3 s for helium gasat Ag = 0.152 W/K'm. The char-
acteristic rate Rop measured in nitrogen gas at AT=460K
equals (1.8+£0.2) x 10*K/s in agreement with the rate
2ATITo=1.98 x 10*K/s at 7p=4.6 x 1072 as calculated for
nitrogen gas at g =0.026 W/K m. The characteristic time con-
stant 2AT/Rg determined in helium and nitrogen gas equals
(7.540.5) x 10~3s and (5.0 0.3) x 102, respectively. The
results are the same at different gas pressure at least in the
range (3-12) x 103 Pa as shown in Fig. 4. For nitrogen and
helium gases at different pressures the parameter Cp equals
3.0+0.1nJ/K, 16 +0.5nJ/K, and 21 +2nJ/K for the gauges
XEN-3973, XEN-3940, and XEN-3935, respectively, which is
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Fig. 3. Scanning rate dependences of the addenda heat capacity Ca for the
gauges XEN-3935 (filled symbols), XEN-3940 (half-filled symbols), and XEN-
3973 (open symbols) at 0°C (squares) and 100°C (circles) in helium gas at
6 x 10° Pa. The same dependence in nitrogen gas at 3 x 10° Pa and 100°C is
shown for the gauge XEN-3973 (triangles). The curves calculated according to
Eq. (8) are the dashed lines.
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Fig. 4. Scanning rate dependences of the addenda heat capacity Ca for the gauge
XEN-3973 at 100 °C in helium gas at pressure 3 x 10° Pa (squares), 6 x 10° Pa
(circles), and 1.2 x 10* Pa (triangular).

comparable to the respective values 3.0, 13.6, and 24.3 nJ/K esti-
mated according to the relation Co = mgdoroco. We assume
for the estimation that the radius ry equals half of diagonal of
the rectangular heated region. Thus, at high rates R >> Ry the
addenda heat capacity tends to its minimum value Cp, which
depends only on the size of the heated region.

Below the characteristic rate Ry the temperature distribu-
tion in the membrane is close to the quasi-static distribution
calculated and measured in [19,20]. The range of the rates
related to the quasi-static scanning is about six times broader
in helium gas than in nitrogen gas and it does not depend on
the gauge (see Fig. 3). The addenda heat capacity depends on
the size of the heated region ro and on the gas thermal con-
ductivity as Ca ~ rg[1 + («/ro£0)]?, where €% ~ Aq. Therefore,
the addenda heat capacity Ca in helium gas is smaller than in
nitrogen gas as shown in Fig. 3 for the gauge XEN-3973. For
pressures in the range (3-12) x 10° Pa the parameter a of Eq.
(8) equals 1.6 £0.1 and 4.2 + 0.2 for the gauge XEN-3973 in
helium and nitrogen gas, respectively, which is comparable to
the respective values 1.8 and 4.2 estimated at « =0.2.

Next, the heat flow @®p in radial direction through the
heater perimeter P into the membrane can be estimated as
@p ~ (T — T)E(R)AodoP, where the perimeter of the heater
P~2mry. The heat flow @p(R) must be small with respect
to the heat flow through the gas ®q~ 4x(T — Ty)roAg in the
perpendicular direction. Otherwise the temperature gradient
in the radial direction can be significant. Consider the ratio
@p(R)/®g, which equals &~ (rodo/drgL)Y? at R < Ro when
£(R) ~ £o, and Pp/dg ~ (RI2R0)Y/? at R > R. In the first case,
Ppl/dyg <« 1 because £~ 0.099 for helium gas and ¢ ~ 0.24 for
nitrogen. On the other hand, the ratio ®p/®gy can be consid-
erable at R > Ry. Thus, the rate is limited by the maximum
value Ry, = 2Ro/e?, when Dp(R)/ Py ~ 1. Therefore, substituting
for Ry =2AT/rg and 7o = pocodoL/Ag, We have for the maximum
rate Ry = 2AT/ty, where the characteristic time constant equals

_ pocorods
m 812

©)
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Thus, m equals 3.9 x 10~2sand 1.3 x 10355, as well as Ry, is
equal to 2.6 x 107 and 7.5 x 10° K/s, for helium and nitrogen
gas, respectively. The maximum rate Ry, can be further enlarged
by reducing the membrane thickness.

Thus, at R < Rm the main heat transfer from the heater
is related to the heat flow through the gas &4=(T—-T)G
in the direction perpendicular to the membrane. The maxi-
mal cooling rate for the empty gauge equals (7 — Ty)G/Ca.
Then, for the gauges XEN-3935 and XEN-3940 with Co about
20nJ/K the maximum rate is about 108 K/s in helium gas at
(T — Ty) ~ 500 K. The maximum rate is even larger — few mil-
lions K/s — for the empty gauge XEN-3973. The experiments
described below were performed with the intermediate gauge
XEN-3940.

2.2. Experimental details and calorimeter performance at
ultrafast rates

The benefit of the membrane gauges with small central heated
region is that the heater can be considered as a point source of a
heat-flow in the gas. The heat-flow is proportional to the gas ther-
mal conductivity, which is known in a broad temperature range
down to low temperatures. This was utilized for the thermopile
sensitivity calibration in a broad temperature range 5-300 K
using the data for the temperature dependence of the helium
gas thermal conductivity [30]. The calibration was proved by
heat capacity measurements of a silver reference sample in the
range 5-300 K [30]. Next, we extended the calibration up to
430 K using the data for magnetic phase transitions in FeCr,Sy
at 167 K [31], Cr at 311 K [32], and melting point of indium at
429.8 K [27]. Then, the calibration was extrapolated to higher
temperatures. The validity of temperature calibration for poly-
mer samples of few microns thickness for different scanning
rates was verified by measuring the glass transition temperature
in different polymers as function of scanning rate.

Thus, heat capacity of a sample fixed on top of the heater
(see Fig. 1) can be measured as follows. The resistive film-
heater provides the heat flow ®((z), which is supplied to the
membrane/sample interface and transferred into the ambient
gas. Generally, an appropriate lubricant can be utilized for good
thermal contact between sample and membrane. The thermal
contact is important for calorimetric measurements [33,34]. In
case of polymers no lubricant is needed because of strong adhe-
sive forces acting between a polymer and the membrane after
first melting. Usually such contact is good and very stable.
The time dependence of the temperature 7(r) measured at the
membrane/sample interface is described by the following heat
balance equation:

€+ = @)~ (7 - TG, (10

This relation is correct provided the thermal thickness of the
sample is small enough, that is the rate d7/ds does not exceed
the acceptable maximum discussed in the previous section. The
dependence Ca(7) is determined from the measurements for
the empty cell. Then, there are two unknown parameters G(7)
and C(7) in Eg. (10). The heat transfer parameter G(7) can

be calibrated in advance [30]. Furthermore, G(T) can be mea-
sured simultaneously with the sample heat capacity C(7T) from a
heating—cooling scan as described in [19]. In order to determine
the specific heat capacity, ¢ = C/m, the sample mass m has to
be known. This mass was not measured independently, because
it was too small. It was determined from the measured heat
capacity and known ¢p(7) in the molten state [35].

To verify the calorimeter performance at high scanning rates
a second-order magnetic phase transition in a reference sam-
ple FeCr,S4 was investigated at different rates. Generally, the
second-order magnetic phase transitions — such as the transi-
tion between para- and ferrimagnetic phases in FeCr,S4 — occur
without any latent heat, hysteresis, and in time scale of the order
of the spin relaxation time ~10~8s or even faster. Near the
transition temperature the heat capacity anomaly measured at
fast rate can be smeared due to the critical slowing-down of the
order-parameter relaxation, but the general shape of the step-
like anomaly should be independent of the rate and it should be
the same at heating and cooling in a relatively broad range of
scanning rates.

A plate-like single-crystalline sample about 150ng
(~45pum x 45 um x 20 um size) was placed on top of
the heater of the gauge XEN-3940. About 1pum layer of
Apiezon™-N grease [36] was utilized as lubricant for good
thermal contact between the sample and the membrane. First the
temperature dependence of heat capacity step-like discontinuity
AC(T) near the phase transition in FeCr,S4 was measured at
slow rate 1 K/min by temperature-modulation technique (see
Fig. 5). The measurements were performed at modulation
frequency 80 Hz, power 10 wW, and temperature-modulation
amplitude below 0.1K. After the first scan the dependence
AC(T) was reproducible and the same at heating and cooling.
The transition temperature equals 167.7 0.5 K in agreement
with [31].

AC in nJ/K

T T v T T T y T
140 160 180 200 220
Temperature in K

Fig. 5. Temperature dependence of the heat capacity discontinuity AC(7) near
paramagnetic—ferrimagnetic phase transition in FeCr,S, single-crystalline sam-
ple ca. 150 ng measured with the gauge XEN-3940 on cooling (solid lines) and
heating (dashed lines) at the rates 3 x 10? K/s, 5 x 102 K/s, 10° K/s, 2 x 10% K/s,
3 x 10% K/s, and 10* K/s. The dependence A C(T) measured by the temperature-
modulation technique for the same sample in the same gauge at slow rate 1 K/min
(bold solid line marked by squares).
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Then, the fast scanning experiments were performed at rates
R in the range 3 x 102 to 10* K/s. The rate uncertainty within
45% was caused by the change of the sample heat capacity
with temperature. As shown in Fig. 5 the dependence AC(T)
obtained at fast scanning measurements coincides with that from
the temperature-modulation technique. No significant shift or
AC(T) smearing was observed. The curves are the same at cool-
ing and at heating as expected for the second-order magnetic
phase transition. This means the apparatus and sample thermal
lag is negligibly small.

Next, the method was applied for heat capacity measurements
in linear polymers such as high-density polyethylene (HDPE) —
standard reference material (SRM) sample — NBS SRM 1484, as
well as in the samples received from Scientific Polymer Products
Inc. We investigated the samples of iPS, PBT, PET, and iPP
with the reference Catalog numbers 589, 961, 138, and 130,
respectively. Sample mass was in the range 1-10 mg for the
DSC measurements. In the case of ultrafast experiments sample
mass was in the range 17-170ng and sample thickness in the
range 3-15 um, which was determined by optical microscope
Olympus™ BX41M.

In order to verify the rate independence of temperature
calibration also for polymers the glass transition temper-
ature Ty at different rates in iPS, PET, and iPP was
measured. The dependencies Ty(R) were compared with the
analogous curves obtained at slow rates by means of stan-
dard DSC. The results are presented at Fig. 6. The points
Ty4(R) for DSC and fast scanning measurements lie on the
same curve log(R)=A+ B/(Ty — Too) +l0g(Y), which corre-
spond to Vogel-Fulcher—-Tamman—Hesse (VFTH) dependence
log(w)=A+BI(Ty — T,) shifted by log(Y)=15 [37]. The
results for fast scanning measurements correspond to that of
DSC as shown in Fig. 6.

Next, the temperature resolution of the ultrafast technique
was tested in order to show that smearing due to thermal lag
inside the sample is not essential even for rates of 10° K/s and
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Fig. 6. Activation diagrams for iPS, PET, and iPP measured by fast scanning
calorimetry (squares) and DSC (stars). The diagrams correspond to VFTH-
curves (solid lines) at A=12, B=—-570K, and T, =333 K, 311K, 223K for
iPS, PET, iPP, respectively.
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Fig. 7. Time dependence of the temperature 7(¢) of 45 ng iPP sample during two-
steps thermal processing. The sample was molted during heating from —100°C
to 220 °C at the rate 2 x 10% K/s. Then, it was quenched to 125 °C for 8 s anneal-
ing. Next, the sample was quenched to 75°C (or 90 °C) for 5s annealing and
finally quenched to —100°C below glass transition. The quenching rate was
10* K/s. After processing a heating—cooling cycle was performed to measure
the multiple melting at 3.6 x 10% K/s.

low thermal conducting polymeric samples. As demonstrated
previously the multiple melting peaks seen in many semicrys-
talline polymers at low rates are due to melting recrystallization
processes [9,10,38-40]. In order to check if separate peaks can
be resolved in the fast scanning experiments samples with differ-
ent populations of crystals with different melting temperatures
must be produced. To prepare polymer samples with two pop-
ulations of crystals the molten polymer was quenched from the
melt to a first and then to a second annealing temperature as
shown in Fig. 7. Then, two separate melting peaks were observed
at heating at 3.6 x 10% K/s as shown in Fig. 8. The higher the
crystallization (annealing) temperature T¢, the larger the size of
the crystals generated and the higher the melting temperature
if recrystallization is avoided. Fig. 8 illustrates that the melting

Specific Heat Capacity in JigK
\
\

i

¥ " T
0 100 200
Temperature in °C

Fig. 8. Temperature dependence cp(7) of 45 ng iPP sample in the melting region
at heating rate 3.6 x 10° K/s after double annealing as shown in Fig. 7. The sam-
ple was melt crystallized isothermally during 8 s at 125°C, then annealed 5s at
75°C or at 90 °C (lines marked by squares and circles, respectively). The crys-
tallization temperatures 75°C, 90 °C, and 125 °C are indicated on the graph by
arrows. The cooling curve for amorphous sample is marked by triangular. Dashed
lines correspond to completely amorphous and crystalline material according to
[35].
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maxima related to crystalline fractions generated at two tem-
peratures 35 K apart are well separated at ultrafast heating. The
peak smearing due to the fast scanning was insignificant because
the sample mass (thickness) was sufficiently small.

Next, consider HDPE, which is an extremely fast crystal-
lizing polymer. As shown in Fig. 9 HDPE crystallizes even at
quenching with the rate 1.7 x 10° K/s. We were not able to obtain
amorphous polyethylene even at the rates about 0.5 MK/s. We
have found for polyethylene the melting onset temperature could
not be reasonably determined.

The nonadiabatic nanocalorimetry described above was suc-
cessfully applied to study melting and crystallization of linear
polyethylene [41], poly(ethylene terephthalate) (PET) [9,10],
poly(butylene terephthalate) (PBT) [11], polyamide blends [38],
isotactic polystyrene (iPS) [39] and polypropylene (PP) [40]. A
more detailed study of superheating in these polymers except
polyethylene will be reported elsewhere [42].

3. Melting and superheating in iPS and PBT

Next, the superheating phenomenon in a broad range of heat-
ing rates was investigated in iPS, PBT, PET, and iPP from the
Scientific Polymer Products Inc. Here, as an example, we present
data on iPS and PBT.

3.1. Definition of the melting temperature: the effect of
recrystallization

To measure the superheating in polymers the melting tem-
perature Ty (R) should be determined correctly. It is not trivial
in the presence of recrystallization and remelting. Generally, the
position of the maximum of the melting curve cannot be used
for Ty, measurements in polymers, because the melting process
is accompanied by recrystallization and remelting. Thus, the
shape of melting curves can be very complicated. To illustrate
the problem consider the melting curves for PBT and iPS sam-
ples at relatively slow rates measured by standard DSC shown
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Fig. 9. Temperature dependence cp(7) of 17 ng HDPE sample at cooling from
the molten state and the subsequent heating. The curves are marked by filed and
open symbols correspondingly. The measurements were performed at the rates
4 x 108 K/s, 8 x 10*K/s, and 1.7 x 10° K/s (squares, circles, and triangular,
respectively).
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Fig. 10. Temperature dependence of the specific heat capacity cp(7) of PBT
sample in the melting region at 2 K/min and 5 K/min (vertically shifted) (lines are
marked by squares and circles, respectively). The sample was melt crystallized
isothermally during 15 min at 7; =200 °C.

in Figs. 10 and 11. It is not obvious from the curves shown
in Fig. 10 what maximum can be utilized for definition of the
melting temperature T,. The multi-peak structure of the melt-
ing curves strongly depends on the heating rate [9,10,39] and is
related to recrystallization during melting. This recrystallization
can be avoided at fast heating. Then, at sufficiently high rates a
single melting peak can be observed [9,10,39] as in Fig. 12.
The recrystallization is initiated just after the start of melting.
Then, for correct — recrystallization independent — defini-
tion of Ty, it is reasonable to use just the melting onset.
Although the melting onset can be strongly smeared, it is the
only way to define T, unambiguously in the presence of a
recrystallization—-remelting process. Another reason for using
such a definition is that a possible apparatus thermal lag can
cause broadening of the melting peak. Then, the maximum of the
melting curve can be shifted to higher temperatures. This shift
increases with increasing sample mass and the specific enthalpy
of fusion related to the melting transition. On the other hand, the
position of the melting onset is basically independent of such

61 Melting and
Melting recrystallization
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Fig. 11. Temperature dependence cp(7) of iPS in the melting region at 1 K/min

(vertically shifted up) and 50 K/min (lines are marked by squares and circles,
respectively). The sample was melt crystallized during 16 h at 205°C.
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Fig. 12. Temperature dependence cp(7) of iPS in the melting region measured
at 1.7K/s (DSC), 4 x 102K/s, and 3 x 10% K/s (lines are marked by squares,
circles, and triangular, respectively). The sample was melt crystallized at 205 °C
during 16 h (open symbols) and 1 h (filled symbols). Dotted lines correspond to
completely amorphous and crystalline material according to [35]. Detection of
the melting onset at 8 x 102 K/s is shown in the insert.

lag. Therefore, the maximum of the melting curve cannot be
exploited for correct definition of the superheating rate depen-
dence. On the other hand, the melting onset can be determined
as the intersection of the extrapolated heat capacity curve before
melting and the linear fit to the rising flank of the first melting
peak as illustrated in Figs. 10 and 12. This way an extrapolated
melting onset can be determined with reproducibility £1 K.

3.2. Superheating measurements

First we consider the very slowly crystallizing polymer iPS.
Crystallization and recrystallization in this polymer can be
avoided at moderate rates. This material is suitable for DSC
measurements of superheating. Figs. 11 and 12 illustrate the
measurements of melting onset by DSC and the fast scanning
calorimeter. As shown in Fig. 11 the effect of recrystallization
is still appreciable at low rates. However the melting onset can
be detected at least within the error £1 K. The shift of Tj, with
the rate R is an order of magnitude higher than the uncertainty.

At fast scanning measurements the effect of recrystallization
was negligible as shown in Fig. 12.

The following increment AT(R) = (T — T¢) can be used as
a measure of superheating. As shown in Fig. 13 the dependence
AT(R) obeys the power law AT(R)=AR#, where the dimen-
sionless rate R equals R/(1K/s), then the parameter A is in K.
The equation AT(K) = ARP corresponds to a straight line in the
log-log plots in Fig. 13. This relation is correct in a broad range
of the scanning rates. The samples of different mass 150 ng and
40 ng of iPS, as well as 170 ng and 32 ng of PBT, were measured
to check the effect of apparatus thermal lag on the measured AT.
The apparatus thermal lag should increase with the sample mass.
We have found such lag to be insignificant at least for m <200 ng.
On the other hand, the superheating for iPS was 4 times higher
than that of PBT at the same sample mass. Furthermore, for
the small, 32 ng, PBT sample the measured AT(R) was even lit-
tle bit higher than for the sample 170 ng. This is just opposite

100
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Superheating (T_-T) inK

0.01 1 100
Heating Rate in K/s

10000

Fig. 13. Rate dependence of superheating AT = (T, — T¢) measured by DSC
(filled symbols), as well as by fast-scanning calorimeter in 150 ng iPS sample
and 170 ng PBT sample (open symbols). The same for 40 ng iPS sample and
32ng PBT sample (crosses). iPS samples were melt crystallized at 205 °C during
16 h (squares) and 1 h (circles and crosses), as well as PBT 15min at 200°C
(circles), and 180 °C (squares and crosses). Dashed lines correspond to the power
lawAT(R) =ARP at A=10.6 K and #=0.16 for iPS, as well as for PBT 8=0.21,
A=1.95K and 1.75K at 7; =200 °C and 180 °C, respectively.

to the apparatus thermal lag and may be related to the effect
of surface, which becomes noticeable with decreasing sample
thickness. The most important was the effect of the sample mass
on the maximum possible scanning rate, which is discussed in
Section 2.1. By decreasing the sample mass we were able to
achieve higher rates as shown in Fig. 13.

At high heating rates the dependence AT(R) tends to satu-
ration. Such behavior is just opposite to that expected due to
apparatus thermal lag and will be discussed below. At least this
is an intrinsic property of the polymer, because for the same
sample at the same gauge the saturation of the curve AT(R)
can be changed by changing the annealing conditions as shown
elsewhere [42].

4. Discussion and conclusions

The controlled ultrafast cooling, as well as the heating, is
possible up to 108 K/s, with the chips available from Xensor
Integration [21]. The problem of the choice of the best cooling
medium for the ultrafast calorimetry is solved. It should be a gas
even at a reduced pressure. Therefore, the membrane calorime-
try is the optimal set up for the controlled ultrafast cooling.
The dynamic model for the membrane—gas system developed to
describe the ultrafast heating and cooling is in good agreement
with the experiment. The characteristic rate Ry correspond-
ing to the quasi-static limit of the temperature change in the
membrane—gas System equals 10° K/s for different gauges in
helium gas. The range of the rates related to the quasi-static scan-
ning is about six times broader in helium gas than in nitrogen
gas and it does not depend on the gauge. Below the charac-
teristic rate Ro the temperature distribution in the membrane
is close to the quasi-static distribution. The temperature in the
membrane plane exponentially decreases with the distance from
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the central heating region. The characteristic length 1/&q of the
exponential decay depends on the membrane and the gas ther-
mal conductivity, as well as on the membrane thickness. This
characteristic length is about two times smaller in helium gas
than in nitrogen gas. Therefore, the addenda heat capacity at the
rates R< Ry is few times smaller in helium gas. At high rates
R > Ry the addenda heat capacity tends to its minimum value
Co, which depends only on the size of the heated region and
equals 3.0 £ 0.1 nJ/K, for the gauge XEN-3973.

The heat capacity measurements can be performed at the rates
beyond the quasi-static condition, but below the limit ~107 K/s.
This limit can be increased by reducing the membrane thickness.
The sample thickness also must be small enough to avoid heat
transfer limitations. The benefit of the membrane gauges with
small central heated region is that the heater can be considered
as a point source of a heat-flow in the gas. The maximal cooling
rate can be increased by decreasing of the radius of the heated
region, provided the membrane and the sample thickness are
thin enough. Thus, the gauge XEN-3973 can be utilized for the
faster experiments than the other gauges considered above. On
the other hand, only one thermocouple can be arranged within
the heating region of the gauge XEN-3973. Then, the gauges
with larger heating region should be used for moderate rates.

Strong superheating was observed in iPS and PBT, as
well as in other linear polymers (PET and iPP not shown
here). We have found, independent on the presence of a
recrystallization—remelting process, the melting onset can be
utilized as an appropriate definition of the melting temperature
Tm. The increment AT =(Ty — T¢) is an appropriate definition
of a superheating in the linear polymers, where T; is the tem-
perature of crystallization. The heating rate dependence of the
superheating in the linear polymers is described by the power
law of the dimensionless rate R = R/(1 K/s):

AT(R) =ARP (11)

The parameter A changes in the range 2-10K for different
polymers and it depends on the annealing temperature 7¢. The
exponent B changes in the range 0.16-0.21 for different poly-
mers and only slightly depends on T¢. The most pronounced
effect of the annealing temperature was observed for the maxi-
mum value of the superheating ATmax. The maximum value of
the superheating can reach 10% of Ty, as in iPS. The physical
reason for the superheating limit in polymers will be discussed
elsewhere [42]. The measured superheating is definitely not
related to the apparatus thermal lag on the following reasons.
It does not depend on the sample mass, and on the transition
enthalpy (crystallinity), but it depends on the annealing condi-
tions for the same sample in the same gauge as shown elsewhere
[42]. The observed phenomenon of the spontaneous melting
above the upper limit of the superheating is just opposite to
the apparatus thermal lag, which must lead to the increase of the
lag at high rates. No saturation of the dependence AT(R) can
be observed in the case of apparatus lag. Apparatus thermal lag
due to thermal gradients in the system can be proportional to R?
with 8~ 1. On the contrary, the observed superheating depends
on the rate as R? with g ~0.1.

The Eq. (11) is satisfied in a broad range of the heating rates.
This dependence is a straight line in the double logarithmic plot
at least on the scale of 6 orders of magnitude (Fig. 13). Thus, we
have the evidence that }Ieimo Tm(R) is equal to T at least within

accuracy 1 K. This result is not surprising for the semicrys-
talline 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. Then, the polymer can be superheated sig-
nificantly above T; at sufficiently fast heating. Noteworthy, the
result Igimo Tm(R) = T is important for the better understanding
g

of the crystallization process in the linear polymers.
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