
SIMULTANEOUS DIELECTRIC ANALYSIS-DIFFEF&NTIAL THERMAL 
ANALYSIS OF SOLID MATERIALS* 

A novel technique has been developed wherein dielectric analysis (DA) and 
diff’tial thermal anaiyis (DTA) are performed simultaneously on a sir&e test 

mate&L The speed of data acquisition and the range of frequencies and temperatures 
that can be investigated in a singIe experiment are far beyond the capabilities of 
conventional techniques- The frequency zange for diektric measurements can be 

pre-sekcted in fixed steps over the range l-10’ Hz DA and DTA m easurements are 
carried out over the temperature range 2SSOO”d. The present technique, which 
features extensive automation in data acquisition and processing, is iUustrated by 

pre~measure ments on Colorado Green River oil shale_ The restilts indicate 

that a combined use of DA and DTA techniques yields useful information for 
ehrcidation of thermal decomposition and phase transformation mechanisms. 

Sample heterogeneity and compositional variations inherent in naturally 
eg materials like shales and minerals pose special problems in studying their 
physico-chemical behavior and lead to difiicuhiesin the correlation of resuIts obtained 
from one experimental technique with those acquired from another. It is, therefore, 
desirable to perform simultaneous me&xements on such materials. Very often a 
definite advantage is gained by the more complete information derived therein by such 
an approach; the utility and inadequaoy of the measurement of one property of the 
material is complemented and compensated by a simuhaneous measurement of 
another property of the same sample. The thermal and electrioai properties-- of a 
material-are extremely important in the characterization of its phy&o-chemieal 
behavior_ Two techniques which_ are~extensively employedfor the study of these _ 

properties are differential thermal analysis (DTA) &d dielectric &aIysis (DA$fr 
This paper describes the realization and utilization of an apparatus whii;h feature--- 
simultaneous application of the two techniques on &ingIe specimen_ The apparatk _T_ 

__ _;. _.-: 
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features a novel method of measurement of the diekctric properties as a function of 
both temperature and frequency; the measurement speed, amount of data, and the 
range of frequencies and temperatures that can be spannd in a single experiment with 
this method are fru beyond the capabilities of conventional bridge techniques_ The 
technique of simultaneous dielectric and differential thermal analysis is illustrated by 

preiimim measurements on samples of Colorado Green River oil shale_ 
Green River oil shaie has been the subject of several investigations by thermal 

analysis techniques’ - *_ Simultaneous appiication of DTA with thermo,gravimetric 

anaIysis (TGA) and evolved gas analysis (EGA) has been carried out by Smith and 
Johnson* with a view to studying the decomposition of the organic and mineral matter 
in 03 shaIc_ Howcvcr, oil shale is a cornpIes heterowus material; it exhibits 

temperature-dependent behavior which is difficult to characterize using conventional 
thermal analysis techniques_ For example Tiit’* 6 reports a transition below the 
retorting temperature during which oil shale at first loses, and then regains structural 
stren_@h_ Sign&ant variations in other properties Iike the thermal conductivity, 

expansion cczefficient, d_c_ electrical conductivity and ac e!ectrical impedance have 

also been obse~ed by DuBow et aL7- a at temperatures corresponding to the 
decomposition of the orpanic matter in oil shale. Therefore, with this and other 
evidlence becoming avaiiabIe in the past few yw it has become incre2singiy apparent 
that there is a need for other techniques in addition to DTA and TGA, in order to 

fully character& thermal decomposition and phase transformation mechanisms, 
es-y in nsadIy axun-ing mattriaIs_ 

One technique which has been rather neggected by thermal andysts is that of 
dielectric analysis_ This is somewhat surprisin g, especialiy when one considers the fact 
that the ability of this technique to “%eeW things on a microscopic level offers a number 

of advantages in the interpretation of DTA and other thermal analysis datz For 

e_xamp!e, changes in symmetry arising from a phase transformation, possibly. but not 
necwsarily, brought about by a decomposition process, may bring about a change in 

the rotational freedom of a molecule or ion with a resultant change in thepolarizMity 
and hence the dielectric properties. Correlation of such information with the thermal 
data from DTA or TGA could be valuable in formulating an overzIl mechanign for 
the reaction of interest_ 

In the light of the above, an apparatus which can perform simul~us DA and 
DTA on a single specimen, would be extremeIy usefix& particularly in problems 

related to the study of natural materials. Accordingly, this investigation was under- 
taken with a view to (a) developing a suitable apparatus for the simultaneous applica- 
tion of D-4 and DTA, (b) illustrating the utility of the technique by m easurenlents on 

Colorado Green River oil shale, and (c) uxrekting the thermal and dielectric behavior 
of these oil shaIes_ 

A schematic view of the apparatus for DA-DTA is shown in Fig. i. r _ 
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The main components of the experimental arrangement for simuhaneous 
DA-DTA employed in the present investigation are detailed below_ 

F-_ The fbnace used in the present investigation is a vertical type with a 
tub&r heating chamber and is shown in Fig. 2. It uses KanthaL heater elements 
wound on two semicircuIar aramic cores. A, the heater wires, are insulated from each 
other and from other metailic parts, by a thick coating of ahmdum cement (Fisher 
ScientiSc Co.). The two heating co= are bolted onto a circ&ar asbestos sheets, B (II;! 
ia,IOin_diameter)soasto forma~~dricalheatingchamber6in,highand6ia 

diameter- The space between the heating core and the inner steel casing, C, is packed 
with low-density insulation material composed mainly of vermiculite_ The inner 
circular casing (19-S in o-d) is made of 1/4 in-thick stainless steel; it is fixed to the 
heating core by tight-fitting asbestos sheets, D and B, at the top and at the bottom 
(see Fig 2)_ The electrical connections for the furnace are drawn out tbrougb the 
bottom asbestos SW B, through ceramic insulators. The space between the asbestos 
dripand~bouompLateofthcinnerstainIessstetl~giSagainpackedwith 
asbestos powder and vermiculite insuIation, The control thermocouple, E, is located 
in dose pro_ximity to the heater winding for efficient temperature control The outer 
shield for the furnace, F, (height 12 in., diameter 12.5 in.) is made of ahuuiuum sheet 
1_125in~ck,~columnofairseparatingtheoutershieldfromtheinnerstainless 

stetl casing provides good thermal insulation for the furnace. Ho& are drihed in *he 
alumiuum plate, G. at the bottom and in the lower asbestos sheet of the furnace for 
eLectrode co~ections and gas outlet The Large mass of insolation surrounding the 
heater chamber is effective in providing a good thermal stabihty. Convection cooling 
at the top end cf the hot zOne and “end-eff&ts” are - . - rd by the asbestos 
insulation at the top, the column of air above the hot zone and by the ahuninnm sheet, 
H, at the top_ l-he maximum power rating of the furnaoc is24kWandtheunit 
operates on a 1 IS V a_c_ snppIy_ 
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Fig. 3. Sample all for DA-DTA 

SampZe vessel. The sampIe vessel used in the study is made of stainless steel and 
is illustrated in Fig 3. The main factors that have been taken into consideration in the 
design of the sample vessel are 

(a) toallowarangeofsampIesizestobe& 
(b) to permit dynamic gas atmosphere to be eniployed and effluent gases 

dilned 
(c) to allow static controlkd atmospheric operation 
(d) to permit sample supports to be interchanged to accommodate different _ 

types of samples 
(e) to have the temperature to be recorded chosen from one of the following 

points: sample, reference or the sample-holder wall 
(f) to support the sampIe in such a manner that both DTA and diekctric 

measurements can be made at the same time and 
(g) to facilitate convenient handling and maintenance of samples, ekctrodes, 

thcrmocuupks and other co~ections. 

Thedimeasions ofthesamplevesselare~sltchthatitfitsexactlyinsidethe~~~ 

chamber of the Wnace. The outlet for the sweep gas and for the c&anst gases, 
consisting of a stainless steel tube (length 10 irt, 0.d. l/4 in, i.d, l/16 in,) welded to 
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the bottom of the vessei, passes through holes in the Iower asbestos sheet, B, and the 
bottom pfate, G, of the furnace and fits inside a copper tube connected to the ex!xtust 

manifold Swag&& fittings are provided at the bouom plate of the vessel and a!so on 
the lid for guiding the electrodes The e!ectrode leads consist of 26-gauge silver wire 

heid in place inside ceramic insulation tubes (11’4 in. o.&, Coors forcetin Co., 
Golden, Colorado) by Saw&en iusu-!ate Adhesive Cement The leads are co~ected 

to Mone! e!ectrodes (l/2 in. diameter, I,14 in- tick) by suitable threading. The 
arran_sment of the samples and reference discs inside the vessel is such that the Monel 
p!ates with the ceramic support tubes serve bo& for ho!ding the specimens in place 

and also as electrodes- The Iower support tubes are heId in pIace by quartz spacers 
(I[2 in. diameter) which are held in place over the electrode guides on the base plate 
of the sampIe verse!_ The lower support tubes fitting in&e the spacer tubes are 

inserted into the guide fittings and out thou& the bottom p!ate, G, of the furnace. 

The support tubes at the top are passed t!xou& a thin stainless steel strip bolted to 

the sides of the sample vessel- Cempression springs made of hi&-temperature a!Ioy 

steel (_AAAA Specialties, Denver, Colorado) are slipped over the support tubes at the 

top and are held in place by the stainkss steel strip_ The springs exert a force down- 
wards on the Mone! plates and hold the sample and reference discs in p!ace_ The 

springs are electrica!!y insu!ated from the electrodes by abestos O-rings. 

The lid for tie sampIe vessel consists of a circular stain!css steel plate with 

hofes driikxi in it for electrical and thermocouple connections. The lid can be bolted 
tightly to the sample vessel and an asbestos _aket between the !id and t!xe vessel 

prevents Ieakage of sweep gas and reaction _m during operation. The in!et tube for 

the sweep ~2 consists of a stainks steel tube welded onto the! Iid 
In a typical operation, the sample vessel is inserted in place inside the heating 

chamber of the furnace Electrode connections are made at the bottom and the gas 

o&et tube is connected to the ez&aust manifold. The sample and reference discs are 
slipped in between the Monel piates- Specia! care is taken to see that the sample and 

the electrodes are properly aligned- The thermocoupie co~ections from the sample 

and referwce discs are taken out through the holes in the !id_ The upper support tubes 
with the electrode Ieads are inserted through the hofes in the lid which is then bolted 
to the vesse!_ Connection of the sweep gas supply to the in!et tube and hook-up of the 
therma! and electrical leads to the appropriate panels comp1et.e the cycle of operation. 

Loading the sample and reference discs and preparing the unit for operation typica!iy 

takf2s about fifteen minutes_ 
73x e!ectrodes with t!xe support tubes can be removed after an experiment and 

the sample vessel c!eaned by removing the stainless steel strip at the top. A!! parts of 

the sample vessel are grounded to avoid elect&xi noise and problems due to stray 
current pa&. The stainless steeI vesse1 also sewes as an effective shieId for 60 Hz and 
other stray electromaguetic radiation_ The vesse! is e!ec&ricaUy insulated from the 

heater elements by ahmdum cement and by a thick asbestos gasket at the top. 

Temperature controller adprogrammer_ The temperature contro!&r and pro- 
grammer wed in the present inve+a&n is a modified De!lWherrn Iii CT&hn&l 



Esnipment Corporation, Denver, Colorado) unit Extensive modScations have been 
made on the original programmer to (1) enable it to operate on a simultaneous 
DA-DTA mode; (2) drive the famace described above; and (3) provide additional 
power required by the use of a Larger Ioad. _ 

The programmer is capable of bea6.n~ rates ranging from OS-1O”C/min. 
However, the power requirements of the DA-DTA &mace are such that heating 
rates higher than S”C]min seldom give good linearity and reprodutibility. This, in any-. 
case, is not critical since high heating ra*W cannot be employedin DA-DTA. The time 
required for the swept frequency dielectric measurement at a particular temperature 
sets a natural limit for the heating rate that can be employed. 

-_ - 

Most of the experiments in tha present investigation were carried out at a 
heating rate of 2_YC/mia The total ampli%ation of the ampli&r-reco rder combi- 
nation for the differential thermocouple output is tijustable in fixed steps from 0.05 to 
1oqii 

Gaspr&eating andfiwing afmosphex opermion. The problems of oxidation 
and combustion encountered in studies of naturally occurring fuels and Gmilar 
mate&Is rxcessitate efficient control of the atmospheres prevailing over the samples. 
The exothermic reactions in air arising from oxidation and combustioo of suCti _ 

materials dominate the thermal record, precluding the discovery of any additional 
informationg_ Atmosphere%ontrol requires prompt removal of product gases from 
the entire sample and their replacement by the selected gas. If the products are not 
removed promptly, a non-reproducible self-generated atmosphere re~&*~- 13_ The 
disastrous consequences this has in studies on oil shale and related materials have been - 
poiad out ill previous studies’~* 15. 

The schematic for the flowing gas control used in the present investigation is 
shown in Fig_ 4, The gas preheating arrangement is designed primarily for very high_ 
flow rates where problems due to irreproducible heating rates and non-uniform 
temperature gradients are inherent. The gas heating system is shown in Fig. 4A and 
the associated electronics in Fig_ 4B- The gas from the main supply line enters an 
inlet thin-wahed tube made of stainless steeL The inlet tube is fitted to the bottom of a 
ceramic tube (1 in. diameter) packed with 114 in- diameter stainless steel ballbearings. 
The Outlet tube, also made Of staidas steel, is COMCCkd to a flow meter through a 
valve. The ceramic tube is heated by a smah resistance huter (Technical Equipment 
Corporation, Denver, Colorado) which is electronically coupled to the m&n furnace_ 
The oeramic tube and the stainless steel ball beariugs provide zood heat transfer 
between the hot solids and the incoming gas and also a long pathler@ so that the 
gas coming out is essentially at the same temperature as the heater system. The control 
thermocouple for the gas-preheating system is 3ocated between the ceramic tube and 
the heater v&xi& 

A bIock diagram of the circuit for the preheating unit is shown in Fig. 4B. The 
unit essentially consists of a proportional controller driven by an error a.mpli&r. The 
controlLer tracks the temperature of the main furnace and accordingly supplies the 
required amount of power to the gas heater- The error amplif&x has a gain of 10" and 

- 
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an error signal of 1 V drives on 95% of the maximum power to the heater. At the 
highe5t fiow rate employed in the experiment (- 150 mi/min), the diEerence between 
the furnace temperature and the gas heater temperature is fess than 1%. 

Elecm’eol imperi;mtc measurement apparatus. A Hewlett-Packard Modti 3320B 
fixqueaw synthesizer provides the skusoidal source used in the present investigation. 
Remote controi is ascomplish& by 8080 control of the BCD data lines. 

Measurement of the changes in the amplitude and phase of the sinusoidal 
signal, after me througk the test piaferiaz is carried out by a HewIett-Packard 

Model 3575 A Gain-Phase Meter. The fkequency response of this instrument extends 
from I Hz to 13 -MHz in four overlapping frequency ranges Remote control operation 
and automatic acquisition of gain-phase values have been facilitati, with the aid of 
an 84380 miixoprazesso r and HP 2100 minicomputer. Details of th& operation and the 
control programs are discnssed ekewhen+_ - 

m_ 

Theimpcdanccmeasuremen t for-dielectric analysis is Lsed upOn the determi-. 
nation the phase sbifk and attenuation (gain) of a sinusoidal signaI ss.itis’+cd 
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Fw 5. Data ikw for didaztrk analysis. 

through the sample- Using the attenuation and phase shift data, the element values of 
an equivalent circuit consisting of passive electrical components are determined. 
From these element valnes, the equivalent dieleztric constant E’* loss l-&gent tan 6, 
and condtxtitity cr are determined. Figure 5 shows the da& analysis path. 

After the attenuation and phase angle at a given frequency are detezzzhedj these 
data are transmitted to a EP 2100 minicomputer through an HP 8080 mi~opqcssor 
system, Following this data transmGon, tlie microproceso r signals the-sinusoidal 
Sig&ilsOurCetoin- the fixquency by a presehxted-increment_ _-- 

Duta acquisirion and processing. Data acquisi~oxi for- diekctric anaIysis is 
completely auto- programs have been d&loped fdr tinversion of raw expexi- 
mental data to -.-that -can- be directly correlati with work previ&slyI- 
reported in the &r&me. The paraxneierq e’, 8, tan 16 and 4 as a hmction of fi-eqtien*P 1 

-I 
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m and temperature are either printed out on a Centronics Model 503 Printer (Cen- 

tronics Data Computer Corporation., Hudson, New Hampshire) or plotted on a 

Model 721OA Hewlett-Packard Digital PIotter- 
The DTA curves are recorded either on an omnieraphic Series 2-34NM two-pen 

strip-chart recorder ~Houston Instruments, Bellaire, Texas) or on a Hewlett-Packard 
Model 7004B X-Y Recorder_ The strip-chart recorder has chart speeds ranging from 

0.05 to 20 in./min DTA curves are rccordai as a function of time on the stripchart 
recorder, one channel being chosen for dT and the other for 7&. This mode of 
recording is decided?y superior to dT vs- Trd cucye~~~. 

Sampk prevalion 

The technique of simultaneous DA-DTA developed in the course of this 

investigation is illustrated by preliminary measurements on Colorado Green River 

oil shale- 
The sampfcs of oii shafe for the measurements have been gathered from the 

Par&o Mine, just west of Rifie, Colorado. This mine is hxated in the Piceance Creek 

Basin in the hfahogany Zone ’ * _ T&e seLection of samples has been designed to cover a 
wide range of grades; care is also taken to scicct samples which are crack-free- The 
rock specimens are first cored to 7/8 in, diameter eylindricai sections using a drill press. 
The cyhndricaI sections are then cut to 1/4 in--t&k discs using an automatic-feed 

diamond saw (Raytcch Corporation, IO in_ type L-105)_ 

Pro&e 

The sample and reference discs are first loaded in the sample vesseI_ Therm+ 

couple connections are then made, care being taken to insure that the wires are 
properly in plac+ in the discs- The electrodes are then connected to the frequency 

SyntheSizer and gain-phase meter through coaxial cables- The gas suppiy is turned on, 
and the valve to the flowmeter is adjusted to obtain a preselected flow rate of the 

sweep gas_ The system is thoroughly flushed with the inert gas for about twenty 
minutes_ The heating rate on the programmer is then set at the desired level and the 
recorder-amplifier ranges are set for the DTA scan- The upper temperature limit of 
the scan is chosen and the system is switched on_ WhiIe the various instruments are 
warming up, the computer is readied for opeation and the programs are loaded into 

the computer from a CRT termina1 (Learseigler LS 13) for the-swept-frequency 

gain-phase measurements. The number of frequency points to be scanned in each 
decade is presekzcted and loaded into the 8080 microcomputer. ‘Ihe settling times at 
each frequency are alsO pred&xmin~ After the heating of the sample and reference 
is initiated, a complete frequenw spectrum of the gain-phase values is scanned at 
various temperatures_ The scan rate cazl be adjusted; a typical scan rate is 3 min from 
1 to 10’ Hz The temperature at the start and end of each scan is aIso recorded. In 
order to rninim& rapid changes in temperature during a gain-phase measurement, it 
is important to employ low heating rates for the DTA nxasnrements. Very Iow- 
heatingrates, ofcourz_giverisetoDTApeakshigh inresoh~tion butw_eakir&eruity. 



A compromise is, therefore, sought between the minimum sensitivity that can be 
. obtained for the dif&rential temperature and the highest heating rate that cari be 
emptoyed for DA measure ments. A heating rate of ZS”C/min has been found to give 
reasonably good restdts for simuhaneous DA-DTA. An average of about twenty-five 
temperatures are selected for gain-phase m easurements for each DA-DTA eXperi- 
ment; the number and frequency of.&ns depends on the thermaI behavior of the test 
material as evidenced by the simultaneous DTA data and aIso by the rate of change 

of the gain-phase values that is observed as a function of temperature. The operator 
can examine the gain-phase data being processed by displaying the results on a 
graphic terminal or other output device. The anaiog output of the gain-phase meter 
can aIso be recorded simultaneously on an X-Y or a strip-chart recorder as a function 
of frequency. Usually, the gain-phase values are monitored more frequently in a 
preliminary scan of an unknown test mater&L A particular temperature range of 
interest can then be selected from the DTA curves, for a subsequent detailed insesti- 

gation. DTA in an isothermaI mode as a function of time is also auother interesting 
possibility. The variation in the parameters as a function of time, during the course of 
a thermal decomposition or phase transformation, can thus be monitored. 

Gain-phase results from each scan are recorded on a moving head disc. Data is 
organizd into f&s in computer memory for reduction by automatic anaIysis pro_-. 

RESULTS AXD DISCUSION 

Figures 6 and 7 show representative DTA curves on Green River oil shale 
obtained with the apparatus described above. These curves were obtained siiultane- 
ously with the DA carried out on the same samples (see Iater). The thermal decompo- 
sition of the organic matter in the shale is seen to be endothermic in nature and takes 
place in the range 40CL_W°C. It must be noted that the Lmmposition temperatures 
are markedly dependent on the source and.type of oil shale. Considerable variations 
have been observed in the temperatures corresponding to the decomposition of the 
organic matter, the peak temperatures in some cases as low as 350°C. The thermal 
and depositionzd history of the sample is, therefore, of extreme importance for their 
useful characterizztion by DTA. The splitting of the endothermic peaks in Figs. 6 and 
7 seems to indicate that the thermal decomposition of the organic matter in the shale 
is a multistep process. The small peak at 352°C possibly arises from the thermal 
decomposition of anaIcite, initiaily present in the shaIe. This assignment is consistent 
with the resuhs of previous work on the thermal characteristics of anaIcite’g. None Gf 
the oil shale samples examined in the present work shows significant amounts of 
nahcolite, as evidenced by the absence of peaks in the range MI-200*Cz0. _ 

Figures 8 and 9 depict the behavior of the dielectric constant of a 66.7 gal per 
ton-.(&t) shale -as a f&&ion of temperature and frequency. SimiIar behavior is 
observed for other grades. The di&zctric constant is seen to decrease from a r&tiveIy 
high value at low frequencies to a Iower vaIue at high frequencies. In addition, the 
didectric constant is seen to initially decrease with increasing temperature; However, 



atabont250=C,theditlectricoonstantisstcntobcginincnasingagain,.parti~y 

at lower frequ#cics At temv when2 s&n&ant amounts of organic c&corn- 
position ocun-, the few ii-equcxxy diekxzric constant attain+ valuei @pixiching the 
low tempcratnrt vaiues Howe3fcr, the faRoff with frcqacncy .is more’_xapid. Die 
origins of this &kct arc as yet not WeiI undtrstood, Pore pressure efiixisazld~ 

-. _- 
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DlELEciBlc A.Z.ZYSI!S OF CREELS RiVER OIL SHALE (37 @) 

0_I00 x w 
0_4a x 10’0 
0236 x IO’0 
oao x 1w 
0369Xlog 
o-963 x 107 
0.113 K IW 
0.805 % IO5 

0.161 x lo-~0 1854 
0.163 x 10-O 18.90 
0.164 x IO-‘0 1891 
O.Ixl x’ IO-*0 I721 
O.I42 x IO-‘* 16Z 
0.134 x IO-‘0 15.35 
o.su8 x IO-~0 1239 
0552 % IO-‘1 6.35 

I-831 0.098 
O-829 oB43 
O-776 0.041 
0.382 O-022 
1240 O-076 
1.901 0.124 
3.113 0251 
2410 O-380 

0.102 x lo-xo 
0231 x 10-J 
O-432 x 1 O-10 
OL2I2 x 109 
0276 x 10-s 
0.106 x IO-’ 
am2 x m-‘ 
0x26 x IO-~ 

minczils’ ‘, a sharp dccnxse in dkkctric constant at low frequencies and a very 
-gradual decrease with incre2sing f;requenq at hi* &qucncy values- The high 
values of the Zow frequency dickctxic constant found for the oil shale sampks may be 
explained in terms of the Maxwe%Wagner theory for~interf&cial poIa&ati~n*~. The 
presence of semiconducting cIay particie~ which give rise to a membrane e&c& might 
also account for the large values of diekctric constant23, The da% shown in Tabk 1 
also reytal a sharp increase in the a-c. conductivity with increasing f%equency. This 
behavior is consistent with previously published Gork oxi the &ctrical properties of 
Emestone, mari and dolomi&‘, which show that the lower the-water content and/or 



the higher the resistivity of the material, the greater is the decrease in the resistivity 
with increasin g frequency_ The water content of oil shale is variabIe; however, it 
seldom exceeds 6-10 “/_ which is weli within the limits observed for sedimentary rocks 
which exhibit similar dielectric behavior. 

The nature of dispersion in the Ioss tangent (tan 8) observed in oil shale is 
typically as shown in Fig lo= which depicts the frequency-dependeut Ioss tangent for a 
26 =gpt sample- The presence of a broad peak at Iow frequencies (-c 100 Hz) is intei- 
preted in terms of interfacial polarization effects_ The occurrem% of secondary n&ma 
in tan S at higher frequenCes, which is.obsexved only at high temperatures, is also 
significant The peak of these maxima shows a pronounced dependence on tempera- 

ture, shifting to higher frequencies with increasing temperature_ It is pokible to extract 
acfivvation energGzs for dipole reh3xation processes tiom such temperature-dependen~ 
behavior_ Zn XWS&&G as he%erogeneous and complex as oil shale, the tide range uf 
relaxation times significantly complicates the interpretation of these data. The 
dependence of the magnitude of tan b on temperature also indicates that at high 
temperatures, where tan b &.ains values greater than unity, the conduction is primarily 
ohmic, whereas at low temperatures where tan b -c 1, the conduction is by displace- 
ment arrrent mechanisms This behavior is consistent with the observed changes in m. 
the resistivity of oil shale as a function of temperature; decreases in the resistivity over 
five orders of magnihrde are commonly observed for oil shale samples heated from 
room temperature to 450°C. 

Figure ! I shows the loss tangent versus frequency for a 29.8 gpt shale. The same 
major features are observed as were observed for the 26 gpt sample. A secondary peak 
in the loss tangent 2ppears at the temperatures where organic deco&position begins 
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Frg. 12 Lowfrtxpexy didatrk constant wm~~ temperature fix various grades of oil shale 

to occur as indicated by the DTA cuNe_ However, the temperatures at which this 
secondary peak begins to occur is lower on the higher grade of shak 

Figure 12 shows the temperature dependen- of the diekctric constant of oil 

shale for different _eTades ranging from 7.5 to 60 gpt- The sharp changes in the E’ vaIues 
at temperatures in the range 10&15O”C are correlated with the Ioss of capilky water 
and changes in the pore structure of the 0iI shale sampIes_ The pronounced increase irr 
the diekctric constaut at temperatures above 270°C probably arises from the onset of 
the decomposition of the organic matter. The thermal behavior cf the samples as 

shown by their DTA, which was carried out simuIt.aneousIy with eIectricaI impedance 
measurements, exhibits remarkably simiIar trends and points towards a common 
origin for the observed effects. 

The resuk indkate that interpretations based on a combined use of DTA and 
DA techniques yield valuable information for a complete characterization of thermo- 
physical behavior, especiaIIy for complex, heterogeneous materi& Iike oiI shale- The 
application of the kchnique of simuitaneous DA-DTA to the study of poIymorphic 
transformation in solid mater&s is also an interesting possibility. The abrupt chant 
iu the diekctric parameters during a phase transformation are pa.rti&Iy amenable 
for study by DA-DTA; the information obtained therein, ori the nature of the 
transformation, can be correkted with DTA data to gain a uselkl picture of .?he 
transformation mechanism, A detailed study of the transformations in minerals and 
polymeric materials ntiIizing DA_zITA is currentIy in progress. 
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