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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 thed&0100.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
than 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 be considered
as a point source of the heat-flow into the gas, which essentially simplifies the calorimeter calibration. The maximum cooling rate is inversely
proportional to the radius of the heated region. The gauge is placed in a thermostat with controlled gas pressure and temperature to be utilized
as a device for fast scanning calorimetry of sub microgram samples with sensitivity 1 nJ/K and time resolution ca. 5ms.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction are necessary for studies of phase transitions under the same
conditions as during injection moulding of polymdgs-4].

Ultra fast scanning nanocalorimetry is required to study The possibility of heat capacity measurements at high cool-
kinetics of fast processes. It provides important information ing rates is necessary for the investigation of crystallization
on thermodynamic properties and structure changes in ma-and amorphization processes at quenching too.
terials at fast thermal treatments. This is of interest because Though heating rate can be enlarged by increasing heat-
a lot of modern materials are used in non-equilibrium states. ing power and decreasing sample mi@ssl0], the only way
The actual thermodynamic state of semicrystalline polymers, to increase the cooling rate up to%K¥s and larger is di-
as an example, can be investigated only at sufficiently high minishing of the cell-sample dimensions, since the cooling
heating rates ca. $&/s and even mor¢l—4]. Such rates  possibility of any system is restricted by a finite heat transfer
are needed to prevent reorganization during the temperaturdrom the system. That is why a thin-film nanocalorimeter is
scan. Only in this case it is possible to study exclusively the very promising for fast cooling measurements. Obviously fast
melting of the crystals originally present in the san{bl&]. cooling measurements must be performed under essentially
These non-equilibrium states are often generated by rapidnon-adiabaticconditions.
cooling during material processing. Therefore, calorimetric ~ Thin-film calorimetry has been developed rapidly in recent
experiments at high cooling rates comparable to processingyearg7—16]. The major impulse is the general drive towards
conditions are required too. Thus, cooling rates up K8 nanoscale objects in condensed matter physics. The capabil-

ities of calorimetric techniques have been greatly enhanced
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a submicron silicon nitride membraffig7] therefore opens  for fast cooling we estimate the maximum cooling rate for

extensive capabilities. Sensitivity of such thin-film calorime- both cases.

ters can be very high primarily due to the very small addenda  We assume at this point that the cooling system has no

produced by the cell itself. moving parts, i.e. no movement of the cooling agent occurs.
Recently Allen et al. developed a thin-film nanocalorime- In this case, as it is proved below, the highest cooling rate can

try based on silicon nitride membranes for ultra fast heating, be attained at the lowest heat capacity of the cooling agent,

which was successfully applied for the study of numerous while the thermal conductivity is not a governing factor.

effects in a wide variety of nanosized samglés10,13-15].

The cell of the calorimeter consists of a thin-film heater de-

posited on a silicon nitride membrane. The heater simulta- 2. Upper limit of the scanning rate in fast cooling

neously serves as a resistive thermometer. Thus, the heat caealorimetry

pacity of ultra thin films[8,9] and separated polymer crys-

tals[10], as well as nanoparticles and nanostruct{8ek0] First, we determine the upper limit of the scanning rate for

at ultra fast heating up to 2&/s were investigated. Near-  a system with a “cold finger” shown fig. 1.

adiabatic conditions were achieved, when the cell was placed A cell with a sample is placed at the flat face of a uniform

in vacuum ca. 10°-10-6 Pa. In the pioneering works custom  rod with a specific heat capacity densityp, thermal con-

designed sensors were constructed. At present, a number ofluctivity A, and length_. The other face of the rod is coupled

commercially available microchip modules can be used as awith a massive cooler, which is kept at a low temperafige

sensor for thin-film nanocalorimetf{1,17-23]. The temperature of the sample/rod interface is controlled by
In our study a commercially available thermal conduc- a thin flat heater with a negligible heat capacity and thermal

tivity vacuum gauge TCG 3880 from Xensor Integration resistance. Ideal thermal contacts between the sample and the

[17], which was applied for AC nanoscale calorimetry in heater, as well as between the heater and the rod, are assumed.

[23], was used for non-adiabatic fast scanning calorime- To determine the upper limit of the scanning rate first sup-

try [5,6,22]. The measurements were performed in an am- pose the heat capacities of the cell and the sample are small

bient gas atmosphere rather than under adiabatic condi-enough to be neglected. A uniform heat fiyi) is supplied

tions to allow fast controlled cooling. Compared to specially to the face of the rod a&=0 and transmitted along the rod

designed calorimeter structures, the gauge TCG 3880 hasaxis. The heat leakage from the lateral surface of the rod is

significantly smaller active area (the heater size is about negligible. The temperature distribution in the ro¢t,t) is

50um x 100pnm), which presents a considerable advantage described by Fourier's heat-transfer equation:

for non-adiabatic calorimetris,6,22]. Thus, the measure-

ments at controlled heating and cooling rates up tbKI6 pc - AT (2. 1)/t = & - 0°T(z, 1)/ 7. (1)

were realized5,6,22]. The kinetics of recrystallization and

melt memory in semicrystalline poly(ethylene-terephthalate)

(PET) on the time scales ranging from 5 ms to hours was in-

vestigated in previous papdi6]. As it was found for PET

crystallized at 130C reorganization needs less than 40 ms

between 150 and 20C. Additionally it was shown iif6] that

isothermal reorganization of semicrystalline PET at 223

is about two orders of magnitude faster than isothermal crys-

tallization from the isotropic melt at the same temperature.

Usually, the sample temperature is scanned linearly with time.
Consider a saw-tooth shaped heating—cooling process with
a periodtg and amplitudeAT. The sample temperature is
driven by a periodic heat flug(t) with an amplitudeyy (the

flux is changed in the range from 0 togdqThis periodic pro-
cess can be presented as a sum of harmonic functions with pe-

The pressure gauge TCG 3880 is actually not optimized vacuum chamber
for fast scanning calorimetry. In the present work we there- cell & sample
fore focused on basic aspects of non-adiabatic fast scanning
calorimetry to allow the development of an even better sensor 1 0

for fast scanning calorimetry. Finally, we present an improved hieater

experimental set-up of the thin-film (chip) nanocalorimeter.
To realize calorimetry at high scanning rates the addenda “cold finger" ——
and the sample should have sufficiently small heat capacity.
The cooling agent must be thermally “inertia less” too, i.e.
it must have a small heat capacity as shown below. There
are two possibilities to realize a fast cooling device: (i) us-
ing a solid heat sink (cold finger) made from high thermal
conductlng materials like metals but addmg a Iarge heat ca- Fig. 1. Scheme of the system with a “cold finger”. The cell with the sample

pacity to the system or (“) using a low thermal conductlng is placed at the flat face of a “cold finger” coupled with a cooler, which is

gas with very low h.e?t capgcity as the coolling- medium-_ IN" kept at a low temperatur®. The temperature of the sample is controlled
order to make a decision which cooling medium is best suited by a thin heater located at the face of the finger.

To cooler
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riodsto/(2n+1)atn=0, 1, 2, .. According to Eq(1) the am-

plitude of the temperature oscillation of the rod surfas® at 100+
the frequencywg = 27/tg equalsTap = qu/(wopcx)l’Z, pro-
vided the thermal lengthy = (2\/wopc)¥? is small with re-
spect toL, wheregao ~ qo is the heat flux amplitude asp.

The temperature of the rod surface is oscillating around the
average valuday =To + Tg, where the bias temperatufg
equals cagolL/A. The amplitude of the temperature oscil-
lations can be enhanced by varying the parameters in the
relationTao = gao/(wopcr )2, but Tag cannot be larger than
Ts.

Generally, the parametep does not depend essentially
on the material chosen (except the low temperature region -50 . . :
which is not considered at this point). In factp equals Q
(24+1) x 10° /K m® at room temperature. To increase the
amplitudeTao at a fixed (A_O _One can Choose_ a mat_e”_al with Fig. 2. Time dependence of the temperature charif@g) on the surface of
a small thermal conductivity, but the choice is limited by the rod at the heat flug(t) shown in the insert A. The temperature scanning
the following restriction > goL/Tg'®, whereTg'®* is the rate is shown in the insert B.
largest acceptable temperature bias. For example, the mini-
mal appropriate thermal conductivityequals 40W/Km at o= (24wopc)? at the appropriate parameters is small
the following predetermined parametegg=2 x 10° W/m? enough with respect tb (lo/L~0.28 atro~30s), that is
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(20 Wi/cn?), L=0.05m, andr® = 250K. the approximation of a semiinfinite rod is correct (analogous
Next, the scanning rate can be estimated as the rate afalculations can be easily performed for the opposite case

the main harmonicwg-Tag ~ do-(wo/pci)2. The rate in- L<I; in that case one has no advance in the scanning rate

creases with decreasing of. The minimal periodg is lim- but has a smaller scanning interval). o _

ited by the smallest acceptable scanning amplitnd@", The exact solution of Eq(l) at the initial condi-

i.e. go/(wopcr)2 > AT™N. Therefore, the low limit for the ~ tionsq(0)=0,T(z, 0)=0 and the boundary conditiaf(z,
scanning period is ca@ck(AT"‘i“)z/qg, and for the opti- U/92z=0=—q(1)/2 is as follows[24]:
. im 2 t
mali = goL /T it equalstg ~ 2mpcL(AT™™) /qo TS, _ e f _ B
Finally, the maximal scanning rate (dT/dfx can be esti- TG1n) =ya/z 0 expl (Zz/ (4alt =)
mated as the ratio of the peak-to-peak amplitude 2’Aand

the time intervak/2:

N max min wherea= \A/pcis the thermal diffusivity of the rod. Consider
(AT/dmax ~ (2g0/7pcL) - (Tg™/ ATTT). 2) the time dependency(0, t) of the temperature on the sur-
Consider the upper limit (dT/dihx of the scanning rate atthe ~ facez=0atcp=2 x 10° J/K m® and =40 W/K m. The heat
following realistic parametersj =2 x 10° W/m?, L=5cm, flux should drive the temperatufig0, t) linearly with time
Tg‘ax = 250K, ATMN=50K. Then, (dT/dt}ax~ 6.3K/s at cooling and heating. The required depender{tecan be
and 7o~32s for the rod ofcp=2x10°J/Km*® and calculated exactly from the integral relation E4)). To study
A=40W/Km. A further increase of the scanning rate limitations for the rate of the linear cooling one can use a
at shorter scanning periods causes a decrease of th&imple model functiom(t):

(q(1)/ (A1 — 1)) dr, (4)

scanning range 2AT. For example, (dTddi~ 10K/s _at 40(1/0.87)%5

ATMN=30K, rg~ 11s. Generally, the produetT-dT/dtis

invariant with respect to the periog. It can be estimated at0=t<038m,

as the amplitud@ag multiplied by the ratavg-Tag. Then, | a()=q0—2q0[(t—0.871)/1.2r1]%**
AT-dT/dt~ go?/pci and for the optimal thermal conductiv- q(0)= at 087w <t < 211,

ity 2 = goL/Tg"® it equals: () =—qo+2q0[(t—2t1)/71]***
AT -dT/dt ~ qoTg'™/pcL. 3) at2r; <t < 31.

Therefore, AT-dT/dt~500K%/s at gop=2 x 10° W/m?, The functionq(t) provides an approximately liner depen-
T = 250K, cp=2x10PJKm® and A=40W/Km. denceT (0,t) (for one period) at heating and cooling, as shown
In fact, the value of this invariant is even smaller: in Fig. 2for r11=12s andjp=2 x 10° W/m2. The function
AT-dT/dt~ 350 K?/s, as follows from an exact solution at q(t) was constructed as follows. The heat fty®) ~ =(t)*/2

the same parameters. The exact solution is further neededrovides almost linear temperature scanning in case of “iner-
to make a quantitative discussion. Consider the exacttialess” gas cooling agef22]. When the cooling agent is a
solution for a semiinfinite rod. Note, that the thermal length condensed matter the change of the heat flux should be faster
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at the second step (at cooling) than at the first one (at firstcg=1.04 J/gK,14=0.026 W/Km at room temperature and
heating) because of the inertia of the rod. The model func- normal pressurg25]). Then, the heat flow from the sam-
tion q(t) for the heating—cooling scan was found by the “trial ple into the wall equal® = Agab(T— To)/L, whereT is the
and error” method. sample temperature (we neglect the heat transfer in the other
The dependency shownlifig. 2illustrates the case of ap-  directions). Note, that at increasing distacthe heat flow
proximately linear cooling with the rate ca. 7 K/s, when the becomes smaller. In the case whenlg the heat flow tends
temperature changes from 61489 K with respecttotheref-  to ab(T— To)(mro~pgCghrg) /2.
erence levelly. Thus the scanning range 2AT100K cor- The maximal cooling rate can be estimated from the
responds to the time intervalt=14.4 s and\T-dT/dtequals relation C-dT/dt=1gab(T— To)/L, where the total heat ca-
350 K?/s. The produch T-dT/dt~ 350 K?/s stays constantat  pacity of the sampleC=abdspsCs. The controlled cool-
differentr1 as we proved numerically. The calculations are in ing rate should be several times smaller than the estimated
good agreement with the previous estimation. The rate dT/dtmaximal possible rate (dT/gfdx=Aq(T —To)/LdspsCs. Thus,
still can be enlarged with decreasing the scanning interval, (dT/dt)nax is ca. 7x 10 K/s atL =100pum, T— To=500K,
but it results in the reduction of the scanning range becauseds=10 pm, psCs =2 x 10° J/K m?, andig=0.026 W/Km.
the productA T-dT/dtis invariant with respect to the scanning In the second case, consider a small disk-shaped sample
time interval. of a thicknessls and radius placed on a thin-film heater of
In conclusion, we have found the limitation, ca. 10 K/s, for the same radius located at the membrane centre. The distance
the maximal controlled cooling rate, which can be attained from the heated region to the thermostat viaéind the ther-
in a system with a “cold finger” at realistic parameters and mal length in the gak, are large with respect to the radius
the optimal thermal conductivity = goL /75 (the opti- ro. Then at any relation betwednandlg, the heat-flowd
mal valuei can be reduced by diminishirlg at the same  from the point-like source of radiug to the gas can be es-
do)- The upper limit of the scanning rate (dT/gt) is not timated as followg5,6,22]: @ = —4nr2Angg(r)/dr atr=ro,
determined by the thermal conductivity Even the product  where the temperature in the gas around the heater equals
AT - dT/dt ~ qoTg'®/pcL is determined only by the density ~ Tg(r) =To + (T — To)ro/r. Consequently, the heat flow from
and the specific heat capacity of the cooling agent. Thus, thethe sample into the gas equals:
parametepc should be reduced as much as possible to realize(D —(T—Ty) G 5
higher scanning rates. Consequently, the cooling agent must 0)- 0, ®)
9 g q Y, gag
be a gas even at a low pressure, as long as the gas thermathereG=4nrglq is the heat exchange parameter measured
conductivity stays reasonably large. in W/K, which depends on the gas thermal conductivity.
The paramete® equals ca. % 10~°>W/K in air atmosphere
at pressures in the range®a® Pa and room temperature
3. Non-adiabatic thin-film scanning calorimetry with [5,6,22]and itis ca. five times larger in helium gas. The mea-
a gas cooling agent sured valueG is in agreement with Eq(5) at ro =50 pm.
Then the maximal cooling rate in air can be estimated as
According to Egs(2) and(3) a gas is the best cooling  (dT/dtlnax~ 4Ag(T — To)/rodspsCs. Thus, (dT/dihax is ca.
agent for the fast scanning calorimetry. Also the addenda 5 x 10% K/s atro =50 um and the other parameters the same
and the sample heat capacity should be as small as possibleas in the first case.
Therefore thin-film calorimetry is required for fast scanning The second case is the most promising. The rate (diJd¢t)
experiments. Consider the limitations for the scanning rate in can be even faster at smaller sample and heater dimensions.
the following two geometries. The first is a plate-like sample The shapes of the heated region and the sample do not have
and the second is a point-like sample placed at a thin-film effect on the heat transfer into the gas, if the thermal length
membrane, which serves as a heater and support. Supposdy is large with respect toy.
the film-heater is very thin and it has negligibly small heat ~ Another limitation on the scanning rate is related to the
capacity. Also the heat transfer along the membrane is neg-thermal gradient, which arises in the sample at fast scanning.
ligible. If the maximal acceptable temperature difference across the
In the first case, a thin-film sample of thicknekds de- sample equal$Ts, then the limiting rate is (dT)max =
posited on the membrane. The film-system is placed in agasBTsAs/pscsdsz. Thus, for a polymer sample of a thickness
with the following parametergy, cgandig. The correspond-  ds=10 wm with psCs=2 x 100 J/K m?, and As=0.3W/Km
ing parameters of the sample arg cs andis. The distance  the rate (dT/df)ax equals ca. 5 10°K/s atsTs=3K. The
between the film and the thermostat walls small with re- rate limit can be enlarged with diminishing of the thick-
spect the film lateral dimensiorgsandb. The temperature  nessds. The limitation for the scanning rate due to the ther-
of the thermostaly is kept constant. To estimate the upper mal gradient becomes equivalent to the former restriction at
limit of the cooling rate assume the distarices small with ds=rorsdTs/4rg(T — To), i.€. atds ca. 1um for the same pa-
respect to the thermal length in the dgs (Agro/n,ogcg)llz, rameters as before.
which in the case of nitrogen gas at pressures in the range of Next, the temperature differené@&; at the thermal con-
10°-1P Pa equals ca. 2-25mm a§=1s (bg=1.2 kg/n®, tact between the sample and the heater should not be too
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large. That is the thermal contact resistance must be suffi-temperature interval of the controlled coolingy (AA Tin,
ciently small. The maximal heat flux from the heater to the To+ AT) will be too small for a practical use. In fact, the
sample equals causCsds(dT/dthhax. On the other hand, the regions ca. few dozen of Kelvin at the ends of the scanning

heat flux through the contactdg = R7 *87¢ by definition of interval cannot be used for the data evaluation, because the
the thermal contact conductanﬁg1 measured in W/rfK. scanning rate is changed from ¢ B —Ry and vice versa
Therefore, we can estimate (dT/gf)x~ 3T¢/psCsdsRe. Gen- at the ends of the scanning interval. For example, the con-
erally, the contact conductance measured between a dry jointrolled cooling rate of the empty TCG 3880 cell should be sev-
of a polished surfaces equals cax 20° W/m2K and it in- eraltimes smallerthaA TG/Gy~ 5 x 10* K/satAT=500K,

creases with contact pressure and tempergf@-€28]. The whereCy is the addenda heat capacity cac 20~/ J/K. This
thermal contact conductance become$ ties larger, if result is in agreement with the experiment. Therefore, the
adhesive greag@9] is used to improve the contact. Gener- “controlled cooling rates up to 2&/s” as discussed if84]
ally the conductanc&:! can be 16-1° W/m?K for con- seems to be unrealistic high for real measurements with the
tacts with adhesive materidla9,30]. The adhesion between gauge TCG 3880 placed in air. Also the modulation rate ca.
a polymer and the membrane becomes nice after first melt-5 x 10* K/s realized in[23] should not be mixed with the
ing. Suppose the thermal contact conductance for the poly-scanning rate.
mer/membrane interface is of the order o? Y&/m? K. Then, In conclusion, heat capacity measurements at a scanning
the limit of the scanning rate is ca. 2510 K/s for§Ts=5 K rate up to 10K/s can be realized in the thin-film calorimetry
and the same parameters as in the previous section. Howevesset-up utilizing the vacuum gauge TCG 3880. The heated re-
at melting the apparent heat capacity can be of the order ofgion and the sample dimensions should be small with respect
107 J/K m® (10 J/g K)[5,22]. In this case, the rate limitequals  to other length scales of the sensor. Thermal gradients in the
ca. 5x 10%K/s. The effect of the thermal contact resistance sample and on the thermal contact, even in the case of melting
can be reduced with decreasing sample thickness. a polymer sample of a thickness ca.|lid, are in the order

A further limitation on the scanning rate is imposed, when of a few Kelvin only for rates below & 10° K/s.
the film-sensor, which measures the temperature of the sam-
ple, is located on the membrane at a distalycom the
sample. This distance must be much smaller than the mem-4. Measuring cell
brane thermal lengthy, = (Am/nrglpmcm)l’z, wherepm, Cm
andin, are the corresponding membrane parameters, other- The thermal conductivity gauge TCG-38807] shown
wise we have to consider thermal waves inside the membranen Fig. 3 consists of a sub micron amorphous silicon nitride
rather than a monotonous heating or cooling process. There-membrane with a thin-film thermopile and a resistive film-
fore, the scanning period should be substantially large with heater located at the center of the membrane. All electrical

respect to the characteristic delay time= npmcml(z)/km. It connections are covered by an additionaln? SiG; layer
equals ca. 5ms & ca. 80um, the actual value for the gauge for electrical insulation and protection. The six thermopile
TCG 3880, and the following parameteps, = 3.4 g/cn¥, hot junctions—the white spots around the central region in

Ccm=0.17 J/g KA =3 W/Km for an amorphous silicone ni-  the photograph—are arranged around the central heated area
tride membran§31-33]. First the time resolution of the sys- ca. 50um x 100pm. The cold junctions are placed at the sil-
temis ofthe order of,,. Next, the scanning rate mustbe much icon frame fixing the membrane at a distance ca. 1 mm from
smaller than (F To)/tm~ 8 x 10*K/s at (T— Tg) =500 K the center. Thus the cold-junction temperature equals the tem-
[5]. perature of the holder, which is close to the temperature of the
Finally, consider the limitations on a controlled cool- thermostat. An additional copper—constantan thermocouple
ing rate for the gauge TCG 3880 placed in a gas. The was utilized for the measurement of the holder temperature,
sample temperature should be scanned approximately lin-which was used as the reference temperatyre
early with time, otherwise the calibration and the data eval-  The silicone frame with the membrane is bonded to a stan-
uation becomes too complicated. Even if the maximum dard chip carrier, as shown Fig. 3. The distance from the
cooling rate in air can be % 10%K/s, the controlled rate  membrane to the holder equals ca. 0.5 mm and to the thermo-
should be several times smaller than (dT/dt) Generally, stat wall ca. 10 mm. The whole assembly can be easily taken
C.dT/dt= @g(t) — (T(t) — To)-G, whered(t) is the heat flow out of the thermostat and positioned under a microscope for
from the gauge heat¢b,6,22]. The rate dT/dtan be con- sample handling. The gauge being installed in a thermostat
trolled by the heater, provide@-dT/dt+ (T(t) — Tp)-G>0. with controlled temperature and gas pressure can be utilized
Suppose, the cooling rate should be kept constant, i.e.as a sensor for fast scanning calorimetry of sub microgram
dT/dt=—|Ry|. Then, during cooling the heat flow is reduced samples.
until @g(t) =0 atT(t) = To + ATmin, WhereATmin =|Ro|C/G. The temperature measured by the thermopile does not rep-
At temperatures beloviip + ATmin the cooling with the rate  resent the temperature of the heater/sample interface. The
—|Ro| cannot be controlled by the heater, which is switched thermopile measures a temperature at the membrane around
off now. Considerthe scanfrofiptoTg + AT. The parameter  the heater at a distance ca. b® from the heater perime-
ATmin should be several times smaller tham, otherwise the ter. The measured temperature was calibrated as described
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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 geshatple fi
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 Qzerpendicular to the membrane,
axes Oxand Oyperpendicular to the sides of the rectangu-
lar heater in the membrane plane. We assume the scannin
period is substantially large with respect to the characteristic
delay timer, &~ 5 ms in the membrane. To have a view of the
temperature distribution in the membrane plane around the
heater we determine the functidix, y) for the empty cell at
steady-state heating.

Inthe case of a steady-state temperature distrib@ifryy)
the heat flow along the membrane plane into a volume incre- 0 - - - -
mentAXAyd, equalsdmim(d2T/ax% + 32T/dy?) AxAy and it 1000 500 0 500 1000
is balanced by the heat flow from the surfateAyinto the
gaS)‘gAXAy(T_ To)/L, wheredp, is the membrane thickness Fig. 4. Temperatur@(x, 0) vs. distance in the membrane plane along Ox
andL the distance from the membrane to the holder. There- axis atT" — Top =300 K. The square spots point to the measured temperature.
fore, 32T/3X2 + 32T/3Y2 = kz(T - TO)- where k2 = )»g/)»mdmL- The zoom of the central region is shown in the insert: the dashed curve was
This is an equation with separable variables, thaT (s, calculated for the infinitely thin heater and the solid line—fqerB width
y) =To+X(X)Y(y) and (1/X)8X/d¥ + (1/Y) Y/dy? =K?. In heater stripes.
fact, the distance from the central heated region to the
membrane periphery is large with respect to the char- temperature at the centre akg=k, =k/,/2 for an isotropic
acteristic length \/2k™ = (2xmdmL/Ag)? which is ca.  membrane.
0.24 mm atiy ~0.5um, L~ 0.5 mm,jg =0.026 W/Km and In fact, the heater consists of two stripes oriented
Am=3W/Km. Therefore, the temperature drops down sig- say along Oyaxis and located ak==4xp with o ca.
niﬁcantly with the distance from the heatel’, so that the 25Mm Then, the dependence of the membrane tempera_
boundary conditions at the membrane periphery are not es-yre versus distance along @xis equalsT(x, 0) =Tg + (T"
sential. Consequently, in the case of the heat source 10-_ Tg) [exp(—k|x — Xo|) + €Xp( kx| X+ Xo|)]/2 exp(—kxo) at
cated at the origi® the temperature distribution e*quﬁISg y=0. The dependence is shownFig. 4. The temperature
y)=To+(T" —To) exp(—kixI) exp(—kly|), whereT is the gifference measured by the thermopile is ca. 80% of T

(]

Temperature in K

200

100 4

Distance in p
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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 temperatufg. 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 5x 10* samples/s, is calculated in advance as a function
oftime. Details of the procedure and the calibration of the de-

3 vice will be given elsewherf85]. From the measured heater
ADC-DAC power and the thermopile signal heat capacity is derived as
board described below. Instrument control and data handling is re-
alized by LabVieWwM program.

DAC (heater)

ADC (heater current)

ADC heater voltage

ADC thermopile voltage

Gain setting
(1-10-100-1000)

/]

Fig. 5. Scheme of the calorimeter: 1—sensor; 2—amplifier; 3—ADC-DAC
board. For details see text.

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 conductivityg 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 flowb(t), which is supplied to the mem-
when the thermopile hot junctions are located at a diStancebrane/samp|e interface and propagates through the sample,
S0pm from the heater perimeter. The temperature difference the membrane and the ambient gas. The time dependence
T(x, 0)—To at 1 mm from the membrane center is below 2% of the temperature of the membrane/sample interface is de-
of T —To. Therefore, the boundary conditions at the mem- scribed by the following heat balance equation:
brane periphery are not important for the calculation of the
temperature distribution around the heater. (6)

Consider the temperature gradient inside the central
heated area. First, we take into account that the heater stripesvhereC and Cy are the heat capacities of the sample and

(C + Co) - dT/dt = Po(r) — (T(r) — To) - G,

have a finite width. The dependentdx, 0) for the stripes
of 5 um width is shown in the insert of tHeig. 4. Inside the

addenda. The depender€g(T) can be determined from the
measurements for the empty cell. The addenda heat capacity

central heated region the temperature changes within 1 K atCo(T) increases monotonously from 100 to 200 nJ/K in the

T —To=300K, thatis ca. 0.3% 6 — To. Since a temper-

temperature range 100—600K and it equals ca. 150nJ/K at

ature gradient exists in the radial direction along the mem- room temperatur¢5,22]. The heat capacities of the film-
brane, the sample should be placed just inside the centralheater and the film-thermopile are negligibly small. The main
heated area. The sample size should ideally be such that iheat capacity of the cell is therefore the effective heat capacity
does not extend beyond the heater perimeter. Otherwise, ther®f the heated part of the membrane. This equation is correct
may be essential temperature gradient on the periphery of theprovided the thermal thickness of the sample is small enough,

sample outside the heated area.

5. Method: experimental details

The scheme of the calorimeter is shownFig. 5. The

thatis the rate dT/dtoes not exceed the acceptable maximum
value discussed in Sectién

There are two unknown parameters in E&)—G andC,
at predetermine®y. The heat transfer paramet@rcan be
estimated according to the relation (5). Thus, at room tem-
perature in air withhg~ 0.026 W/Km the estimated value

sensor (1) is connected through amplifiers (2) to the analog-for G equals ca. % 10~> W/K, which was confirmed in the

to-digital and digital-to-analog converter (ADC-DAC) board
(PCI-DAS64/M1/16 from Measurement-Computlift. A
precision reference resistBfes (resistance of 10Q) is con-

experiment5,22]. The heat transfer through the gas is en-
larged by a factor ca. 5, if helium gas is utilized. The effect of
the membrane on the total heat exchange is relatively small

nected in series with the heater to measure the current throughat least at gas pressures’20 Pa) because the membrane

the heater. Data are collected at a rate af B samples/s.
Two buffer differential amplifiers IC 2 and 3 (AD713J) are

is very thin. The heat flow through the membrane in radial
direction is ca. 50 times smaller than that through helium gas.

needed because the board requests low output impedance dfhe heat flow from the heated region due to radiation emis-
the signal source if one wants to switch the inputs at high sion does not exceed 1-2% of the heat transfer though the gas
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it was too small. It was determined from the measured heat

0024 % capacity and the knowey(T) in the molten state at tempera-
= tures abovd, [37].
';n Further possibility is to measure heating—cooling cy-

2 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 dependefx@) 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 1s. Such experiment is illustratedig. 7.

The melting curve,(T) shown inFig. 7was obtained ac-

0.014

Heat Flow in W

0.00 =" , : _ . ‘ cording to the heat-balance equation (7). The heat-exchange
100 200 300 coefficientG(T) was determined from the experiment with
Temperature in °C the amorphous sample after the melting experiment. Note,

that the behavior of the semicrystalline sample near the glass
Fig. 6. Heat flow from the heater vs. temperature at heating and cooling transition drastically changes when the sample was cooled

(2 x 10°K/s) for amorphous PET sample ca. 480 ng—solid lines and heat
flow into the gas—dashed line. The specific heat capag(y) calculated very fast (16 K/S) Compared to the slow cooled (0'2 K/S)

according to Eq(6) is shown in the insert. The dependencesygil) for sample.. The enthalpy relaxation pealg in the glass transition

completely amorphous and crystalline PET are given as provid¢aiy region is very small after the quenching at*XJs. On the
other hand, the pronounced enthalpy relaxation peak is ob-

atT=600 K andTy =300K, also the convective heat transfer served above the glass transition after the relatively slow

in the small region ca. 100m is insignificant. cooling. The enthalpy relaxation peak observed at the fast

Thus, the temperature dependence of the heat exchang&eating after the slow cooling is explained by the recovering
coefficientis mainly determined by the dependery(@) and of equilibrium in the non-equilibrium semicrystalline system
it can be approximated by a monotonous polynomial function [38].

[36]. The total valueG(T) can be calibrated in advance. Fur- The method described above was successfully applied to
thermore it can be measured simultaneously with the samplestudy melting and crystallization of linear polyethylegag],
heat capacity from a heating—cooling scan as follows. PET [5,6], and submicron polyamide-6 (PA6) droplets in

Suppose, we are interested in the depend€(@@ of a polystyrene/PA6 blends9].
sample near a phase transition temperafytevhere heat
capacityC. at cooling is not the same &, at heating. Con-
sider a heating—cooling scan in the range frog- AT to
Tc+ AT, whereAT is large enough to obser@(T) = Cy(T)
at least at the ends of the scanning interval far figmThen
the both function€(T) andG(T) can be determined simulta-
neously a<C(T) = (1/2)[dv1(t) — Pox(t)]-|dT/dt|1 — Co and
G(T) = (1/2)[@n(t) + Poa(t)]-(T(t) — To)~* at temperatures
far fromT¢; @o1(t) and®go(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 capaciti€g(T) andCy(T) can be determined
finally as follows:

Specific heat capacity in J/gK

(Cn + Co) - [dT/dt]| = Pous(r) — (T (1) — To) - G,

—(Cc + Co) - [dT/dt] = ®oo(r) — (T() — To) - G.  (7) 100 200 300
Temperature in °C

Thus, the heat capacity of amorphous poly(ethylene rig. 7. Temperature dependerggT) for semicrystalline PET sample ca.
terephthalate) (PET) sample ca. 480 ng was measured in ain8ong measured at>310°K/s after fast (1&K/s—solid line) and slow
at 2x 103 Pa and at the rate2 103 K/s, sedFig. 6. The result (0.2 K/s—dashed line) cooling-down below the glass transition temperature
was obtained from the heat flow temperature dependence a{rom the temperature of crystallization. The sample was crystallized for

heating and coolina shown Fia. 6. In order to determine the 15min at 153 C, and then cooled down to 3C. The dashed-dotted line
9 9 g.bo. represents the amorphous sample after the melting experiment. The curves

specific heat capacitg,=C/m, the sample mass has to be for completely amorphous and crystalline PET (dotted lines) are shown ac-
known. The mass was not measured independently, becauseording 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 bedf3 M-Y. Efremov, E.A. Olson, M. Zhang,

suited because of the small valugogty as shown in Section
3. The thermal conductivityq is not the limiting factor for

185
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Macromolecules 37 (2004) 4607.

[14] M.Y. Efremov, E.A. Olson, M. Zhang, S.L. Lai, F. Schiettekatte, Z.S.
Zhang, L.H. Allen, Thermochim. Acta 412 (2004) 13.

high cooling rates. Next, as shown further a small heater area[15] M.Y. Efremov, E.A. Olson, M. Zhang, F. Schiettekatte, Z.S. Zhang,

which can be considered as a point heater, allows about one
order of magnitude faster cooling than a planar heater. Th
vacuum gauge TCG 3880 fulfils these conditions and was
successfully utilized for fast scanning experiments on cooling

and heating. The distance of ca.p® between the heated

L.H. Allen, Rev. Sci. Instrum. 75 (2004) 179.
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areaand the temperature sensor causes some problems, which  241. o .
must be considered for calibration. The results obtained canl[19 C- Auguet, J. Lerchner, P. Marinelli, F. Martorell, M.R. Rivera, V.

be used to design a better sensor for fast calorimetry.
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