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Abstract

A newly developed Micro-Thermal Analyzer affords images based on thermal properties such as
thermal conductivity, thermal diffusivity, and permits localized thermal analyses on samples of a
square micrometer area by combining the imaging ability of the atomic force microscope and the
thermal characterization ability of temperature-modulated differential scanning calorimetry. Since
thermal penetration depth depends on frequency, one can obtain depth profiles of thermal conduc-
tivity and thermal diffusivity by varying the modulation frequency. Also, the analyzer can be used
to characterize phase-transition temperatures, such as glass and melting transitions, of small sam-
ple regions with a precision of about +3 K. Heating rates can be varied between 1 and
1500 K min"'. Modulation frequencies can be applied in the range from 2 to 100 kHz. We applied
this new type of instrument to characterize microscopic thermal and structural properties of various
polymer systems. The operation principles of the instrument are described, application examples
are presented, and the future of the technique is discussed.
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Introduction

Since the inventions of the scanning tunneling microscope [1] (STM) and the atomic
force microscope [2] (AFM) which both made revolutionary progress in the field of mi-
croscopy, there have been a number of efforts to adapt these atomic scale imaging abili-
ties to scanning thermal microscopy to detect variations of thermal properties and pro-
duce images based on these. The first attempt was made by Williams and
Wickramasinghe [3] who used the STM. Sub-micrometer spatial resolution was achieved
with a thermocouple tip of which the average height from a sample surface was con-
trolled to have a constant ac thermal coupling with the surface. Nonnenmacher and
Wickramasinghe [4] employed an AFM to obtain thermal conductivity images by mea-
suring the temperature dependence of electrochemical potential differences between tip
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and sample. More recently, Majumdar et al. [5] developed a simple measuring technique
using a V-shaped thermocouple tip which acts as a temperature sensor as well as the to-
pology sensor of the AFM cantilever by maintaining a constant contact force with the
sample surface utilizing the piezoelectric feedback of the AFM. Pylkki et al. [6] intro-
duced a Wollaston wire for the same purpose. The Wollaston wire consists of silver of
75 pm diameter, and contains a platinum core about 3 pm in diameter. The core is ex-
posed to make the AFM sensor tip. The platinum tip is then used as a heat source through
resistive heating, as well as a resistance thermometer. Finally, Hammiche et al. [7, 8] ex-
tended this technique by adapting modulation techniques which add the ability to analyze
microscopic thermal properties by utilizing the methods of temperature-modulated dif-
ferential scanning calorimetry (TMDSC) [9]. In 1998 TA Instruments, Inc. developed a
commercial Micro-Thermal Analyzer, the p.TA™ 2990. The Micro-Thermal Analyzer
has at present a 1.0 pim spatial resolution with a Wollaston-wire probe and produces ther-
mal conductivity and thermal diffusivity, as well as topography images. Also, it is possi-
ble to carry out localized thermal analysis at a fixed location using the same methods as
are available for TMDSC.

2290 uTA™
TAInstruments

Fig. 1 Photograph of the TA Instrument Inc. hTAO 2990, Micro-Thermal Analyzer
(courtesy of TA Instruments)

In this work, we used the commercial UTA™ 2990 to obtain microscopic structure
information, thermal images, and localized thermal properties of macromolecules. To an-
ticipate more quantitative analyses through thermal imaging and localized ther-
mal-property measurements, we describe the details of the operation principles of the Mi-
cro-Thermal Analyzer. Also, several experimental examples on macromolecules are pre-
sented and a general assessment of the technique is given for the future of analysis of
macromolecules by micro-thermal analysis.

Instrumentation

The Micro-Thermal Analyzer system by TA instruments is shown in Fig. 1. It con-
sists of a Topometrix Explorerl] AFM which uses thermal probes, as well as conven-
tional AFM topology probes, and control units for piezoelectric and temperature
feedback. The figure shows the major piezoelectric assembly in the center, the laser
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probe and a video camera for positioning and direct observation of sample and probe
on the side, all placed on the cell base, which allows placement and coarse position-
ing of the sample.

Operating Principle
of the Microcalorimeter

Mirrors
Photodetector
Sample

Fig. 2 Schematic of the thermal probe (courtesy of TA Instruments)

Windows NTU -based software serves for the data acquisition and analysis. The
cantilever part of the thermal probe is made of a Wollaston wire. The V-shaped tip is
shown in Fig. 2. It is made of a 200 pm length platinum-core wire which extends from
the silver jacket of the Wollaston wire and is the most resistive part of the probe. By mea-
suring the electrical resistance of the overall Wollaston wire, the average temperature of
the platinum-wire tip can be determined. The mirror attached to the cantilever arms
serves to reflect the laser beam for the usual, piezoelectric control for the positioning of
the platinum tip (Fig. 2).

Operation principles
Local thermal analysis

Figure 3a shows the schematic diagram of a control circuit for the localized thermal
analysis. The sample probe contacts the surface at a fixed location with a pro-
grammed force, controlled by the piezoelectric feedback. An identical reference
probe is attached next to the sample-probe with its tip floating without contact to the
sample, allowing for differential measurements. Equal dc currents, /, are applied to
both probes and are controlled by the temperature-feedback circuit, FB, to achieve a
temperature-ramping speed in the range of 1 to 1,500 K min™'. The temperature of the
sample probe, T;, can be determined, after calibration from the resistance of the sam-
ple probe, R,. Since the resistance of platinum has an almost linear dependence on
temperature in the range of 300-600 K, R, can be expressed by:

Rs :R50[1+a (Ts _TO)] (1)
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where Ry and O are the resistance and its temperature coefficient of the platinum wire
at room temperature, 7. The resistance of all lead wires and the Wollaston-portion of
the temperature sensor are neglected because of their small resistance when com-
pared to the V-shaped platinum tip. The magnitudes for Ry and o of the platinum tip
are about 3 Q and 0.004 K ', respectively.

In addition to the dc current, an ac current can be superimposed on the tip of the
MTAD to obtain a desired temperature-modulation in analogy to the TMDSC opera-
tion. The dc difference of power between the sample and reference probes is deter-
mined by measuring the dc voltage difference between two probes after low-pass fil-
tering (LPF) and the ac voltage difference is measured by the lock-in amplifier (LIA).
This arrangement permits an easy deconvolution of the underlying, dc and the revers-
ing ac effects.

1+ I*cos ot

0

Avdc
Ju—
o | FB
%Rs R, m mvm|

Fig. 3 Schematic of the control circuit for localized thermal analysis (a) and thermal
imaging (b). For details and nomenclature see text; R are resistances, /, currents,
¥, voltages, @ phase angles and w is the modulation frequency

In conventional TMDSC, the total heat capacity is obtained from the dc part of
the power representing the total heat flow and the average (underlying) heating-rate,
in analogy to the standard, not modulated DSC. Reversible heat capacities are ob-
tained from the Fourier analysis of the modulated temperature and the corresponding
heat-flow response. In the case of the localized thermal analysis with the UTAL, the
heat-transfer condition is not as well defined as in TMDSC since the contact area be-
tween tip and sample varies when following the changes in surface topography and
the heat losses (and gains) of the sample outside of the contact area are not well con-
trolled. However, phase-transition temperatures of specific sample regions having an
area of less than a square micrometer can be assessed qualitatively by monitoring the
changes of dc power, as well as the amplitude of ac voltage difference and its phase
lag, all linked to the heat-flow change during the transition. Furthermore, it is possi-
ble to carry out thermomechanical analysis by monitoring the change of the tip posi-
tion due to the softening of surfaces at melting and glass transitions. The UTAO has
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thus a broad range of thermal analysis capabilities based on temperature-modulated
DTA and thermomechanical analysis.

Imaging utilizing thermal conductivity and diffusivity

The schematic diagram of the circuitry for thermal imaging is shown in Fig. 3b. The
sample probe is connected to a Wheatstone bridge with dc and ac voltages to be ap-
plied. First, let us consider the case of a de voltage input, V. The dc voltage differ-
ence between the two arms of the bridge, AV®, is then determined by the resistance
components and the applied dc voltage as given by the following equation:

dc _
Rs R2 Rch I/dc (2)
(R+R )R, +R,)

AV dc =V1 dc _Vzdc —

where R, is the resistance of the UTAL] probe at temperature, 7,. If the variable re-
sistor, R, is controlled to produce a nearly zero value of AV, then R, and with it
the temperature 7.%, is given by the simple equation:

RE=Rip (3)
—

Furthermore, the dc power in the probe needed to raise its temperature to the de-
sired value can be seen from Fig. 3b to be:

Pdc_(l/ldc)z _(VdC)ZRSdc

4
T RE(RE4R)’ @

If the tip contacts a sample, two major factors affect the dc power to maintain the
tip temperature constant. One is the contact area which is determined by the topogra-
phy of the sample surface and the other is the thermal conductivity of the sample. For
example, if we approximate the tip of the PUTAO by a disc with diameter d that con-
tacts a semi-infinite medium, the power, Psdc needed to maintain the average tempera-
ture of the heater at 7. is given by [10]:

P~ :3’:Kd(T;’° -T,) (5)
where K is the thermal conductivity of the sample. Therefore, mapping of the power
during scanning will contain information about the local thermal conductivity, but
will be influenced by changes of the contact area induced by the surface topography.

If an ac voltage is applied in addition to the dc voltage, to produce a temperature
modulation with an angular frequency of w (=21Vp with p representing the modula-
tion period), the power across the probe is changed to:

NUADS
P(=5 ©6)

S
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de ac \ 2 ac \ 2 D
P, (t):RisgV dey? ) oy ey cosaar+ ) cos20x 0 (7)
(RE+R)* [ 2 2 0

Since the temperature of the probe, T, follows the power variation, it is given by:
T.(1)=T* ﬂéT;’\cos(wm ) ﬂarj“’\cos(zw +4,), (8)
where 7,% is the temperature determined by the total dc power component and ex-
pressed by:
PSdC — dec [( VdC)Z + (VGC)Z/Z]/(RSdC + Rl)z,

and |87,% and |87, are the amplitudes and ¢, and ¢, are the phase-shifts of the first
and second harmonic terms, respectively. Also, since according to Eq. (1) the resis-
tance of the probe is linear with temperature, the change of the resistance due to the
temperature modulation can be written as follows:

R, (1)=R +aR* BT *|cos(0x +®,) +oR "

87, cos(26Y +9,) )
and the voltage difference, AV, is given by:

RRTRR, (g cosaar) (10)
(R, AR )R +R,)

AV ()= (), ()=

These equations hold since all other components in the Wheatstone bridge are
kept at constant temperature. If the temperature dependence of R, in Eq. (9) is consid-
ered, then the dc part of AV can be approximated by:

(RER,=R RV * +10R “R, BT,
(RE+R)) (R +R,)

I *“cos¢,

AV “= (11)

Since in the temperature feedback control ¥ is usually larger than 7*, and a
has a small value, the second term in the numerator of Eq. (11) may be neglected.
Therefore, if the bridge-balancing condition of Eq. (3) is maintained by controlling
R., then the dc temperature, T, 4 can be determined from R, as in the dc experiment
and AV is approximated by the sum of the following three harmonic terms:

aR*R
AV ©(1)=———=—L_V *BT. “lcos(ax+@ )+ 4V | . cos(wt+ (12)
0= ey (Cr+@)+) cos(r+9,)
aR*R
AV () =——=—| V0T “lcosQux+@ )+ *| &, cos(2wrt+ 13
()(RSC+R1)2[% CleosQur+@)H ¢ & kosar+g,)]  (13)
de
AV ()= R, R, Va°6Tj‘°\cos(3w+¢2) (14)

2(R+R,)’
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Being concerned about the quantity which the instrument picks up, V* is con-
trolled to be an order of magnitude larger than /*°. In this case, the first harmonic sig-
nal that is measured by the lock-in amplifier, can be reduced to:

de
AVC(ty=—=—Lp«
(R+R))’?

S

57

cos(wr+ @) (15)

Equation (15) holds because |87, is proportional to the amplitude of the first
harmonic of the power |P,| given by:

_ZRSchchac
(R +R,)?

and |87."| is also larger than |87,*“| which is proportional to R,*(F*)*/[2(R+R;)*] in
Eq. (7). Therefore, the first harmonic amplitude of the temperature modulation |37
can be obtained by measuring the first harmonic amplitude of the voltage difference
IAV®| in Eq. (15) and it can also be controlled to have a desired value by the feedback
control on both of ¥** and 7* which determine the power via Eq. (16). If under the
same condition as assumed for the derivation of Eq. (5) a modulated power |P,"] is
supplied to the AFM tip, treated as a disc heater, the average temperature modulation
of the disc can be written by [10]:

8‘\/5 d/2 t P&)(tr)
T2 (t)=——— [rdr [di'—
I el ey e

w
S

(16)

}d)\exp[—D(t—t'))\z]Jo ansB4H  an
0 02 0O

where thermal diffusivity, D, is defined by K/(pc,) with p being the density and ¢, the
specific heat capacity. Therefore, if |R,“| is controlled and |P,”| is measured, or vice
versa, one can obtain the information related to thermal conductivity and thermal
diffusivity. Also, if the modulation frequency is changed, then the depth profile of the
two properties can be obtained because the modulated heat can penetrate only a cer-
tain depth from the surface. The thermal penetration depth, A can be estimated for the
modulated heat supplied to the semi-infinite medium by [10]:

)\:\/5 (18)
w

Since the Micro-Thermal Analyzer measures |AV*| to maintain a constant |7,
the variations of the frequency- or depth-dependent thermal conductivity and thermal
diffusivity can be seen in the image mapping of |AV*| which is related to |P,"”| via
Eqs (15) and (16). However, AV* in Eq. (15) is also related to the dc power, which, in
turn, has a close relation to thermal conductivity and dc temperature, as shown in the
earlier treated dc case. Therefore, it must be pointed out that the thermal images ob-
tained from |AV®| contain three different pieces of information 1) the frequency- or
depth-dependent thermal conductivity and thermal diffusivity, 2) the frequency-
independent thermal conductivity, and 3) the surface topography as defined by the
contact area d.
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Experimental results

Temperature calibration and localized thermal analysis

The thermal probe was calibrated with the melting temperatures of four polymers,
poly(oxyethylene) (POE), polypropylene (PP), poly(ethylene terephthalate) (PET),
and polytetrafluoroethylene (PTFE). Figure 4 shows as examples the temperature de-
pendencies of the dc power and the tip position at the melting temperatures of sam-
ples of POE and PET which were also measured using a Mettler-Toledo 820 DSC at
the same heating rate of 10 K min'. In Fig. 5a, the calibration temperatures, mea-
sured for each sample at several locations, are shown as a function of resistance of the
platinum tip. A linear equation used to fit the data for the specific tip is given in the
figure. It can be seen from Fig. 5b that the temperature precision is about £3 K.

Figure 6 shows an example of the localized thermal analysis performed at a glass
transition. Polystyrene was chosen as an example. The result of the dc measurement
is shown in Fig. 6a. The dc power and the tip position show the typical, broad change
of the glass transition. In Fig. 6b one can see the changes in the ac voltage difference
and the phase over the broad temperature range of 353—493 K. To obtain quantitative
results from the ac measurement, as possible with TMDSC, more work is needed, es-
pecially in setting up a proper model for the heat-transfer situation and for the refin-
ing the experimental conditions.
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Fig. 4 Local thermal analyses on the melting temperatures of poly(oxyethylene) (a) and
poly(ethylene terephthalate) (b). The heating rate <¢g> is 10 K min~
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Fig. 5 Calibrated melting temperatures as a function of the tip resistance. The line de-
notes the fitting result. (b) Plot to estimate the precision of the temperature mea-
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Fig. 6 Local thermal analysis on the glass transition of polystyrene; dc measurement
(a) and ac measurement (b)
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Fig. 7 The dc power difference between the sample measurements and the reference
measurements of air. (b) The temperature derivatives of the dc power difference

Experimental confirmation of the operation principles of thermal imaging

To check the possibility of thermal-conductivity measurements using Eq. (5), P,*
was measured as a function of 7,% with about 2 mm thick discs of polypropylene,
low-density polyethylene, high-density polyethylene, and sapphire. The measure-
ments were carried out on flat surfaces with identical contact forces to have close to
the same contact areas. Figure 7a shows the dc power difference, AP* as measured
between the sample and air. Since AP% corresponds to P, of Eq. (5) which denotes
the net power delivered into the sample, AP* can be substituted for P, in Eq. (5). As
expected, AP* shows a linear temperature dependence. Figure 7b displays the tem-
perature derivative, dAP*/dT.*°, as numerically derived from Fig. 7a. Since these
slopes correspond to 3TIKdZ/8 in Eq. (5), they should be proportional to the thermal

45|
ldT¢| = 1.0 °C
T, = 323 °C

3.0

lave|/v

v sapphire
4 air

0 50 100 150 200 250
T /¢

Fig. 8 The amplitude of the first harmonic voltage difference as a function of the tip
temperature
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Fig. 9 The amplitude of the first harmonic voltage difference as a function of the first
harmonic amplitude of the temperature modulation
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Fig. 10 Thermal conductivity image of a 60/40 PBT/PC blend. The dc power is scaled
by the color in the left bar and the numbers denote the locations where
thermomechanical analyses were carried out

conductivity of the samples if the contact areas are the same, as assumed for Eq. (5).
However, the obtained values at room temperature are not proportional to the litera-
ture values of thermal conductivity for polypropylene, low density and high density
polyethylenes, and sapphire, namely 0.12, 0.33, 0.52 [11], and 33 W m™' K ' [12], re-
spectively. Only the order of the slopes goes parallel to the order of the thermal con-
ductivities, therefore, one may conclude that there are other effects that need to be
considered for a quantitative interpretation. Possible effects are, for example, the ad-
ditional heat flow through the air, the boundary effects due to finite sample dimen-
sions, and a dc power dependence of the base temperature, Ty. Also, it should be no-
ticed that the thermal conductivity images obtained from P% do not show real
thermal conductivity profiles, but only nonlinearly scaled profiles of thermal conduc-
tivity variations. A better image resolution can be obtained when the scanning is per-
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formed at higher tip temperatures and when the sample has a lower thermal conduc-
tivity because the image resolution is proportional to dAP*/dk.

If the temperature dependences of R®and P,* in Eqgs (1) and (7) are considered
and V*° < V', as is assumed for Egs (7) and (15), then the temperature dependence of
the ac voltage difference, |AV®| can be expressed by:

AV O=C (T T, ) +Co (T ) (19)

where C; and C; are constants. Figure 8 shows the |AV*| data obtained from sapphire
and air measurements under the condition of |87,”|=1.0 K and f=w/(2m)=8 kHz. The
data were fitted to Eq. (19) and the good coincidence between the fitting lines and the
measured data is obvious. For this experiment room temperature was measured to be
305.5 K. To check the linear relation between |AV®| and |87, in Eq. (15), |AV*| was
measured as a function of |57, at a constant 7, of 373 K with polypropylene and
sapphire. In Fig. 9 one can see the almost perfect linear relations. The slope of the
sapphire data is larger than that of the polypropylene data because the slope is propor-
tional to V*° in Eq. (15), and V™ is also proportional to the de power in Eq. (16) which,
in turn, is determined by the thermal conductivity. Since |87,°| amplifies |AV*)| in
Eq. (15), a better resolution is obtained in the image by mapping of |AV*) if a larger
|87, is used.

Material characterization in a polymer blend

Figure 10 represents the thermal conductivity image of a 60/40 poly(butylene
terephthalate) (PBT) blend with polycarbonate (PC). It can easily be seen that there
are two distinct regions which have different thermal conductivity values. The differ-
ence between the brighter region in the upper part and the bright region in the middle
is due to a topographic height change. To characterize the two different regions, we
carried out thermomechanical analysis with a 180 K min™' heating rate at the four dif-
ferent locations marked in Fig. 10. Figure 11 shows the vertical changes of the tip po-
sition due to the softening at the glass transition of PC (locations 1 and 2 in Fig. 10)

T T T

r
151 <g> = 180°C/min

Topography sensor position/nm

)
L 1 1 1 L o
120 140 160 180 200 220
Temperature /°C

Fig. 11 Thermomechanical analysis on the 60/40 PBT/PC blend. Lines 1 and 2 show the
glass transition at around 410 K (140°C) and lines 3 and 4 show the melting
temperature of PBT at about 480 K (210°C)
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'
Fig. 12 The images from the first harmonic ac voltage difference. The tempera-
ture-modulation amplitude is programmed to be 1 (a), 3 (b), 10 K (c) with
2 kHz frequency and 10 K (d) with 64 kHz frequency at 373 K. The absolute
voltage values were determined by the amplification conditions of the measure-
ment circuit

Opm 10pum 20 pum

Fig. 13 The AFM image of polyethylene crystals (a). The AFM image of the same
structure as (a) after several thermal scans (b)
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and the melting transition of PBT (locations 3 and 4). The depth profiles of the two
polymer regions were tested with ac measurements. First, we found that to achieve a
good image resolution, the temperature-modulation amplitude should be larger than
10 K. The dependence of the image resolution on the temperature-modulation ampli-
tude can be seen in Figs 12a, b, and ¢, which have amplitudes of 1, 3, and 10 K, re-
spectively. The temperature of analysis was 373 K and the modulation frequency,
2 kHz. Figure 12d was obtained with a modulation frequency of 64 kHz at the same
temperature. The penetration depth of the modulated heat can be roughly estimated
from Eq. (18) to be about 5 um for 2 kHz and 1 pm for 64 kHz. While there are small
differences between Fig. 12¢ and d, the main domain scheme of the polymers is not
changed up to about 5 pm in depth from the surface.

Heating-rate dependence of the melting temperature in polyethylene crystals

Many polymer crystals have a strong heating-rate dependent melting temperature due to
a time-dependent structural reorganization before melting [13]. Polyethylene was studied
earlier in great detail with results indicating superheating of extended-chain crystals, re-
organization of folded-chain lamellae, and zero-entropy-production melting of annealed
samples [14]. To make use of the high heating rate capability of the PTAL, we tried to
measure the heating-rate dependence in the microscopic sample region and to observe the
change of the crystal morphology after delivering heat through a small area to raise the
temperature above the melting temperature. These experiments, which may make an im-
portant future development, were not fully successful. We found that the thermal tip
damages the soft crystal surface even with a minimum contact force for imaging. Fig-
ure 13ais a topographic image obtained with a standard Si;N4, AFM tip of a sample of so-
lution-grown lamellar polyethylene crystals with a growth-spiral morphology. The poly-
ethylene crystal samples were prepared on a glass substrate by the same method as
developed in [15]. The image was shaded by a right-side light for a stereoscopic view.
The thickness of a crystal layer is about 15 nm. Figure 13b is the same region as in
Fig. 13a, but after several scannings with the thermal tip at room temperature. It can be

5000 nm

Onm 2500 nm 5000 nm

Fig. 14 The AFM image of a melted spot after heating to 407 K at 500 K min ' heating
rate
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12 pm

£ um 48 2

6 um 18 i

Fig. 15 The AFM image of polyethylene crystals before melting. (b). The location of a
large crater is contacted by the thermal tip and heated up to 407 K with a heat-
ing rate of 5 K min™'

seen that the crystals are damaged beyond recognition. However, thermomechanical
analyses can be performed without thermal scanning by guessing the crystal positions
from a reference point on the glass substrate. Figure 14 shows the melted crystal by heat-
ing up to 407 K with a heating rate of 500 K min"'. A noticeable change in power and tip
position was not found, probably due to the small amount of melting. Figure 15a is a top-
ographic image of a set of crystals before thermomechanical analysis, and Fig. 15b is the
image of the same crystals after heating the upper right crystal up to 407 K with a heating
rate of 5 K min™'. One can see partially changed crystals also on the left and upper re-
gions of the figure besides the large crater of about 1 pm in diameter on the right crystal.
The partially changed structures were probably made by movement of the thermal tip
during the thermomechanical analysis. Such movement seems to be induced by vibra-
tional noises and usually occurred in slow measurements at slow heating rates which
need a long time to increase the temperature beyond melting. Therefore, a vibration-free
condition is needed to perform accurate microscopic thermal analyses on melting transi-
tions of polymers which have rather soft surfaces or which consist of thin layers.
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Discussion

We have described the operation principles of the Micro-Thermal Analyzer and
checked its abilities for possible applications in the detailed analysis of the areas of
interest to the study of the morphology of macromolecules. The analyses already doc-
umented in the qualitative application briefs available for the U“TAL could easily be
duplicated. Particularly recognition of multi-phase samples with largely different
thermal conductivity, such as composites of polymers with, for examples, metals,
carbon, or glass of sufficient size. Similarly, the recognition of phase areas by fixed
position thermal analysis, as shown in Figs 10 and 11 can be achieved with a preci-
sion of about three kelvins, as shown in Figs 4 and 5. These capabilities alone give the
microcalorimeter a wide range of applications.

To extend the applicability to the just slightly smaller morphological features of
polymer crystals, such as the probing of intercrystalline areas for their glass transi-
tion, variability of melting behavior of crystals in different locations, efc. improve-
ments are needed. A higher-resolution probe for the thermal analysis, as already in
the development stage, is required for better image definition to nanometer-scale res-
olution. Also, to obtain quantitative thermal information from the thermal scanning
and local thermal analysis, new methods need to be developed for temperature sens-
ing and control. For example, if a constant dc and an ac voltage are programmed and
the amplitude of the temperature modulation is measured using Eqs (11) and (15),
then one can obtain more accurate depth profiles from scanning because only the
temperature modulation contains frequency or depth-dependent information as
shown in Eq. (17). Also, the third harmonic signal of Eq. (14), presently not accessi-
ble, could be used to measure the thermal properties without a de voltage input, V*,
as has been applied extensively, as described in [16]. In this case, however, a hot
stage to control the sample temperature will be needed. Again, a temperature-
controlled stage, which would also be of use for other application, is in the develop-
ment program of TA Instruments for 1999.

These basic new developments supported by the equations derived in this paper
should be the foundation for new techniques to change from the present DTA and
TMA applications to true calorimetry. Note, that the term DTA is used for describing
a differential technique that is quantitative in temperature, but qualitative in calori-
metric measurement. The key issues seem to be to develop a tip and measurement
technique that allows to handle Eqs (5) and (17) with a constant, predictable value of
the contact diameter d and a shorter length of the measured resistance wire for the
temperature determination. Next would be the detailed interpretation of phase-angle
and ac-amplitude, where first data are shown in Fig. 6. As soon as quantitative inter-
pretation is possible, many of the TMDSC applications can be transferred to the
microcalorimetry scale. Making use of Eq. (14), it should be possible to use the third
harmonic to study reversing phenomena to the many kilohertz region, as is done by
the so-called 3w method. The TMDSC, in contrast, reaches at present only 0.1 Hz.
Overall, the microcalorimeter is at the beginning of creating a promising field of
polymer analysis not presently covered by any other technique.
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