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b A.M. Prokhorov General Physics Institute, Vavilov 38, 119991 Moscow, Russia

Received 7 November 2004; received in revised form 25 January 2005; accepted 31 January 2005
Available online 23 March 2005

Abstract

To study the kinetics of processes on a millisecond time scale a thin-film nanocalorimeter based on a commercially available microchip
(thermal conductivity vacuum gauge, TCG 3880, from Xensor Integration, NL) was constructed. The gauge consists of a submicron silicon
nitride membrane with a film-thermopile and a film-heater, which are located at the 100�m× 100�m central part of the membrane. Controlled
fast cooling is possible in addition to fast heating at essentially non-adiabatic conditions. To allow fast cooling the measurements are performed
in an ambient gas atmosphere. It is proved that the maximum rate of the controlled cooling can be achieved with a gas cooling agent, rather
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han in a system with a solid heat-sink. The advantage of the gauge TCG 3880 is that its central heated region is small enough to b
s a point source of the heat-flow into the gas, which essentially simplifies the calorimeter calibration. The maximum cooling rate i
roportional to the radius of the heated region. The gauge is placed in a thermostat with controlled gas pressure and temperature
s a device for fast scanning calorimetry of sub microgram samples with sensitivity 1 nJ/K and time resolution ca. 5 ms.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ultra fast scanning nanocalorimetry is required to study
inetics of fast processes. It provides important information
n thermodynamic properties and structure changes in ma-

erials at fast thermal treatments. This is of interest because
lot of modern materials are used in non-equilibrium states.
he actual thermodynamic state of semicrystalline polymers,
s an example, can be investigated only at sufficiently high
eating rates ca. 103 K/s and even more[1–4]. Such rates
re needed to prevent reorganization during the temperature
can. Only in this case it is possible to study exclusively the
elting of the crystals originally present in the sample[5,6].
hese non-equilibrium states are often generated by rapid
ooling during material processing. Therefore, calorimetric
xperiments at high cooling rates comparable to processing
onditions are required too. Thus, cooling rates up to 103 K/s

∗ Corresponding author. Tel.: +7 95 132 82 68; fax: +7 95 135 82 81.
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are necessary for studies of phase transitions under the
conditions as during injection moulding of polymers[2–4].
The possibility of heat capacity measurements at high c
ing rates is necessary for the investigation of crystalliza
and amorphization processes at quenching too.

Though heating rate can be enlarged by increasing
ing power and decreasing sample mass[7–10], the only way
to increase the cooling rate up to 103 K/s and larger is di
minishing of the cell-sample dimensions, since the coo
possibility of any system is restricted by a finite heat tran
from the system. That is why a thin-film nanocalorimete
very promising for fast cooling measurements. Obviously
cooling measurements must be performed under essen
non-adiabaticconditions.

Thin-film calorimetry has been developed rapidly in rec
years[7–16]. The major impulse is the general drive towa
nanoscale objects in condensed matter physics. The ca
ities of calorimetric techniques have been greatly enha
with introduction of the silicon nitride membrane techn
ogy [16]. Constructing of a thin-film microchip module
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.01.073
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a submicron silicon nitride membrane[17] therefore opens
extensive capabilities. Sensitivity of such thin-film calorime-
ters can be very high primarily due to the very small addenda
produced by the cell itself.

Recently Allen et al. developed a thin-film nanocalorime-
try based on silicon nitride membranes for ultra fast heating,
which was successfully applied for the study of numerous
effects in a wide variety of nanosized samples[7–10,13–15].
The cell of the calorimeter consists of a thin-film heater de-
posited on a silicon nitride membrane. The heater simulta-
neously serves as a resistive thermometer. Thus, the heat ca-
pacity of ultra thin films[8,9] and separated polymer crys-
tals [10], as well as nanoparticles and nanostructures[8,10]
at ultra fast heating up to 105 K/s were investigated. Near-
adiabatic conditions were achieved, when the cell was placed
in vacuum ca. 10−5–10−6 Pa. In the pioneering works custom
designed sensors were constructed. At present, a number of
commercially available microchip modules can be used as a
sensor for thin-film nanocalorimetry[11,17–23].

In our study a commercially available thermal conduc-
tivity vacuum gauge TCG 3880 from Xensor Integration
[17], which was applied for AC nanoscale calorimetry in
[23], was used for non-adiabatic fast scanning calorime-
try [5,6,22]. The measurements were performed in an am-
bient gas atmosphere rather than under adiabatic condi-
tions to allow fast controlled cooling. Compared to specially
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for fast cooling we estimate the maximum cooling rate for
both cases.

We assume at this point that the cooling system has no
moving parts, i.e. no movement of the cooling agent occurs.
In this case, as it is proved below, the highest cooling rate can
be attained at the lowest heat capacity of the cooling agent,
while the thermal conductivity is not a governing factor.

2. Upper limit of the scanning rate in fast cooling
calorimetry

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

A cell with a sample is placed at the flat face of a uniform
rod with a specific heat capacityc, densityρ, thermal con-
ductivityλ, and lengthL. The other face of the rod is coupled
with a massive cooler, which is kept at a low temperatureT0.
The temperature of the sample/rod interface is controlled by
a thin flat heater with a negligible heat capacity and thermal
resistance. Ideal thermal contacts between the sample and the
heater, as well as between the heater and the rod, are assumed.
To determine the upper limit of the scanning rate first sup-
pose the heat capacities of the cell and the sample are small
enough to be neglected. A uniform heat fluxq(t) is supplied
to the face of the rod atz= 0 and transmitted along the rod
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esigned calorimeter structures, the gauge TCG 388
ignificantly smaller active area (the heater size is a
0�m× 100�m), which presents a considerable advan
or non-adiabatic calorimetry[5,6,22]. Thus, the measur
ents at controlled heating and cooling rates up to 104 K/s
ere realized[5,6,22]. The kinetics of recrystallization a
elt memory in semicrystalline poly(ethylene-terephtha

PET) on the time scales ranging from 5 ms to hours wa
estigated in previous papers[5,6]. As it was found for PET
rystallized at 130◦C reorganization needs less than 40
etween 150 and 200◦C. Additionally it was shown in[6] that

sothermal reorganization of semicrystalline PET at 22◦C
s about two orders of magnitude faster than isothermal
allization from the isotropic melt at the same temperatu

The pressure gauge TCG 3880 is actually not optim
or fast scanning calorimetry. In the present work we th
ore focused on basic aspects of non-adiabatic fast sca
alorimetry to allow the development of an even better se
or fast scanning calorimetry. Finally, we present an impro
xperimental set-up of the thin-film (chip) nanocalorime

To realize calorimetry at high scanning rates the add
nd the sample should have sufficiently small heat cap
he cooling agent must be thermally “inertia less” too,

t must have a small heat capacity as shown below. T
re two possibilities to realize a fast cooling device: (i)

ng a solid heat sink (cold finger) made from high ther
onducting materials like metals but adding a large hea
acity to the system or (ii) using a low thermal conduc
as with very low heat capacity as the cooling medium
rder to make a decision which cooling medium is best su
xis. The heat leakage from the lateral surface of the r
egligible. The temperature distribution in the rodT(z, t) is
escribed by Fourier’s heat-transfer equation:

c · ∂T (z, t)/∂t = λ · ∂2T (z, t)/∂z2. (1)

sually, the sample temperature is scanned linearly with
onsider a saw-tooth shaped heating–cooling process
periodτ0 and amplitude�T. The sample temperature

riven by a periodic heat fluxq(t) with an amplitudeq0 (the
ux is changed in the range from 0 to 2q0). This periodic pro
ess can be presented as a sum of harmonic functions w

ig. 1. Scheme of the system with a “cold finger”. The cell with the sa
s placed at the flat face of a “cold finger” coupled with a cooler, whic
ept at a low temperatureT0. The temperature of the sample is contro
y a thin heater located at the face of the finger.
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riodsτ0/(2n+ 1) atn= 0, 1, 2, . . .According to Eq.(1) the am-
plitude of the temperature oscillation of the rod surfacez= 0 at
the frequencyω0 = 2π/τ0 equalsTA0 =qA0/(ω0ρcλ)1/2, pro-
vided the thermal lengthl0 = (2λ/ω0ρc)1/2 is small with re-
spect toL, whereqA0 ∼ q0 is the heat flux amplitude atω0.
The temperature of the rod surface is oscillating around the
average valueTAV =T0 +TB, where the bias temperatureTB
equals ca.q0L/λ. The amplitude of the temperature oscil-
lations can be enhanced by varying the parameters in the
relationTA0 =qA0/(ω0ρcλ)1/2, but TA0 cannot be larger than
TB.

Generally, the parametercρ does not depend essentially
on the material chosen (except the low temperature region
which is not considered at this point). In fact,cρ equals
(2± 1)× 106 J/K m3 at room temperature. To increase the
amplitudeTA0 at a fixed qA0 one can choose a material with
a small thermal conductivity, but the choice is limited by
the following restrictionλ ≥ q0L/T max

B , whereT max
B is the

largest acceptable temperature bias. For example, the mini-
mal appropriate thermal conductivityλ equals 40 W/K m at
the following predetermined parameters:q0 = 2 ×105 W/m2

(20 W/cm2), L= 0.05 m, andT max
B = 250 K.

Next, the scanning rate can be estimated as the rate at
the main harmonic:ω0·TA0 ∼ q0·(ω0/ρcλ)1/2. The rate in-
creases with decreasing ofτ0. The minimal periodτ0 is lim-
ited by the smallest acceptable scanning amplitude�Tmin,
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Fig. 2. Time dependence of the temperature changeT(0,t) on the surface of
the rod at the heat fluxq(t) shown in the insert A. The temperature scanning
rate is shown in the insert B.

l0 = (2λ/ω0ρc)1/2 at the appropriate parameters is small
enough with respect toL (l0/L≈ 0.28 atτ0 ≈ 30 s), that is
the approximation of a semiinfinite rod is correct (analogous
calculations can be easily performed for the opposite case
L< l; in that case one has no advance in the scanning rate
but has a smaller scanning interval).

The exact solution of Eq.(1) at the initial condi-
tions q(0) = 0,T(z, 0) = 0 and the boundary condition∂T(z,
t)/∂z|z=0=−q(t)/λ is as follows[24]:

T (z, t) =
√

a/π ·
∫ t

0
exp[−(z2/(4a(t − τ)))]

·(q(τ)/(λ
√

t − τ)) dτ, (4)

wherea=λ/ρc is the thermal diffusivity of the rod. Consider
the time dependencyT(0, t) of the temperature on the sur-
facez= 0 atcρ= 2 ×106 J/K m3 andλ = 40 W/K m. The heat
flux should drive the temperatureT(0, t) linearly with time
at cooling and heating. The required dependenceq(t) can be
calculated exactly from the integral relation Eq.(4). To study
limitations for the rate of the linear cooling one can use a
simple model functionq(t):

q


q0(t/0.8τ1)0.5

at 0≤ t < 0.8τ1,

q(t)=q −2q [(t−0.8τ )/1.2τ ]0.44

T n-
d wn
i
q
p iner-
t a
c faster
.e. q0/(ω0ρcλ)1/2≥ �Tmin. Therefore, the low limit for th

canning period is ca. 2πρcλ(�T min)
2
/q2

0, and for the opti

alλ = q0L/T max
B it equalsτ0 ∼ 2πρcL(�T min)

2
/q0T

max
B .

inally, the maximal scanning rate (dT/dt)max can be esti
ated as the ratio of the peak-to-peak amplitude 2�Tmin and

he time intervalτ0/2:

dT/dt)max ∼ (2q0/πρcL) · (T max
B /�T min). (2)

onsider the upper limit (dT/dt)maxof the scanning rate at th
ollowing realistic parameters:q0 = 2 ×105 W/m2, L= 5 cm,
max
B = 250 K, �Tmin = 50 K. Then, (dT/dt)max≈ 6.3 K/s
nd τ0 ≈ 32 s for the rod of cρ= 2 ×106 J/K m3 and
= 40 W/K m. A further increase of the scanning r
t shorter scanning periods causes a decrease o
canning range 2�T. For example, (dT/dt)max≈ 10 K/s at
Tmin = 30 K, τ0 ≈ 11 s. Generally, the product�T·dT/dtis

nvariant with respect to the periodτ0. It can be estimate
s the amplitudeTA0 multiplied by the rateω0·TA0. Then,
T·dT/dt∼ q0

2/ρcλ and for the optimal thermal conduct
ty λ = q0L/T max

B it equals:

T · dT/dt ∼ q0T
max
B /ρcL. (3)

herefore, �T·dT/dt∼ 500 K2/s at q0 = 2 ×105 W/m2,
max
B = 250 K, cρ= 2 ×106 J/K m3 and λ = 40 W/K m.
n fact, the value of this invariant is even smal
T·dT/dt≈ 350 K2/s, as follows from an exact solution

he same parameters. The exact solution is further ne
o make a quantitative discussion. Consider the e
olution for a semiinfinite rod. Note, that the thermal len
(t)= 

0 0 1 1

at 0.8τ1 ≤ t < 2τ1,

q(t)=−q0+2q0[(t−2τ1)/τ1]0.44

at 2τ1 ≤ t < 3τ1.

he functionq(t) provides an approximately liner depe
enceT(0,t) (for one period) at heating and cooling, as sho

n Fig. 2 for τ1 = 12 s andq0 = 2 ×105 W/m2. The function
(t) was constructed as follows. The heat fluxq(t)∼ ±(t)1/2

rovides almost linear temperature scanning in case of “
ia less” gas cooling agent[22]. When the cooling agent is
ondensed matter the change of the heat flux should be
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at the second step (at cooling) than at the first one (at first
heating) because of the inertia of the rod. The model func-
tion q(t) for the heating–cooling scan was found by the “trial
and error” method.

The dependency shown inFig. 2illustrates the case of ap-
proximately linear cooling with the rate ca. 7 K/s, when the
temperature changes from 61 to−39 K with respect to the ref-
erence levelT0. Thus the scanning range 2�T≈ 100 K cor-
responds to the time interval�t= 14.4 s and�T·dT/dtequals
350 K2/s. The product�T·dT/dt≈ 350 K2/s stays constant at
differentτ1 as we proved numerically. The calculations are in
good agreement with the previous estimation. The rate dT/dt
still can be enlarged with decreasing the scanning interval,
but it results in the reduction of the scanning range because
the product�T·dT/dtis invariant with respect to the scanning
time interval.

In conclusion, we have found the limitation, ca. 10 K/s, for
the maximal controlled cooling rate, which can be attained
in a system with a “cold finger” at realistic parameters and
the optimal thermal conductivityλ = q0L/T max

B (the opti-
mal valueλ can be reduced by diminishingL at the same
q0). The upper limit of the scanning rate (dT/dt)max is not
determined by the thermal conductivityλ! Even the product
�T · dT/dt ∼ q0T

max
B /ρcL is determined only by the density

and the specific heat capacity of the cooling agent. Thus, the
parameterρcshould be reduced as much as possible to realize
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cg = 1.04 J/g K,λg = 0.026 W/K m at room temperature and
normal pressure[25]). Then, the heat flow from the sam-
ple into the wall equalsΦ =λgab(T−T0)/L, whereT is the
sample temperature (we neglect the heat transfer in the other
directions). Note, that at increasing distanceL the heat flow
becomes smaller. In the case whenL> lg the heat flow tends
to ab(T−T0)(πτ0

−1ρgcgλg)1/2.
The maximal cooling rate can be estimated from the

relationC·dT/dt=λgab(T−T0)/L, where the total heat ca-
pacity of the sampleC=abdsρscs. The controlled cool-
ing rate should be several times smaller than the estimated
maximal possible rate (dT/dt)max=λg(T–T0)/Ldsρscs. Thus,
(dT/dt)max is ca. 7× 103 K/s atL= 100�m, T−T0 = 500 K,
ds = 10 �m,ρscs = 2 ×106 J/K m3, andλg = 0.026 W/K m.

In the second case, consider a small disk-shaped sample
of a thicknessds and radiusr0 placed on a thin-film heater of
the same radius located at the membrane centre. The distance
from the heated region to the thermostat wallL and the ther-
mal length in the gaslg are large with respect to the radius
r0. Then at any relation betweenL and lg, the heat-flowΦ

from the point-like source of radiusr0 to the gas can be es-
timated as follows[5,6,22]:Φ =−4πr2λgdTg(r)/dr at r = r0,
where the temperature in the gas around the heater equals
Tg(r) =T0 + (T−T0)r0/r. Consequently, the heat flow from
the sample into the gas equals:
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igher scanning rates. Consequently, the cooling agent
e a gas even at a low pressure, as long as the gas th
onductivity stays reasonably large.

. Non-adiabatic thin-film scanning calorimetry with
gas cooling agent

According to Eqs.(2) and (3) a gas is the best coolin
gent for the fast scanning calorimetry. Also the adde
nd the sample heat capacity should be as small as po
herefore thin-film calorimetry is required for fast scann
xperiments. Consider the limitations for the scanning ra
he following two geometries. The first is a plate-like sam
nd the second is a point-like sample placed at a thin
embrane, which serves as a heater and support. Su

he film-heater is very thin and it has negligibly small h
apacity. Also the heat transfer along the membrane is
igible.

In the first case, a thin-film sample of thicknessds is de-
osited on the membrane. The film-system is placed in
ith the following parameters:ρg,cg andλg. The correspond

ng parameters of the sample areρs, cs andλs. The distanc
etween the film and the thermostat wallL is small with re-
pect the film lateral dimensionsa andb. The temperatur
f the thermostatT0 is kept constant. To estimate the up

imit of the cooling rate assume the distanceL is small with
espect to the thermal length in the gaslg = (λgτ0/πρgcg)1/2,
hich in the case of nitrogen gas at pressures in the ran
03–105 Pa equals ca. 2–25 mm atτ0 = 1 s (ρg = 1.2 kg/m3,
l

.

,

= (T − T0) · G, (5)

hereG= 4πr0λg is the heat exchange parameter meas
n W/K, which depends on the gas thermal conducti
he parameterG equals ca. 2× 10−5 W/K in air atmospher
t pressures in the range 103–105 Pa and room temperatu

5,6,22]and it is ca. five times larger in helium gas. The m
ured valueG is in agreement with Eq.(5) at r0 = 50 �m.
hen the maximal cooling rate in air can be estimate
dT/dt)max∼ 4λg(T−T0)/r0dsρscs. Thus, (dT/dt)max is ca.
× 104 K/s atr0 = 50 �m and the other parameters the s
s in the first case.

The second case is the most promising. The rate (dT/dmax
an be even faster at smaller sample and heater dimen
he shapes of the heated region and the sample do no
ffect on the heat transfer into the gas, if the thermal le

g is large with respect tor0.
Another limitation on the scanning rate is related to

hermal gradient, which arises in the sample at fast scan
f the maximal acceptable temperature difference acros
ample equalsδTs, then the limiting rate is (dT/dt)max =
Tsλs/ρscsd

2
s . Thus, for a polymer sample of a thickne

s = 10 �m with ρscs = 2 ×106 J/K m3, andλs = 0.3 W/K m
he rate (dT/dt)max equals ca. 5× 103 K/s at δTs = 3 K. The
ate limit can be enlarged with diminishing of the thi
essds. The limitation for the scanning rate due to the th
al gradient becomes equivalent to the former restrictio

s = r0λsδTs/4λg(T−T0), i.e. atds ca. 1�m for the same pa
ameters as before.

Next, the temperature differenceδTc at the thermal con
act between the sample and the heater should not b
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large. That is the thermal contact resistance must be suffi-
ciently small. The maximal heat flux from the heater to the
sample equals ca.ρscsds(dT/dt)max. On the other hand, the
heat flux through the contact isqc = R−1

c δTc by definition of
the thermal contact conductanceR−1

c measured in W/m2 K.
Therefore, we can estimate (dT/dt)max∼ δTc/ρscsdsRc. Gen-
erally, the contact conductance measured between a dry joint
of a polished surfaces equals ca. 2× 103 W/m2 K and it in-
creases with contact pressure and temperature[26–28]. The
thermal contact conductance becomes 102 times larger, if
adhesive grease[29] is used to improve the contact. Gener-
ally the conductanceR−1

c can be 105–106 W/m2 K for con-
tacts with adhesive materials[29,30]. The adhesion between
a polymer and the membrane becomes nice after first melt-
ing. Suppose the thermal contact conductance for the poly-
mer/membrane interface is of the order of 105 W/m2 K. Then,
the limit of the scanning rate is ca. 2.5× 104 K/s forδTs = 5 K
and the same parameters as in the previous section. However,
at melting the apparent heat capacity can be of the order of
107 J/K m3 (10 J/g K)[5,22]. In this case, the rate limit equals
ca. 5× 103 K/s. The effect of the thermal contact resistance
can be reduced with decreasing sample thickness.

A further limitation on the scanning rate is imposed, when
the film-sensor, which measures the temperature of the sam-
ple, is located on the membrane at a distancel0 from the
sample. This distance must be much smaller than the mem-
b
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temperature interval of the controlled cooling (T0 +�Tmin,
T0 +�T) will be too small for a practical use. In fact, the
regions ca. few dozen of Kelvin at the ends of the scanning
interval cannot be used for the data evaluation, because the
scanning rate is changed from +R0 to −R0 and vice versa
at the ends of the scanning interval. For example, the con-
trolled cooling rate of the empty TCG 3880 cell should be sev-
eral times smaller than�TG/C0 ≈ 5× 104 K/s at�T= 500 K,
whereC0 is the addenda heat capacity ca. 2× 10−7 J/K. This
result is in agreement with the experiment. Therefore, the
“controlled cooling rates up to 105 K/s” as discussed in[34]
seems to be unrealistic high for real measurements with the
gauge TCG 3880 placed in air. Also the modulation rate ca.
5× 104 K/s realized in[23] should not be mixed with the
scanning rate.

In conclusion, heat capacity measurements at a scanning
rate up to 104 K/s can be realized in the thin-film calorimetry
set-up utilizing the vacuum gauge TCG 3880. The heated re-
gion and the sample dimensions should be small with respect
to other length scales of the sensor. Thermal gradients in the
sample and on the thermal contact, even in the case of melting
a polymer sample of a thickness ca. 10�m, are in the order
of a few Kelvin only for rates below 5× 103 K/s.

4. Measuring cell
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rane thermal lengthlm = (λm/πτ−1
0 ρmcm)1/2, whereρm, cm

ndλm are the corresponding membrane parameters, o
ise we have to consider thermal waves inside the memb

ather than a monotonous heating or cooling process. T
ore, the scanning period should be substantially large
espect to the characteristic delay timeτm = πρmcml20/λm. It
quals ca. 5 ms atl0 ca. 80�m, the actual value for the gau
CG 3880, and the following parametersρm = 3.4 g/cm3,
m = 0.17 J/g K,λm = 3 W/K m for an amorphous silicone n
ride membrane[31–33]. First the time resolution of the sy
em is of the order ofτm. Next, the scanning rate must be mu
maller than (T−T0)/τm ∼ 8× 104 K/s at (T−T0) = 500 K
5].

Finally, consider the limitations on a controlled co
ng rate for the gauge TCG 3880 placed in a gas.
ample temperature should be scanned approximatel
arly with time, otherwise the calibration and the data e
ation becomes too complicated. Even if the maxim
ooling rate in air can be 5× 104 K/s, the controlled rat
hould be several times smaller than (dT/dt)max. Generally
·dT/dt=Φ0(t) − (T(t)−T0)·G, whereΦ0(t) is the heat flow

rom the gauge heater[5,6,22]. The rate dT/dtcan be con
rolled by the heater, providedC·dT/dt+ (T(t)−T0)·G> 0.
uppose, the cooling rate should be kept constant
T/dt=−|R0|. Then, during cooling the heat flow is reduc
ntil Φ0(t) = 0 atT(t) =T0 +�Tmin, where�Tmin = |R0|C/G.
t temperatures belowT0 +�Tmin the cooling with the rat
|R0| cannot be controlled by the heater, which is switc
ff now. Consider the scan fromT0 toT0 +�T. The paramete
Tmin should be several times smaller than�T, otherwise th
The thermal conductivity gauge TCG-3880[17] shown
n Fig. 3consists of a sub micron amorphous silicon nit

embrane with a thin-film thermopile and a resistive fi
eater located at the center of the membrane. All elec
onnections are covered by an additional 0.7�m SiO2 layer
or electrical insulation and protection. The six thermo
ot junctions—the white spots around the central regio

he photograph—are arranged around the central heate
a. 50�m× 100�m. The cold junctions are placed at the
con frame fixing the membrane at a distance ca. 1 mm
he center. Thus the cold-junction temperature equals the
erature of the holder, which is close to the temperature o

hermostat. An additional copper–constantan thermoco
as utilized for the measurement of the holder tempera
hich was used as the reference temperatureT0.
The silicone frame with the membrane is bonded to a s

ard chip carrier, as shown inFig. 3. The distance from th
embrane to the holder equals ca. 0.5 mm and to the the

tat wall ca. 10 mm. The whole assembly can be easily t
ut of the thermostat and positioned under a microscop
ample handling. The gauge being installed in a therm
ith controlled temperature and gas pressure can be ut
s a sensor for fast scanning calorimetry of sub microg
amples.

The temperature measured by the thermopile does no
esent the temperature of the heater/sample interface
hermopile measures a temperature at the membrane a
he heater at a distance ca. 50�m from the heater perim
er. The measured temperature was calibrated as des
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Fig. 3. Thermal conductivity gauge TCG-3880 utilized as a cell for the nanocalorimeter. And schematic cross-sectional view of the cell with a sample fixed at
the middle of the membrane just at the film-heater.

in [22]. In the present work we analyze the temperature dis-
tribution T(x, y) in the membrane plane around the heater.
Consider the Cartesian axes with the origin O at the center
of the membrane, axis Ozperpendicular to the membrane,
axes Oxand Oyperpendicular to the sides of the rectangu-
lar heater in the membrane plane. We assume the scanning
period is substantially large with respect to the characteristic
delay timeτm ≈ 5 ms in the membrane. To have a view of the
temperature distribution in the membrane plane around the
heater we determine the functionT(x,y) for the empty cell at
steady-state heating.

In the case of a steady-state temperature distributionT(x,y)
the heat flow along the membrane plane into a volume incre-
ment�x�ydm equalsdmλm(∂2T/∂x2 + ∂2T/∂y2)�x�yand it
is balanced by the heat flow from the surface�x�y into the
gasλg�x�y(T−T0)/L, wheredm is the membrane thickness
andL the distance from the membrane to the holder. There-
fore, ∂2T/∂x2 + ∂2T/∂y2 =k2(T−T0), wherek2 =λg/λmdmL.
This is an equation with separable variables, that isT(x,
y) =T0 +X(x)Y(y) and (1/X) d2X/dx2 + (1/Y) d2Y/dy2 =k2. In
fact, the distance from the central heated region to the
membrane periphery is large with respect to the char-
acteristic length

√
2k−1 = (2λmdmL/λg)1/2 which is ca.

0.24 mm atdm ≈ 0.5�m,L≈ 0.5 mm,λg = 0.026 W/K m and
λm = 3 W/K m. Therefore, the temperature drops down sig-
nificantly with the distance from the heater, so that the
b t es-
s e lo-
c
y

Fig. 4. TemperatureT(x, 0) vs. distance in the membrane plane along Ox
axis atT* −T0 = 300 K. The square spots point to the measured temperature.
The zoom of the central region is shown in the insert: the dashed curve was
calculated for the infinitely thin heater and the solid line—for 5�m width
heater stripes.

temperature at the centre andkx=ky=k/
√

2 for an isotropic
membrane.

In fact, the heater consists of two stripes oriented
say along Oyaxis and located atx=±x0 with x0 ca.
25�m. Then, the dependence of the membrane tempera-
ture versus distance along Oxaxis equalsT(x, 0) =T0 + (T*

−T0) [exp(−kx|x− x0|) + exp(−kx|x+x0|)]/2 exp(−kxx0) at
y= 0. The dependence is shown inFig. 4. The temperature
difference measured by the thermopile is ca. 80% ofT* −T0
oundary conditions at the membrane periphery are no
ential. Consequently, in the case of the heat sourc
ated at the originO the temperature distribution equalsT(x,
) =T0 + (T* −T0) exp(−kx|x|) exp(−ky|y|), whereT* is the
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Fig. 5. Scheme of the calorimeter: 1—sensor; 2—amplifier; 3—ADC–DAC
board. For details see text.

when the thermopile hot junctions are located at a distance
50�m from the heater perimeter. The temperature difference
T(x, 0)−T0 at 1 mm from the membrane center is below 2%
of T* −T0. Therefore, the boundary conditions at the mem-
brane periphery are not important for the calculation of the
temperature distribution around the heater.

Consider the temperature gradient inside the central
heated area. First, we take into account that the heater stripes
have a finite width. The dependenceT (x, 0) for the stripes
of 5�m width is shown in the insert of theFig. 4. Inside the
central heated region the temperature changes within 1 K at
T* −T0 = 300 K, that is ca. 0.3% ofT* −T0. Since a temper-
ature gradient exists in the radial direction along the mem-
brane, the sample should be placed just inside the central
heated area. The sample size should ideally be such that it
does not extend beyond the heater perimeter. Otherwise, there
may be essential temperature gradient on the periphery of the
sample outside the heated area.

5. Method: experimental details

The scheme of the calorimeter is shown inFig. 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-ComputingTM). A
p
n rough
t .
T re
n nce o
t high

frequency. The preamplifier IC4 of type PGA204AP is used
for the thermopile signal. The sensor is mounted to a cooper
block, which is controlled at a fixed temperatureT0. The
calorimeter can be filled or purged by dry nitrogen or helium
even at reduced pressure if needed.

To achieve certain time-temperature profile the output
voltage, which is fed to the heater through IC 1 (AD713J)
at 5× 104 samples/s, is calculated in advance as a function
of time. Details of the procedure and the calibration of the de-
vice will be given elsewhere[35]. From the measured heater
power and the thermopile signal heat capacity is derived as
described below. Instrument control and data handling is re-
alized by LabViewTM program.

6. Method: calibration and data evaluation

The benefit of the gauge TCG 3880 is that its central heated
region is small enough to be considered as a point source of
a heat-flow in the gas. This heat-flow is proportional to the
gas thermal conductivityλg and it can be easily estimated
and calibrated. Furthermore, the smaller the heated region
the larger the possible cooling rate. The resistive film-heater
provides the heat flowΦ0(t), which is supplied to the mem-
brane/sample interface and propagates through the sample,
t dence
o s de-
s

(

w and
a he
m pacity
C the
t /K at
r -
h ain
h acity
o rrect
p ugh,
t um
v

a
e tem-
p ue
f e
e en-
l t of
t mall
( ne
i dial
d gas.
T mis-
s e gas
recision reference resistorRref (resistance of 100�) is con-
ected in series with the heater to measure the current th

he heater. Data are collected at a rate of 5× 104 samples/s
wo buffer differential amplifiers IC 2 and 3 (AD713J) a
eeded because the board requests low output impeda

he signal source if one wants to switch the inputs at

f

he membrane and the ambient gas. The time depen
f the temperature of the membrane/sample interface i
cribed by the following heat balance equation:

C + C0) · dT/dt = Φ0(t) − (T (t) − T0) · G, (6)

hereC andC0 are the heat capacities of the sample
ddenda. The dependenceC0(T) can be determined from t
easurements for the empty cell. The addenda heat ca
0(T) increases monotonously from 100 to 200 nJ/K in

emperature range 100–600 K and it equals ca. 150 nJ
oom temperature[5,22]. The heat capacities of the film
eater and the film-thermopile are negligibly small. The m
eat capacity of the cell is therefore the effective heat cap
f the heated part of the membrane. This equation is co
rovided the thermal thickness of the sample is small eno

hat is the rate dT/dtdoes not exceed the acceptable maxim
alue discussed in Section3.

There are two unknown parameters in Eq.(6)—GandC,
t predeterminedC0. The heat transfer parameterG can be
stimated according to the relation (5). Thus, at room
erature in air withλg ≈ 0.026 W/K m the estimated val
or G equals ca. 2× 10−5 W/K, which was confirmed in th
xperiment[5,22]. The heat transfer through the gas is

arged by a factor ca. 5, if helium gas is utilized. The effec
he membrane on the total heat exchange is relatively s
at least at gas pressures 103–105 Pa) because the membra
s very thin. The heat flow through the membrane in ra
irection is ca. 50 times smaller than that through helium
he heat flow from the heated region due to radiation e
ion does not exceed 1–2% of the heat transfer though th
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Fig. 6. Heat flow from the heater vs. temperature at heating and cooling
(2× 103 K/s) for amorphous PET sample ca. 480 ng—solid lines and heat
flow into the gas—dashed line. The specific heat capacitycp(T) calculated
according to Eq.(6) is shown in the insert. The dependences ofcp(T) for
completely amorphous and crystalline PET are given as provided by[37].

atT= 600 K andT0 = 300 K, also the convective heat transfer
in the small region ca. 100�m is insignificant.

Thus, the temperature dependence of the heat exchange
coefficient is mainly determined by the dependenceλg(T) and
it can be approximated by a monotonous polynomial function
[36]. The total valueG(T) can be calibrated in advance. Fur-
thermore it can be measured simultaneously with the sample
heat capacity from a heating–cooling scan as follows.

Suppose, we are interested in the dependenceC(T) of a
sample near a phase transition temperatureTc, where heat
capacityCc at cooling is not the same asCh at heating. Con-
sider a heating–cooling scan in the range fromTc − �T to
Tc +�T, where�T is large enough to observeCc(T) =Ch(T)
at least at the ends of the scanning interval far fromTc. Then
the both functionsC(T) andG(T) can be determined simulta-
neously asC(T) = (1/2)[Φ01(t) − Φ02(t)]·|dT/dt|−1 −C0 and
G(T) = (1/2)[Φ01(t) + Φ02(t)]·(T(t) −T0)−1 at temperatures
far fromTc; Φ01(t) andΦ02(t) denote the heat flows at heating
and at cooling respectively. Next, the monotonous function
G(T) is extrapolated into the phase transition region, where
the sample heat capacitiesCc(T) andCh(T) can be determined
finally as follows:

(Ch + C0) · |dT/dt| = Φ01(t) − (T (t) − T0) · G,

−(Cc + C0) · |dT/dt| = Φ02(t) − (T (t) − T0) · G. (7)

lene
t in air
a lt
w ce at
h e
s
k cause

it was too small. It was determined from the measured heat
capacity and the knowncp(T) in the molten state at tempera-
tures aboveTc [37].

Further possibility is to measure heating–cooling cy-
cle for a crystallized sample to investigate the melting.
Then, just after the melting experiment one can measure the
heating–cooling cycle for the amorphous sample obtained in
the previous experiment. The dependenceG(T) determined
in the second experiment can be used for the evaluation of
the data of the melting experiment, provided the gas pres-
sure was kept constant. Note the experiment usually lasts no
longer than 1 s. Such experiment is illustrated inFig. 7.

The melting curvecp(T) shown inFig. 7was obtained ac-
cording to the heat-balance equation (7). The heat-exchange
coefficientG(T) was determined from the experiment with
the amorphous sample after the melting experiment. Note,
that the behavior of the semicrystalline sample near the glass
transition drastically changes when the sample was cooled
very fast (104 K/s) compared to the slow cooled (0.2 K/s)
sample. The enthalpy relaxation peak in the glass transition
region is very small after the quenching at 104 K/s. On the
other hand, the pronounced enthalpy relaxation peak is ob-
served above the glass transition after the relatively slow
cooling. The enthalpy relaxation peak observed at the fast
heating after the slow cooling is explained by the recovering
of equilibrium in the non-equilibrium semicrystalline system
[

ed to
s
P in
p

F a.
4
( rature
f d for
1 e
r curves
f n ac-
c

Thus, the heat capacity of amorphous poly(ethy
erephthalate) (PET) sample ca. 480 ng was measured
t 2× 103 Pa and at the rate 2× 103 K/s, seeFig. 6. The resu
as obtained from the heat flow temperature dependen
eating and cooling shown inFig. 6. In order to determine th
pecific heat capacity,c=C/m, the sample massmhas to be
nown. The mass was not measured independently, be
38].
The method described above was successfully appli

tudy melting and crystallization of linear polyethylene[22],
ET [5,6], and submicron polyamide-6 (PA6) droplets
olystyrene/PA6 blends[39].

ig. 7. Temperature dependencecp(T) for semicrystalline PET sample c
80 ng measured at 3× 103 K/s after fast (104 K/s—solid line) and slow
0.2 K/s—dashed line) cooling-down below the glass transition tempe
rom the temperature of crystallization. The sample was crystallize
5 min at 153◦C, and then cooled down to 30◦C. The dashed-dotted lin
epresents the amorphous sample after the melting experiment. The
or completely amorphous and crystalline PET (dotted lines) are show
ording to[37].
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7. Conclusions

In order to achieve the highest possible cooling rates for
a calorimeter a gas cooling agent at reduced pressure is best
suited because of the small value ofρgcg as shown in Section
3. The thermal conductivityλg is not the limiting factor for
high cooling rates. Next, as shown further a small heater area,
which can be considered as a point heater, allows about one
order of magnitude faster cooling than a planar heater. The
vacuum gauge TCG 3880 fulfils these conditions and was
successfully utilized for fast scanning experiments on cooling
and heating. The distance of ca. 50�m between the heated
area and the temperature sensor causes some problems, which
must be considered for calibration. The results obtained can
be used to design a better sensor for fast calorimetry.
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