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ABSIRACT 

A dynamic eIectrotherma1 analysis technique is described, which utilizes dieiec- 

tric measurements for materials characterization. With milligram amounts of sample, 

both capacitance and dissipation factor are measured continuously and automaticahy 
as a function of temperature in a range from - 190 to 500°C. Thus, dielectric proper- 
ties are used for analysis in a way similar to differential thermal analysis. Some appli- 
cations of this technique are illustrated_ 

IXI-RODUCTIOX 

Electric properties, including resistivity, dielectric constant, and dissipation 
factor, are important in evaIuation and use of many materials, particularly semi- 

conductors, insulations, pIastics, and elastomers. However, aside from using such 

electric parameters for performance evaluation, the potential of utilizing changes in 
eiectric behavior as a means of analysis of the material, elucidation of structure, and 

study of morphological aspects has not been we11 recognized. A quick glance at the 
vast amount of literature containing electrical data supports the view that much of the 
information can be used for analytical purposes, and the main reason for not doing so 
may be the reluctance of the researcher to rely on the slow and tedious test equipment 

and procedures presently used in a physical testing laboratory. This situation could 
rapidly change, if a compact, convenient bench instrument should become availabie 

with features of fast and continuorls measurement, flexibility in varying temperature 
and environment, automatic presentation of data, and easy handiing of samples Such 
a dynamic electrothermal analysis (ETA) technique is then used in a way very similar 

to differentia1 thermal anaiysis (DTA) and differential scanning calorimetry (DSC) 
which have been replacing classical calorimetry in numerous applications_ 

Techniques and applications of ETA in the direct current (d-c.) mcde or resis- 

tivity measu-ement have been discussed briefly by Wendlandt’ and Gam2. The use of 
such techniques for polymer studies has been reviewed by Warfield and Seano?. 

*Presented at the 4th North American Thermal AnaIysis Society Meeting Worcester, Mass.. 
June 13-15. 1973. 
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More recent developments on ETA are included in biennial reviews by Murphy’ and 

tMitchell and Chiu6. Undoubtedly, ETA in the d-c. mode is being increasingly used. 
Dielectric measurements as a function of temperature performed in a dynamic 

way or FTA in the alternating current (a.~.) mode are not as common, although a 

large wealth of information is available in the literature reporting such curt-es con- 

structed from manualiy taken points. Only recentIy, several laboratories began to use 
modem thermal instrumentation to obtain thermograms continuously and automati- 

cally upon variation of sample temperature in a programmed fashion. Dielectric 
measurements on acrylics were made at 60 Hz over a temperature range of -40 to 

20OC for elucidation of s*Jucture and stereoregularity’_ Sacher’ studied relaxations 

of poly(ethylene terephthalate) using a continuous recording bridge- Yalof and 
Wrasidlo’ reported dielectric studies to correiate with DTA and other thermal 

methods- Hedvig and coworkers * *- ’ 1 employed a continuous recording dielectric 

apparatus to study polymer degradation, molecular mobility, and curing reactions. 

GaIand ’ = measured dielectric properties of poiymers automatically as a function of 
temperature and frequency_ Other applications of dynamic dielectric measurements 

are reviewed biennially by _MitcheIl and Chiu6_ 
ETA, operated in either the dc or ac mode, has been shown to have the following 

applications: (1) electrical parameters followed as a function of temperature; (2) study 

of physicaI transitions; (3) structure elucidation; (I) study of de_mdations, poly- 
merization, curing, and other reactions; (33 study of effects of moisture, plasticizers, 
fillers, etc_ and possible analysis of these materials in a matrix; (6) miscellaneous 
studies such as &gas adsorption, irradiation, crosslinking etc. With the additional par- 

ameter of frequency, however, the dielectric technique provides more insight to the 

segmental motions of the molecule and re!axation phenomena_ This presentation 

describes the apparatus used in our laboratory for more than three years- Some 

applications will be shown. 

AIthough standard instrumentation is avaiIabIe for dielectric testing, efforts 

have been made to devise special test cells and electronic components to construct a 

comp!ete and compact unit to allow rapid dynamic monitoring of dielectric par- 
ameters as a function of temperature. -41~0, we intend to build an ETA unit as a pIug- 

in module of a commercitiy available thermal analyzer in order to perform multi- 

functions_ In the present work, the DuPont 900 thermal analysis system is chosen 

because of its vextility and easy adaptation. The DuPont system has a 960 ETA 

module on test marketing, which car perform resistivity measurements on powdered 

or liquid samples. Our present sample holder assembly can be readily connected to the 

DuPont 960 to perform resistivity measurements on iiIm samples. 

A block dia_m for the components needed for automatic dielectric measure- 

ments is shown in Fig- I_ The temperature of the sample holder assembly is controlled 

by the temperature programmer in the DuPont 900 thermal analyzer console through 
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Fig. I. Block diagram of ETA apparatus. 

a thermocouple feed-back loop. The sample hoIder assembly is connected to a General 
Radio automatic capacitance bridge, Type 1630-A, which provides digital output 

signaIs of both capacitance (C) and dissipation factor (D) or conductance (G) auto- 

maticaiIy and continuously. This bridge has three fixed frequencies, -120, 400 and 
1000 Hz_ General Radio also markets an automatic brid_ge, Type 1652, with a fre- 
quency of 1 MHz which may be desirable for some types of work. The digital signals 
are visually displayed, and converted to anaIog signals by General Radio Type I 136-A 
D!A converters or equivalent such as slightly modified Hewlett-Packard 580A con- 
verters. Both capacitance and dissipation factor are then recorded on a Moseley 
136-A X-Y-Y recorder_ The sampIe holder assembIy is connected to the DuPont 900 
thermal anaIyzer through an isothermal time base accessory (DuPont Cat. No. 
900433). The temperature signal is taken from this accessory and fed to the X-Y-Y 
recorder. The reference junctions of the sample and the control thermocouples are 
placed in an icepoint reference standard unit (Type 2110, Joseph Kaye & Co., Cam- 
bridge, Mass.) to maintain a constant temperature of 0.01 “C automatically. 

A schematic drawing of the sample hoider assembly is shown in Fig. 2. It isbuilt 
around a DuPont 941 thermomechanical analyzer (TMAj moduie to utilize its heating 
system and temperature control- An electrode assembly with details shown in Fig_ 3 . . . 
replaces the original TMA probe. The TMA transducer is not removed, however, thus 
providing a potentia1 for stimulaneous TMA-ETA. A Dewar larger than the one 
supplied with the TMA unit is required to accomodate the present ETA assembiji for 
low temperature operations, and is shown in Fig. 4. A sampIe disc of a diameter of 
3 inch or smaller, either siIver-painted or pIain, is sandwiched between two stainless 
steei electrodes. If contamination of the electrodes is expected, an aiuminium or tin foil 
disc is placed between the sample and the bottom electrode, and a standard aluminum 
sample pan used for DSC is placed between the sample and the top eIectrode. A 
suitable weight, normaliy 10 g, is positioned in the overhead tray to press down the top 
electrode against the sample. A thermocouple positioned cIose to one side of the sample 
provides accurate measurement of the sample temperature. A purge gas can be applied 
through a gIass tubing into the sampIe chamber. The lead wires from the ekxtrodes to 
the bridge are Teflon-insulated and shielded. Both the stainless steel screen, shielding 
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Fig_ 2_ S&err~tic diagram of EfA sampk holder assembly. 
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Fig. 3. ETA electrode system. 



Fi_e 4. Cooling dewx for FTA sample hoIder. 

the sampIe chamber, and the cooling Dewar are grounded to prevent transient currents 

and electrica! disturbances. The procedure for temperature control is essentially the 
same as that of T,MA_ 

RESULTS ASD DISCI3SIOS 

A standard sample of potassium nitrate (Reference Material Xo. 756 from U.S. 

KationaI Bureau of Standards) ~-as anaIyzed by our ETA technique to check the 
temsrature accuracy of the apparatus_ The thermogram with dissipation factor and 

capacitance piotted simuhaneousiy as a function of temperature is shown in Fig. 5. 
The cc-stalline transition observed at 129X apees well with the NBS average DTA 
value of 130 ‘C and the thermodynamic value of 127.7’C. The crystilline transition 

and the melting transition of potassium nitrate are readily observed by DTA. How- 

ever, =A reveakxi some compIexities oi the crystalline transition, which could be 
attributed to disordering of the nitrate groups as suggested by Fermor and Kjekshus13. 

Also, a trzxition was detected by ETA at -2032, which could be the same one 

observed at ca. -6O’C by Fermor and KjekshusIS. 
Poly(ethyIene terephthalate) is a very interesting polymer for thermoanalyticaI 

qudies, incIuding DTA and electrical measurements. Our ETA technique is particu- 
Iarly useful because of its small sampIe requirements, automatic and co&nuous 

recording, and thermal treatment in situ. Typical ETA scans (only dissipation factor 

curves shown), for a commerciaI MyIar ;r film used for engineering drawing are shown 
in Fig_ 6 for samples as received, quenched in liquid nitrogen from the molten state, 



Fig. 5 (left). ETA scans of KNOJ. Sample weight, 90 mg; sampie dimensions, 0.8 x 9 mm diameter; 
heating rate, IO’C min- ‘; frequency, J KHz; recorder setting, 20 mV in-‘. 

Fig. 6 (right). ETA scans of poJy(ethyJene terephthaJate) films. SzmpJe weight, 10 mg; sample 
dimensions, 0.1 X 9 mm diameter; heating rate, 10°C min- ‘; frequency, 1 KHz; recorder setting, 
20 mV in- I_ 

and sIowIy cooIed at 1 “C min- 1 from the melt, respectively. Obviously the various 
transitions observed are highly dependent on the pretreatment. For comparison, 
corresponding DTA scans obtained by a DuPont 990 thermal anaIyzer with a DSC 
attachment are shown in Fig. 7. Five regions of transitions were observed and marked 
on the thermograms in Figs. 6 and 7. Region A represents melting, and region El, cold 
crystaI.lization ol’ the polymer. Most workers agree that the gIass transition or 
z-reIaxation occurs in region C, involving micro-Brownian motions in the amorphous 
phase of the- po!ymer. However, interpretations vary for the /?-processes broadly 
including tempelature regions D and E’ ‘. DTA does not provide any useful informa- 
tion in these regions. &TA shows wo distinct loss peaks centering at temperatures of 
20 and ca. -WC, respectively, the intensities of which are highIy dependent on 
thermal treatment. Sacher’ 6 resolved a broad loss peak in this region into two com- 
ponents, using a DuPont 310 Curve Resolver, and named them /3r- and &relaxations. 
These two processes were generally assigned to motions of the carboxylate group and 
the glycol linkages, respectively * ‘*’ 7. Recently, however, Sacheris proposed that these 
Iocal mode relaxations arise from cooperative motions of several repeating units 
involving the trans and gauche isomers of the gIyco1 Iinkages. Sacherr also suggested 
an additional frequency-invariant loss in the gIass transition region which could be 
visualized in our ET’A scan. 
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Fig. 7 (icft)- DTX scans of poIy(cthy!enc tcrcphthdzte) fiims. Ssmpic weight. 5 mg: heatins rate. 

IO -C min- ’ ; rcfcrence, empty aluminum pan; 3 T sensitivity. 0.5 ‘C in- ‘_ 

Fig. S lright)_ DTA scans of fhorocxbon polymers. Sarr pie tvci::ht, ca. 10 mg (except PEl: heztin_r 
rate. 10 -C min- ‘: rcfeiencc. empty duminum pan; lTzcnsitivit~-. 0.5 C in- ‘_ 

A group of fluorocarbon polymers with increasing substitution of hydrogen 

atoms in pal>-ethylene by fluorine WLIS analyzed by ax-era1 thermal techniques inciud- 

in$ ET.4. The samples included linezr poiyethylene (LPE), polyivinyl fluoride) (PVF), 

pol_v( vinyiidene fiuoride) (PVDF), a I j I ethyiene-tetmff uoroethylzne copolymer 

(E TFE). and polytetrafluoroeth_vlene (PTFE). As shown by the DTA curves in Fig. 8, 

each polymer shows its chzxxteristic melting endotherm at a certain temperature 

u-hich cm be used for identification. However, identification based on meIting point 

is by no means spexifk. Any other polymer with similar melting temperatures cannot 
be distinguished: for instance, pol_ypropylene melts in the same temperature region as 

pal>-(vin_t-lidene fluoridej. Melting temperatures can aIso be altered by the presence of 
either internal or estemai piasticizers. Weight loss curves obtained by DuPont 951 
thermo_rrravimetric anaI_yzer, showr in Fig_ 9, provide additiona characterization_ 

Polymers such as poIy(vinyIidene fluoride) behave quite dilKerentIy in thermal decom- 

position = compared with polyethylene or polypropylene_ The polyolefins are com- 

pletely volatiIiz& while poly(vinyIidene huoride) produces a carbonaceous residue 

which can be colmbusted in the presence of air. Again, the thermo_~vimetric tech- 

nique has its limitations. For instance, it does not distinguish poIy(vinyIidene fluoride) 

from a carbon-filled polyethylene. In cases Iike this, additional dielectricmeasurements 

can be v-cry helpful. As shown in Fig_ 10, the more polar poIymers, poIy(vinyIidene 

fluoride) and poIy(viny1 fluoride), show characteristic diekxtric Ioss peaks, clearly 

distingui;habIe from the relativeiy featureless and low loss curves of the other fluoro 

carbon poIymers_ 
The diehxtric behavior of poIy(vinyI fluoride) has been reviewed by McCrum 

et aLis. The authors summarized previous dielectric and mechanic4 data, and sug- 
gested a hi&-temperature sc-peak or @ass transition above room temperature and a 

low-temperature /I-peak at ca_ - 20 “C due to local chain motions_ Sacher” disagreed 
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Fig. 9 (Ief:) TG scans of fluorocarbon polymers. Sample weight, 20 mg; heating rate. 5’C min- ‘; 
atmosphere. nitrogen flow at 60 ml min- ’ ; sensitivity, 4 mg in- ‘. 

Fig. 10 (right). ETA scans of fluorocarbon polymers. Sample weight, IO-20 mg; sampie dimensions, 
0.1 x 9 mm diameter. heating rate. IO’C min- * ; frequency. I KHz; recorder setting. 20 mV in- I_ 

with this conckion. and assigned the hish-temperature process to a d-c. conduction 

mechanism, and the Iow-temperature process to the @ass transition_ Our ETA scans 

indicate the presence of a broad low-temperature Ioss peak in the range - 1X--5O”C, 
probably including overlapFed peaks at ca. -25 and OT, respecti\ceIy? and also a 
high-temperature Ioss peak beginning at ca. 55 “C with an overlapped peak at ca. 70 ‘C. 
These results, combined with DIA curves shown in Fie. 1 I, seem to support Sacher’s 

assignment, and indicate a glass transition at - 25”C, a first-order transition at 5O”C, 

_graduaI melting at hi&er temperatures, and Iocal motions at temperatures below 

- 25 32. 

Fig_ I I (left). DTA scans of poly(viny1 fluoride). Sample weight, 5 mg; heating rate. ZO’C min- *; 
reference. empty aluminum pan; .IT sensitivity, 0.5 “C in- r_ 

Fig. IZ (righr). DTA scans of poIy(vinylidene fluoride). Sample weight. 5 mg; heating rate, 
ZO’C min-*: reference. empty aluminum pan; ~ITsensitivity, 0.5’C in- I. 
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McCrum et aZ_ ’ ’ also discussed the two dielectric relaxation regions for poly- 
(vinylidene fluoride)_ The low-temperature loss peak in the range - 10 to -4O=C was 
attributed to the glass transition, while the high-temperature peak above room temper- 
ature was associated with the crystalline phase- More recent workzrWZJ established 
four regions of relaxation for poly(vinylidene fluoride), namely, molecular motions in 
the crystalline phase for the B-form above IO0 “C, molecular motions in the crystaliine 
phase for the z-form at ca. 7O”C, micro-Brownian motions of the amorphotis main 
chains at ca_ -20 to -4OC, and Iocal oscillations in the amorphous region below 
-4WC. All these four processes are shown in the ETA scan in Fig. 10. A comparative 
DTA scan is shown in Fig. 12. Thus, our ETA and DTA results indicate the behaviour 
of poly(vinyl fluoride) closely parallels that of poly(vinylidene fluoride). 

A potential application of ETA is in discrimination between copolymers and 
homopolymer blends. This is illustrated by styrene and methyl methacrylate polymer 
systems Figure I3 shows dissipation factor versus temperature curves for polystyrene 
(T’S), polymethyl methacrylate (PMMA), a blend of 4Oj60 PS-PMMA, and a 4OXiO 
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Fig. 13. ETA seas of poI,vstyrene-poIy(methy1 methacrykttej systems. Sample weight, ca. 10 mg; 
sample dimensions. 0.1 x 9 mm diameter; heating rate, IO’C min- ‘; frequency, 1 KHz; recorder 
setting. 20 mV in- *_ 

styrene-methyl methacryIate copolymer. The dielectric Ioss of polystyrene is very low, 
and its ETA scan is essentially featureless. The ETA scan of PMMA clearly shows the 
a-relaxation or glass transition, and the #l-transition due to motions of the polar side 
chains’ 5_ ETA aIs0 provides a means to determine the plastic ff ow temperature above 
the glass transition for amorphous pol_ymers which is not detectable by DTA. The 
ETA scan of the physical blend of PS and PMMA shows simpIy the summation of the 
scans of the individual polymers. However, in the case of the copolymer, ETA shows 
a small depression of the a-transition temperature, but a large depression of the 
8_transition, thus resulting in a much enhanced resolution of the two Ioss peaks. The 
intensity of the a-transition is aIso increased. These features can ‘be used to distinguish 
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a copolymer from a blend. DTA detects on!y the z-transition, and cannot distinguish 
among PS, PM-MA, their bIend, or copolymers. 

A technique for dynamic electrothermal analysis based on dielectric measure- 
mcnts has been described, and can be readily adzptcd to commercially avaiiabIe 
thermal ana1yzei-s. Such an electrothermal technique is not a differential measurement, 
and, therefore, is not subject to heating rate restrictions, sloping baseline problems, 
reference material requirements, etc. The sensitivity of ETA is orders of magnitude 
higher than that of DTA in many occasions. The added dimension of dielectric 
relaxation associated with structure should provide a vaiuable tool for materials 
characterization. 
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