
QUANTITATIVE DIFFERENTIAL THERi•IAL ANALYSIS; 1\N 

EXPERIMENTAL ASSESSMENT 



QUfl.NT ITATIVE DIFFERENTIAL TH ERf,11\L ANr'\L YSIS; t\N 

EXPERI MENTAL ASSESSMENT 

by 

Vl\-IE K V. VAIDYA 

A Thes i s 

Submitted t o :he Schoo 1 of Graduate Stud i es 

in Pai~t i a l Fulfil ment of the Requ i re 1ents 

f0r t he Degree 

Master of Engineer i ng 

~lc r~:J ster Ll nivefsit.Y 



~'lASTER OF ENGIN EER ING 
( ~~eta 11 urgy ) 

McMASTER UNIVERSITY 
Hamilton, Ontario 

TITLE: Quant itative Different i al Therma l Analys i s ; An Exper imenta l 
As sessment 

AU THOR : Viv1ek V. Vai dya, B. Tec h. (I ndian InstHute of Technol ogy ) 

SU PERVISOR : Dr. P. S. Nicho l son 

NU MBER OF PAGES: 85, v 

SCOPE AND CONTENTS : 

The pr i nciple of quant itat i ve di fferent ial therma l ana lys i s i s 

based on the fu nda menta l pr i ncipl es of c a loJ~ i metry . These princ i pl es 

cannot be d9orous ly appli ed v1h il e perfo rming diffet·ent i al t herma l ana lysis 

due to the comp l exities in the des ign, which l ead to erroneous 

results . 

A mod ified DTA appa ratus was bu ilt to t ake i nto account some of 
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CHAPTER I 

INTRODUCTION AND LITERATURE SURVEY 

I.l Historical Deve]pEment 

The observation of t he thermoe l ec tric effect by See ·ck(l) i n 1821 

and i ts ctpplicat ion to th.:! measurement of high t emperatures accurate ly by 

Becquere1(2) and Le Ch at eli er (3) i n 1880, mar ked a majm· ach·i evenent in 

t ernperatu t'e m~asurernent du r ing the 19th centLI'Y · At the same time the study 

of cl ay minera l ogy was fast advanc ing but these minera l s posed many identifi-

cation prob lems . Their sma l l part ic l e size r endered no ma l minera l ogical 

t echniques of relative ly little va l u~. The poss·ib ility of application of 

t herma l metho s to such prob l ems \'Jas suggested by Ramsay(4) and for the f ·irs t 

t i me in 1887 Le Chat el ier(S) produced hea ting curves for some clay minera l s 

using thermocoupl es and automatic p:1otog1'aphic recording instrurn~nts . The 

majot· v.dvance came when Robetts-Au sten (6) conce ived tl 1e idea of measuring 

the t emperature difference between a reacting samp le and a therma lly inert 

mate nial so es t abli sh ing the differentia l method. 

In the U.S.S.R. the technique was deve loped by Kurnakov ( l ) and his 

pu pils~ particularly L.G. Ber g(8). The first quantitat ive application of differen­

t i al therma i an lys·is seems t o have been undertnken by Kracek( g) in 1929 and 

t he next gcn2ra l upsurge of i nterest i n this c.o.Spf~ct foll m-1e.d th-; \·:ork of 

Norton ( lO) and of Berg et al{ll }. In 1945, Speil ( l 2) deve loped the firs t 
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theoretica l treatment capable of explaining quantitative relationships between 

the measur-ed and ca l culated variables associated \'lith Different ial Therma l 

Analysis (DTA ). These efforts transfcmned the method f r om a purely empi t~~cal 

t echnique to one with a t heoretica l background and brought it to t he attention 

of the chemists . 

The present 'ay differentia l therma l ana lysis technique i s no dif­

ferent in principle fro 111 that suggested by Roberts-Austen (6) except for an 

i ncreased sophistication of instrumentation . Th e method consists of heating 

a sample substance (S) and a therma lly inert reference (R) at a given rate 

by an external fu rnace (F) as sl tol'm in Figure 1.1 . The sample and reference 

substances ar pl aced symrne tl·icaliy v1ithin t he furna e by means of a suitably 

su ported sample holder (H). The j unct1ons of a differential thermocouple 

are embedded in or near the sam le and inert substances symme trica lly, The 

electromotive forces devel oped by these j unctions are amplifi ed nd the it~ 

differential displ ayed on a record r . A li neat hea ting rate is monito red 

by a suitable contro l ler . In the absence of a heat effect the D.C. differ­

enti al ~ignal is idea lly zeros thus produci ng a steady base l ine. Exothennic 

or endothermic changes that occur in the sample as the furnace temperature is 

rai sed at a l inear rate are ) t herefore, r ecorded as dev iations f rom the base 

l ine and appear as paaks on one side or the other of the base l ine . The 

pos itions of such dev ·ic.tions from the base l ine can be corre l ated with the 

t emperatut·e of onset of the cnthalpic effect knowi ng the recorder char t speed 
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and the heating rate empl oyed. The ar as under the peaks are proportiona l t o 

t he enthalpic effects and this corre lation fo rms the basis fo r quantitative 

OTA{lZ). 

DTA i s extensively used i n quali tative i nvestigations but quantita­

ti ve app l ications have not been fully exploited owi ng to the errors in troduced 

by the complexity of operating parameters . Thi s facet of DTA vli ll be rev ie\'/ed 

later . 

The merit of a DTA curve is that all ene rgy changes occurring i n the 

samp le during i ts hea ting or cooling are cl ea r ly observabl e . Because of this , 

each substance gives a cha acteristic DTA cu rve peculiar to itse lf. This 

fo rms the bas is of DTA as a diagnost ic metho . 

One of the l imitations of t he applicabi l ity of DTA to _the diagnos tic area 

i s t he dependence of the DTA curve or the thermog ram on fac tors re l ating to 

equipment and experimantal t echnique . Thi s rel iance is such that two DTA 

cu ves fm· the same materia l determi ned i n d i ffe1·ent 1 D. bora tori es rnay differ 

markedlys thus renderi ng recogn ition di fficult . Even with these difficulti es , 

DD can be effectively used i n con j unction w"th other i nvcs t ·gative meth ds such 

as chemical na lysiss X- ay diffraction, i nfr -red absorpt ion s pectroscopy ; 

el ectronoptica l methods, thermogravim2t.ry and evol ved gas ana lysis. There is 

a lc1rge pl!blished collecti o?1 of DT/\ c JrvDs f o" v al~ i m.ls mi n2rc l s ( l3), a pqnched 

( -· ~ l r: ) 
card i ndex for minera ls and i norganic ~nd org-nic comn~unds 1' ' J , and a 
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1i bra. ry of standat~d reference curves for organic materia l s ( l 6). 

DTA can some times revea l minor s tructural changes , e. g. , the clay 

minera l montmori ll onite can give three diffe1·ent types of curves i ndicating 

differences i n bonding energy of its structu t"a l ( OH ) - 1 groups (l7) , although 

a l l th. sampl es give the same X-ray diffraction patterns . DTA can also detect 

very fi ne ly divided minerals vJhich may not appear on an X-ray diffraction 

pat e n. 

A distinct advantage of the DTA mat hod is the rapid ity with which a 

cu rve can be determined . At a heat i ng rate of 10°C/ min a t emperature r an ge 

between 0°c and 1200°C can be spanned in bra hours . Soriie i ndustrial applica­

t ions use heat ing r ates of 50°Cjrn·in so mak i ng the method very fl exib le . The 

ethod can be used to check the identity of t1·1o s amp les , i.e., us ing the curve 

for "finger print i ng ". 

The t echnique finds \1ide application ·i n polymer chemistt·y (l B, 19) to 

define the g1ass transition tempeta ture, Tg(
20} whi ch is us ua lly ma~ifested 

by a dr·astic change in the base l ine , the degree of crystall inity (21 ) , of cross­

l inki ng and temperature~ of dapo lymerization (22 ). Thompson (23 ) has used DTA 

to sh ow the dependence of Tg on the mo l ecular weight of the p o 1yn~r. The 

application of OTA to polym~rization stud· es has been far from extensive . 

The method a pears to offer the investi gato1~ a convenient means of determining 

h ). f , . -' . ( 24 ) d f ' . d th ff t f . ea ·~..-s o poiymcnzat:lon ~ egrce o cunng an e e ec ·s o · var1ous 

cat c.d sts on the po ly .eri zation t4 eac tions (2S) . 

Gl o.ss is fo t·med by melting se l ecte ing ed i \:n ts, shup·ing and 

then cooling the me lt under controll ed co1ditio~s. Many comp l ex reactions 

occur during the h'=~a.ting of such ~'"'u'· .~tcria l s r.d1d DT/'. is us fu l in studying 

batch materia1s (26 ) . DTA has also :::en used to stu y ·the devHrif ication 

temperattll·es of glass ce t' ;!rlcs. vlhi1e the mixttwes o.c such glass -proaucing 
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mat erials clre hea t ed sl OI'J ly, the crysta ll i za t ion of gl as s produces a peak i n the 

t hermogramand _ the peak t empera ture i s an i mpor t an t process paramet er \'Jh·ic h 

ensures product i on of uni form t exture of microscopic crysta ls (2?). 

Sol deri ng flu xes c:omct imes conta in ammon i um hal ides . The se lecti on 

of a gi ven hal ide fo r a fl ux i s made with reference to i ts t emp_rature of 

decompos i t ion and the f l ux mel t i ng poi nt . When t he two are cl ose togeth~ r, 

t he libe l~ated ac id f rom t he fl ux removes t he tarnish \'ith t he mini mum ti me 

l ag f or surf ace oxidat i on t o occu r bet\·:een t he re lease of t he ac·id and the 

solde ' i g opera t ion . Hi ll et a l (2B) determined DTA curves f or ammonium hali des 

and these aid the choi ce of the appropr i ate hali de f or a given sol der . The 

rat es of t educt i on cf si xteen meta llic ox ides hy hyd~ogen and carbon monoxide (29) 

have been stud·ied by DTA. Dicht1(30) has app l ied the t echni que t o measure 

t he amount of austen ite i n s tee l s and Spencer ~ t al( Jl) have used i ~ cs a 

qua l ity contro l t es t of brake- l in ing m tel~i a l s . 

Gr i m and Johns (32 ) used a f ull s ized cl ay br i ck as a sampl e to 

determi ne the firi ng reacti ons , so pe t~mitti ng the pl anning of prop8r firi ng 

schedu l es (33 ). Ramac h an d ~an and r·~a j um ar (34) app li ed DTA t o p r~ed ic t thm·rna l 

effici ency of kil ns . A gl assy phase i s usua l ly detrimenta l t o the use of 

refractori es and Kantzer (JS ) appli ed t he t echnique t o determi ne the a aunt 

of gl assy phase i n refractories . 

I n recent years , DTA has been app l i ed extensive ly t o t he s t udy of 

phase di agrams . It has proved t o be a va l uab le ccessory t ooJ, altfough 

admitted ly , i n mos t cases , equ il ibr· i um conditions do not et' ta i n during typica l 

cna lyses . Y! here t her-ma l effects i ndicat i ve of a t ransformation a e very sma ll, 

DT!\ C'n provid" useful informa t ·ion . S(.1 : 11'~ phase di·grams c n str'uct c~d frc.m DTA 

i nvestigstions are Fc-Pd, Si-C, Ni -S , Pu-Cus Ce02 ~ s rO, NaC l -VC1 2, BaC1 2-BaTi03, 
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PuC1 3-LiCl, v2o5-L; 2o, Na3AlF6-Li 3AlF6-Al 2o3 and phenanthrene-anthracene (36) . 

Cements are p epared by heating selected mixtures of materia ls to 

produce compound~ which on hydration, pro ·ide des irable cementing properties. 

The technique is useful , therefo re , not on ly for studying reactions that occu r 

duri ng heating to fo rm the desired compounds, but al so to learn more about 

the hydration r~chanism and the cond iti ons under which these hydrates decom­

pose(J? ). ~iidgley ( 3 S ) appli ed quantitat ive DTA to set port l and cernent, so 

determining the amounts of toberrnoi'ite , ettringite and calci um hydroxide in 

cements aged fo r periods up to 28 days , 

Following dilution with inert mater i a l s such as Al 2o3, explos i ve 

matel'·ials can be conveni ent ly st udied by thenna l ana lys is. Rivet t e et al(Jg) 

have used the t echnique to character ize new p opulsion systems. Expl osive 

mat eri a l s \·ihen stored in bulk so:·na times detonate viol en~.- ly due t o the presence 

of small i mpuriti es and Keenan (40) has used DTA to examine such hazardous 

i mpuriti es . 

Soi 1 s at·e form~d by the de compos ition of rocks and by the decay of 

pl ant and an i ma l life, and the minera ls i n soil pl ay an i mportan t rol e in 

i ts engineer·ing chat·acteristics. Eades and Gr im(4l ) have f ou nd DTA to be 

ve1hy useful in iden tifying these minera l s . 

Cr2o3- Zn0 cata lys ts gradua lly deactivate on progressive use and 

Bh atto.cha}~rya and Rarnachandran (42 ) pos t l!lote t hat this deactivation is due to 

the stepvJise fornmt i on of the spinel and this i s obsetved by DTA. Locke c::md 
' 

~.Jse ( 43 ) point ouc that the opt imum condit ions of pre tret~tmen t and the effects 

of contaminants i n t·eactor feed or: cat alyst operati on cou ld be deternri ned by 

a se1·ics of t herma l ana lyses . 

Since the hea t t ransfer rates encountered in t he carbon i zation of coa l s 
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can be cl ose ly duplicated i n a DTA apparatus , t he t echnique has been used t o 

stud' t he carbonization of coals . Stephens (44) has deve l oped fl ui di zed bed 

DTA to simu late the conditions more rea l istica ll y. \~a~~ne ( 4 S ) f ound that t ie 

t echnique \'las sensit i ve enough to determi ne quantitative ly t he mine ral s presen t 

i n any coal of sub-bituminous or hi gher r·nk . Ki ng and Whitehea ct (4G) have 

used DTA to cor elate the rank of various coa ls. 

In the fi eld of radiat i on dama ge t he techn i que has been ap pl i ed to 

measure t he li fe ti me of metami ct mi nera l s . Due t o a-bombardment, a materi al 

i s transforn:c:d i nto t he diso de ed state. By hea t ing th i s minera l i n a DTA 

apparatus t he exothermic effect associated \•t"th the minera l revers ing to its 

natura l stu.te can be defi ned, The area under t he peak t hus obtained i s 

proport i onal to the amount of disorder or i gina l ly present , which i n t urn i s 

a meas ure of t he a-acti vi ty which i nduced i t. In th is f ashion, t he age of a 

rock can be estimat ed(4?). DTA has been app li ed t o i rradiation studi es 

t o radiat i on i nvol vi ng copo lymet·i zation of f orma ldehyde and styrene (4S) and 

i nduced polyme rization i n the sol i d state by Hardy et al (49 ) . I t has been 

suggested by t·iurphy and fl i ll (SO ) that quantitati e app li cat ions of t he 

t echniq ue in such stu ies cou ld l ead to the devel opment of dosimeters pp li c-

able over a wide range of ener9y l eve l s . 

Kra\'Je t z(Sl) has used Dl!\ to deter·mine the re lat·ive stabil ity of 

l ubri cants. Recent app l icat ions to pharmaceuticals (52, 53 ) show DTA to be a 

val uable tool fm· pLtrity eva l uation , polymorphi sm and so lvat i on of t hcst'! 

comp lex organi c mat eria l s. Mitchell et al (54 ) have app li ed the techn "que t o 

ex er imenta l botany and Liptay et al (SS ) ut i l ized the technique for exami nation 

of !:.tone:- of Ul 'o1og ica1 m' igin. 

A summary of p~rtinent industl' ia1 app li cat ions of DTA t~chnique i s 

sh mn in Te ble I . l . 
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1.4 Q antitative DTA Theor~ 

In Fi gure 1.2, a cyli ndrica l DTA bl ock (A) i s moun t ed coax ially 

i n a cylindrical f ut·nace tube (B). Th·is bl ock contains tv1o cy l indrica l 

cavities, one fo r the samp le (S) and t he other for the reference mat eria l 

( R). Tv10 i dent i ca 1 thermo coup 1 es are moun t ed syn;me tri ca lly vri thin the 

cavit i s or \'.;e lls and are connected di ffe rentia ll y , The di f ferenti al 

signa l i s amp lifi ed and fed in to a eco der . The t empera tu re of the 

fu rnace is rai sed linearly by a tempel·ature onitor . 

When the samp le and the reference , conta i ned in the geome t rica lly 

and therma lly sym:ne tri ca l ce1ls, are hr:a t ed unifonnly points a an d b 

shou ld be at the same t emperature at a given instant , because heat arriving 

at these poin ts is the s ame , assuming t hat the DTA bl ock mat erial has unifor n1 

therma 1 pl·operties . Th e temperature of the sampl e and reference thermo­

coup l es is the sama if hea t arrives at these t\110 po·ints ut th~ same rate 

and thi s is possib l e only i f the the l~ma l cl iffusiv iti es of the ref erence and 

the samp le materia l are the s am~ . Furthermore , t he tempeta tu res of t ha t v·to 

mat erials will ise at the same rat e only i f the samp le and refere~ce 

specific heats are identical. 

Consider t he hea t bal ance of t he samp le and reference ce l ls, when 

an en othennic peak , such as t hat shmm in Fi gure I ,3, occurs~-

At point p, the sump le and the rc. ference t er,Jpera t tr·es are i ncreasing 

at t he sam~ rate ~ assuming that the rate of heating is unifo rm and l inea r, 

there i s no reac tion occurring i n t he samp le and quas i-steady state cond itions 

have u.:..u- es to.; h shed . As the t e;:Jpera ture i ncreases, an cndotllenHi c rcu.cti on 

occ~r5 (point a) i n the samp le . The sa mp l e absorbs heat and as a resu lt 
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i ts t empera t ure l ags behind t hat of t he reference . At point b, t he rate at 

wh ich t he source i s supplying t he hea t equa l s t he rat e of s ·mple heat absorp-

ti on. Poi nt b, t herefo re , does not 1nark t he end of the ent ha l p·ic effect 

bu t marks t he poi nt of equ ili bri um b ~ twean the source and sink of heat. Al ong 

be, the sampl e sti ll absorbs hea t but t o a lesser and lesser degree , Thus , 

over t he who le process , the sample has absorbed more hea t than the refe rence , 

and thi s heat i s equa l t o t he t ot al en th al pic effect . It i s i mm::!d i ate ly 

eviden t t ha t the area under such a peak should be rel ated to t he tota l 

enthal pic effect . 

The above phenomenon can be expressed ma thema tically by compar i ng 

t ota l heat con t ent s of t he samp 1 e and reference ce 11 s . The difference shou ld 

gi ve an ana lytical express i on fo r the heat of t he reacti on . 

derivati on \;"as proposed by Spe ·l ( l 2) ancl ·s considered here . 

The s impl est 

The more 

sophisticated deri vati ons give essenti al ly the same answer (S6,Sl ,SB) . 

For any point between a and c i n Figu e 1.3, (x) s the heat bal ance 

for the sampl e and reference cell my be wr itten as fo ll ows : 

m dH . dt + 
,_

,...X\ . 

dt 
a 

"------v---' 
(samp le eact ion) 

A 

gK ( (T -T ) • dt 
- s J \'1 s 

"---..1....~-v------' 
(heat content i ncrease 

for samp le due t o 
t empera t vre ) 

B 

and for the reference ce ll: 

= m c (T - T ) s s s 0 

~.-I 

( t ota 1 i ncrease 
i n hea t cont ent 
of t he sample) 

c 

( 1 ) 



where 

X J (Tw-Tr ) . dt = mrcr (Tr-T0 ) 

a 
~--------v----~ 

(heat content i ncrease 
fo r eference due to 
t empera t ure ) 

B' 

t "' ti me 

m "' mass of reactive com 

ms - total mass of sample 

'"""" __ .,... _ __., 
( to tal i ncrease in 
heat content of 
the t·eference ) 

c• 

onent i n the sample 

mr = total mass of reference material 

11 

(2) 

dH "" t he dec1·ern nt of heat abs01·bed from the samp l e by the endothennic 

reaction i n time interv 1 dt 

g = geomett· ical shape f actor , experimenta "lly made equa l for samp le 

and i nert cav Hies throLigh symmetric geon~etf'y of the cav i tic~ 

in the bl ocl' 

K = effcct i \'e therma l ·con uct ivity of the sampl e 
s 

K "' -.ffective therma l conduct ivi ty of tl1e ref erence 
r 

T ::.; temperat 
\Jl 

re of OTA block Gt t = X 

T = t empe ·a ture at cen tre of samp le at t "' X s 
T = t emperatur·e of center of reference or samp1e at t = a 

r 

cs - mean specifi c hea t of samp 1 e bet\·:een t = a and t = X 

Cr = mean specific h0at of reference material between t = n and t = 

These heat bal nnce equation- ~eglcct the mode of vari ation of Trs 

thus i mpos i ng the ccnditicn that Cr-Cs is negligible relative to C
5

(
7). 

The factor· A in equation ( 1) def i n;:;s the uant i ty of hert -·dded to 

or subtt· cted ftom th 2 sample due to the 1·eac tion. Ft1ctor B defines the 
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quantity of heat absorbed by the samp le . (Spei 1 assumes t hat there is no 

effective tempera ture gradient between the outside of the samp le and out side 

of the reference materia l or around the perimeter of the samp le walls since 

the heat fl ow in a meta ll ic h o l det~ is much rr.or·e rapid as compared to the 

sample or reference materi als if they ar·e cetami c pO\·tders ) . A+ B ~ .. C 

because at any time x, a l ong the DTA curve (Figure 1.3), the amount of heat 

uti li zed to raise the temperature of the samp le must equa l that fl owing f rom 

t he samp le bl ock plus the amount added or subtracted by t he reaction. 

For the reference mater i als factor A doe3 not exist, hence B' i n 

equation (2) must equa l the heat to raise the t empera ture of the reference 

materi a 1 C • . 

Assuming: 

c = c + oC ( 3) 
t' s 

K = K + oK ( 4) ·r ·s 

and , experimenta lly within the err·or of measul·em~nt, 

m = m (5) r s 

t hen subtracting equation (2) f rom (1), rearrang ing and using re lat i ons ( 3 )~ 

(4) and (5) gives: 

X X X 

J gKs J r-.. 

m dH dt - (T ~ T ) . dt .. goK - . (T w:r ) . dt 
dt r s VJ }~ 

a ' . a (.) 
(6) 

[C (T -T ') - &C '\T ~T )l = ms s s r r o -
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Let Tr-Ts = y, the t emperature i ndi cated by the differen ti al t hermocou pl e 

and equat i on (6) be si mp lifi ed by as suming that the t erms con t aini ng (T -T ) 
\'1 r 

and eith el~ oC and ok are sma ll i n comparison with other t e ms then us i ng a 

and c as the integra ti on l imits : 

J 
c 

dH dt - gK J y,dt = m C (Ts-Tr ) m 
dt s s s (7) 

a a 

In mos t cases : 

(8) 

As , t o a cl ose approximati on, t he t ota l heat of raacti on i s gi ven by : 

and 

0 
()(I 

Th us pea k area = 

m 

liH = 

J
c, 

a 

gK s 

m 

dH 
dt 

dt = m t.!-l 

J y,dt 

a 

If 6 i s the unifo rm heati ng rate , t hen , 

dt = dT / s 
l~ 

( 9) . 

( 10) 

( 12 ) 

( 13) 



substitut ing (1 2) in (10) and rearranging : 

a 

dT == r • 8 

14 

( 14) 

Thus the area under the different ial t empera ture pea k i s di rectly pl~opm~t i onal 

to the mass of the act i ve componen t~ the hea ting l~ate and i nverse ly proport ional 

to the thermal conductivity of the sampl e for a given heat-trd.ns fer configura­

tion, i.e., a given fu nace , DTA block, thermocouple ass embly and method of 

loading the DTA cells. I t is self-ev ident, that chang ing the furnace , DTA 

bl ock or any other f a.ctors mentioned above wou l cJ chan ~1e the geometric factor , 

whi ch is dete rmined by the hea t -transfer characteristics of the DTA block and 

f urnace ~ssemb ly hea ting rate . 

where: 

A simil ar expression has been det~ ived by Boei·sma(S7), i ,e ., 

y == T -T r s 

. dt :: 

m = mass of samp le 

m liH 

G 

6H - heat of reaction 

G ·- hea t tl·ansfer coefficient 

t 1 to t 2 = time in terva l of reaction. 

L. G. Berget a1( 1l) nlso der·ived o. similcr r'e"ia.Uonship ; 

S =KM-1 

( 15) 

( 16) 



\AJhere: S = peak area 

t.H = the heat absorbed or l iberated by the samp le 

K = coeffici •nt of proportiona lity. 

( 59) Berg notes : 

"Owing to the extremely high number of facto rs 

determining the va lue of the coefficient K, i t 

is pract i ca l ly i mpossib le -- at l east at pre-
sent to give a full mathematica l interpreta-

ti on of K." 
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Sewell C1nd Honeybourne (SB) have studied the theory of quan titative 

DTA and obtained a mathematica l expression fo r the pea k area, i. e .: 

Peak area ( 17) 

where (w
0 

a
2) i s a factor determined by t he shape of the test samp le, Ps the 

sample bul k density det ermi ned by the method of packing, and K
5 

the samp l e heat 

tl·ansfer cc~eff i cient. 

I t should be noted, however , that in deriving these fonm lae all 

autho rs assunh: the r·e ference mater·ial and th e sample to have i den tica l 

t her al conductivities, spec ific hea ts D d bulk dens i ties, Furthermore , 

no account i s t aken of . the vari ation of tne heat of react ion and the change 

of heat t ransfer coeffic-i ents with t emperature . 

The factors tha t i nfl uence equat i on (1 1) are hea ting ra tes choice of 

DTA bl ock materi als t 'Pe of theriilocoup le v1i res , therma l conductiv ity of the 

· sa:11ple und the relative amount of hea t actua lly sensed by th~ s:mpl c thermo-

coup 1e duri ng var ious reacti ons . These parameters \•Ji ll now be cons idered 



i ndi vi dua lly in more deta i l. 

~~(a ) The Heat i ng Rate 

The heat i ng rate af fe cts pea k height , peak ~i dth and , fo r decomposi­

t i on reacti ons , the peak t emperatures (l 2, GO,B, 6l, 62 ). The genera l effects of 

s l ow and fas t hea ting rates are l isted in Tabl e 1.2. 

Sl ow heating rates requ i re mor·e sensiti ve recordin g systems to obta i n 

compara tive accu racy, \.vhereas \'tith fast heati ng rates a lowe r sensitivity can 

be used but neighbouring pea ks t end t o coa lesce . F r calor i me t r ic and thermo-

dyn amic stud ies s l o\·1 heat ing rates are des irabl e , si nce cond"itions more near ly 

approach equilibr ium, 

I .4(b) The Therma l Conduc_t ivit~ 

The der i vat i on of t he bea area rel ati ons hi p (l l ) assumes t hat over t he 

enti re t empera tu re range t he t herma l conduct i vit i es , mRs ses and specific 

heats of t he reference and the samp le r~ma i n constanL , These assumptions 

however , are far f rom rea l ity . In a decomposition react i on such as de­

hydrati on, where one of the react ion p oduc(s is gascol s and t herefo re l ost 

dur i ng t he react ion, t he bul k densi ty of t he samp le may cha nge dur i ng the 

react i on. Thi s i nt roduces a dr i f t i n t he base l i ne due t o t he chang i ng 

t herma l diffus i •Jity of ti e ampl e , Genei'\ll ly til ~ sp2c i fi c -=-a t 1Aema i ns con­
( 6~ ) 

st an t th roughout th~ rea ct ·or. ..) unles s the sample un ergoes a secor.d rde t 
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TABLE 1.2 

EFFECTS OF SLOW AND FAST HEATING RATES 

Heating Rate Effect 

51 0'1'1 Littl e base li ne drift. 
Near equilibrium conditions . 
Broad sha ll ow peaks on ~T/t curves. 
Sharp sma ll peaks on ~T/T curves . 
Long ti me per determination. 

Fast Base li ne drift n~y be appreciable. 
Cond itions far from equi li brium. 
Large narrow peaks on ~T/t curves . 
Large broad peaks on ~T/T cu rves . 
Short time per determinati on 
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t ransforma tion . 

I t i s well kn m-m t hat thermal conductivities of solids decrease with 

tempera t ure . Heat transfer th rouqh a part i cu late medium, hov1ever, i s highly 

complex . In most applications t he samp le and reference ma t erials are i n the 

powdered form and heat is therefo re no t oniy t ra.ns fe~red by condu~tion t hrou gh 

pa r t i cl e poi nt contac t s but al so by gaseous conduction and rad iat i on across 

the pm·es . Above moderate temperat ures , rad i at ion pl ays a predominant rol e 

i n the heat t ransfe r . As a resu l t , the overall hea t t ransfer coef f ici ent 

i ncreases wi t h t empera t ure for par ti cu la te media (64
). Thus , t he evol ut i on 

of a gas , duri ng a reaction, can change t he hea t t ransfer coeff·icient of 

the sample . Fu rthermore , si nter ing and consequent shr i nkage at hi gher 

t empera t ures produces an air gap bet ween t he s amp l ~ and the cont ainer walls 

whi ch comp lete ly upsets t he heat t ransfer condi ti ons . 

Often , i n quantitati ve analys i s , dilu t ion t echniques are emp l oyed 

to circumvent these diff i cu lti es . Norma lly the samp 1 es are dil ut ed up t o 

70~1, by t he 1·efe rence materia l. Thi ~ , hovJever , only reduces t he di sparity of 

properti es between the reference and t he sample , but t he actua l val ues of 

t he overa ll samp le therma l conductivity remain un known . The t otal hea t 

eff ect is a l so cons i derably reduced wi th the consequent l oss of accu racy . 

Most at t emp t s at quan t itat ive analysi s s t em from cali bratioh pro-

cedures , and absol ute methods have not yet been perfected. In a cal i brat ion 

method a DTA i s made of a sample wi th a knmm entha l pic effect . Then umi-r 

t he same experimental conditions , a DTA i s performed on the unknown samp le . 

The hea t of reaction of the un known samp le is then cal culat ed fr om a propor tion -

al ity equation such as : 
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!\Hun known 
= (. ) ( area under the peak for unknown ) 

l\Hknm·m X 
area under the peak for known 

( 18) 

Using the relationship (18) involves the difficulty of prepa ring 

sampl es of the same therma l conductivity from different materia·ls • . 

Vold( 6S) has suggested a method to _eliminate the thermal con-

ductivity, K , from the relationship be t~·1een peak area and heat of reaction. s 
The t emperature distributi on in a DTA type of an assembly is given by( 66 ) 

T(P,t) = et - f(P) }.; 

m=l 
f (P) exp (-B t) m m (19) 

in whi ch f(P) and f (P) are f unct ions of pos i t i on (P) only, and the coefficients m 

Bm at•e i ndependent of P and ti me (t). e is the hea ting rate. 

In the transient te rms of the solution of a hea t probl em , B
1 

is 

usually much ~ma ll er than ot her coeffici ents , so that the sl ope of the curve 

of ln( l\T-l\T ) against tis prac t ica lly equa l to s 1 ~SS ). B1 is proport io na l to 
. 0 

K Ja2c P (o6) where a is determined by the shape of the test sampl e. Thus s s s 
the product B1 ti mes the pea k area (equat ion 17) i s proport iona ~ to AH/C5 
and i f s1 and c5 can be estimated, the heat of reaction can be fo und out 

from the peak area vv'ithout the knowledge of sampie thermal conductiv i ty ~ 

Howeve r , Vold•s me th od depen son the practicability of measuring B1. 

For phase t ransitions , th ~ reaction is sensi bly completed when the tempera-

t ure difference ~ s greatest , so that a 11 the retu,~n curvES ma_y be used for 

evaluation of B1• As pointed out ear li er , all reactions do not r ach com-
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pletion at the peak temperatures. Murray and White( 6l) for instance, have 

shown that dehydroxylation reactions in clay minerals continue almost until 

the peak approaches the base line; consequently, there appea r s to be con­

sidera ble danger of using the wrong part of the curve to esti mate the B1 
val ue . The use of this method is li mited to certain cl asses of react ions , 

and wrong interpretati on can resul t in gross er•ors . 

The other approach to th is probl em wouJ d be to measure t he therma 1 

conductivity of the PTA sample and apply a cort~ection -f actor to relation (18). 

(63) (68) - - . 
Berg et al and Ya~farov suggest a method of measuring the effective thermal 

conducti vi ty "by pl aci ng thermosens i ng el eme nts behi rid the sampl e". Yagfarov 

uses an apparatus shown 1n Figure I.4, and suggests that 'the effective t herma l 

conduc tivity may be calculated by the fo rmu la : 

where: 

k = 

k = effective therma l conduct ivity 

C the hea t capacity of the standard 
pl 

r
1 

= the d~n sity of the s tandard 

v = t he heating rate 

K2,K3= const ants det ermined by block di mens ions 

(20) 

t. t l -= t emperature differentia l measured by the differenti al thermocou pl e 
with the juncti ons at 1-1 and 1-2 

t.t2 = t emperat ure diffe t·en ti a 1 meas ured by the di ffe r~n tia l t hermocoup le 
with the be~ds at 2-l and 2-2 

There i s , however , no experimenta l data to supplemen t the above 

relat i onship (20 ). 
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I.4(c) The Geometric Factor 

The geometric factor which appears in equat ion (11) accounts for 

temperature gradient distribution in the sample. The heat transfer conditions 

of the system can change by changing the block material or the geometry of 

the· samp le and reference cells and the posi t i on ing of t he thermocoup les 

in the cells. 

The effect of holder design on the shape and size of DTA peaks has 

been studied. Wilburn et al( 69 ), using el ectrica l analogues, have considered 

the cumu lative effect of heat leakage between the samp le and reference cells, 

and the diffus ivity of the block on the shape of the DTA peak. They have shown 

that the heat l eakage between the sample and reference materials should be 

kept to a minimum whilst the heat trans fe r to the samp 1 e and re-ference should 

be maximised. These last two requirements are conflicting as a high diffusivity 

block, vth ich i s necessary for ra pid h e~t transfer to the sample and refe rence, 

will allow heat transfer to take place fai~ly easily between the sample 

and the refe1·ence . They have a 1 so shm'ln that t he DTA peak can off-shoot t he 

base l ine if the bl ock diffusivity is very lov1 : 

deJong (?O), following the dehydration reaction of ·cuso4.5H2o, studi ed the 

effect of samp le and reference cell dimens ions on the peak areas for the two endo-

therms which cor respond t o t he loss of four molecul es of water . His results are shown 

in Figure 1,5 and the i nf l uence of samp le geometry on the peak areas i s evident , 

A part of t he heat generated in the sample cell is carri ed a1.;ay 

by the sensing the mocouple wires , Boersma(S7) mathema tically calcuiated the 

approxi ma t e amount of hea t that could be lost through the thermocouple wires 

and he sugges ts that hea t leakage th rough t he t hermoco' pl e l eads reduces the 

· peak area to l ess than 50%. A difference of 15 t o 30~~ i n t he p ... :,. a r~a 
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measurement \'las observed bet\-;een h'lo Pt/Pt-Rh thermocouples by de. Jong(70). 

This error could possibly be overcome by the incorporation of guard heaters 

around the lower section of the existing thermo~ou ple wires. 

The effect of change in position of the thermocouple in the sample 

cell on the peak area has bee n considered by Sev;e ll (SS) and Berg(S). In a 

ceramic block, ± 25% disp·lacem-nt of the thermocouple bead in the vertica l plane 

can cause an error of ± 8% in the peak area, and 66% displacement from the 

centre of a cylindrical cell in the horizontal case can cause about 18% 

uncertainty in the peak area, Thus for quantitative analysi s, the thermo­

couples must be rigidly fixed and in the same position as in the calibration 

runs. 

I.4(d) Heat Losses (~T) 

Kronig and Snoodijk(ll) des cribe in detail how the heat dissipates 

out of a samp le, using the theory of hea t conduct ion. From this, they deter­

mine the different i al temperature rise ori ginat ing in the centre of the sample 

and brought about by the hea t produced in various sma ll zones within the 

sample . These individua l contributions differ , depending on the place v1here 

they originate (S7). By dissipation, the different i al temperature v1ill decrease 

i n the course of time and t end towards zero , giving nn area i n the tempera ture-

ti me graph wh ich contributes to the total peak area. The cali bration tech­

nique thus assumes that the samp le thermocoup l e senses the same percentage of 

heat evo l ved f rom the samp les of known and unknown enthalpic effects. The 

t echn ique does no t t ake ·into nccount the possible l oss of heat to the bl ock 

during an exothermic reuc tion, or th"' gain of hea t from the bl ock during 
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an endothermic react ion in t he sample . 

The sensing t hermocoup le bead i n t he samp le registe rs t he flow of 

heat either t o i t or away f rom i t . Th i s i s true whether the differentia l 

t hern1ocoup le bead i s located i nsi de the samp le or on i ts per i fery( 72 ). The 

hottest part of the sample wi l l be its outer perifery and consequently the 

i nitial reaction wi ll start at this surface. Considering the heat flow 

associ ated with the i nitia l reaction, with the aid of Fi gure 1.6 , i t can be 

seen that a temperatu re pea k \'ti 11 be produced on the system temperature 

profil e . This peak will either be positive or negat ive depending on whether 

t he reaction i s exo- or endothermic. 

Consideri ng the exotherm first, hea t will f l ow t owa rds the dif­

feren tial coup le located i n t he samp ie and in t o the sample block. The out ­

flowing hea t (suppli ed to the DTA bl ock ) i s not sen sed by the differenti a l 

t !1e rmocoupl e and therefore does no t appear on the t~ T vs . ti me peak. Hith an 

endotherm, the fl ow of hea t i s reversed and now it flows f rom the sensing 

coupl e env i ronment and t he bl ock. The hea t supp li ed t o t he 1-eaction by t he 

DTA block is not sensed by t he differentia l coup le and t here fo re does not 

appear on t he t~T vs. ti m~ t race . Hence in both cases t he t~T vs. ti me peak 

does not i ndicate t he entire heat effec t invo l ved i ~ t he react i on . 

Fu r t hermore , depending upon the i ntens ity of heat effect t he amoun t of heat 

lost to or ga i ned from t he DTA bl ock wou l d differ due to the comp l icat i ng 

f actor of unknown t he rma l conductivities. of the samp les . 

The error i ntroduced by the above factor i n quantitat i ve ana lysis, 

has never been considered befo re . In the present work, a modif i ed DTA des ign 

i s proposed to take the above into accotnt . The possibility of measuring 

sample thenna l conductivity i n situ, as pt•oposed by some v:orkers, i s also 
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investigated and the Herold-Planje(l2) type of apparatus for quantitative 

measurements, suggested by Sev1ell and Honeybourne( 5S) is studied. Herold 

and Planje described an apparatus d2signed to generate differential temperature 

information based on the cell walls alone. Sev1ell et al suggest that such a 

design could give accurate quantitative data as the thermal conductivity 

of the reacting sample can be ignored . 

. The overall errors in quantitative DTA can be large as shown in 

Table 1.3. The scope of use for a reliable absolute quantitative DTA tech-

nique i s evident and it was to indicate possible modifications in present 

designs that the following investigat ions were undertaken. 



· Mineral 

Kao 1 i nite 

Hall oys i t e 

TABLE 1.3 

TRANSFORMATION TEMPERATURE RANGES AND HEATS OF 
REACTIONS FOR SELECTED MINERALS AS DETERMINED BY DTA 

Temperature Heat of Reaction 

oc cals/ gm-
.. . . . - . 

500-650 90-140 

925-1030 -(20~40) * 

500-650 80-130 

970-1030 -(25-35) 

r~ontmori llon it 125-260 0-40 

625-750 23-60 

800-925 10-20 

900-980 -(10-35) 

• Quartz 575-600 2-4 

Tal c 880-1050 50-80 

t'luscov i te 800-950 10-25 

B t~uci te 390-550 150-220 

Gamma Fe2o3 700-800 - (22- 28) 

~ 

* Nega ti ve heat of reaction i ndicates exothermic t rans fo rma tions . 
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%Error about 
the mea-n va 1 ue 

cals/gm 

±21% 

±33% 

±28.3% 

±16.7% 

±100% 

±80.5% 

±33% 

±55. 5~& 

±33% 

±23. 1% 

±75% 

±18. 8% 

±12% 



CHAPTER II 

· EQUIPMENT AND EXPERIMENTAL TECHNIQUE 

II.l Electroni c Components 

The apparatus consisted of various components as shown in Figures 

II.l and 11.2. The furnace (Figure II.l - #14) and the DTA unit(# 8) were 

desi gned and built by the author. The differen tial signals from the thermo­

couple junction (# 8) were amp lifi ed by two D.C. amp lifi ers (# l) capab le 

of me asuring D.C. signals in the 1000 V to 10 ~v range. In most of the 

experi men tal runs the 300 ~V scale was used. The amp li fied signa ls were fed 

into a two-pen recorder ( # 6) with adjust ab le chart speed and range features . 

In all the DTA experiments a chart speed of P per 10 minutes was emp loyed , 

In all the experi men ts the amp lifi ers measuring on t he 300 ~V scale were 

coupled wi th the recorder on the 100 mV sca le , such t hat 100% of the micro­

voltme ter produced a pen deflection of 100% on the recorda r ch art scale. 

The Thermae power and t emperature contro ller (# 3) coup led with a 

Datatrak programmer (# 2) served as the t emperatu re mon itor i ng system. ·The 

controller (# 3) cou ld be opara ted i n mam1al, set-point or programme modes . 

The programmer (# 2) consi sted of a .~otating drum on which a ccndu ct i ng 

cha rt cou ld be mounted, The drum was rota ted by a time-base motor such that a 

rotat ion could be compl et ed in 24 hours . A profile was inscri bed on the drum 

chart, such t ha t a non -contacting, mova bl e sensing probe could electrostatica lly 

locate tne l 1ne· drawn on the chart. 100% of t~ e chart sca le corresponded to 
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# l. 

# 2. 

# 3. 

# 4. 

# 5. 

# 6. 

# 7. 

# 8. 

# 9. 

# 10. 

# 11. 

# 12. 

# 13. 

# 14. 
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Legend for Figure II.l 

Keithl ey model 153 microvolt-ammeter. 

R-1 control•s Data-trak Hodel 5500- line following programmer. 

R-1 control •s Thermae series 6000 temperature-power cont roller Model 625. 

Control Pt/Pt-13% Rh control thermocouple extens ion leads. 

Molybdenum furnace power l e~ds. 

Sarge~2 pen recorder Mode l DSRG S-721 80-80. 

Su pport t roll ey. 

DTA unit. 

Wall di f ferential thermocou pl e leads. 

Base differenti al thermocou pl e leads. 

Gas bubbl er . 

95/5:N2;H2 gas bot tl e . 

Dr ierite con t ai ne r. 

Molybdenum f urnace . 



Figure 11.2 The Experimental Apparatus 
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100% of the set point scale on the controller which in turn corresponded 

to 1700°C. A linear program was inscribed on the chart which heated the 

furn ace up to 1260°C in 12 hours and cooled it to room temperature in the 

same time. 

11.2 The Furnace 

Fi gure I I .3 shmlfs the molybdenum furn ace used in the experi ments. 

Each winding requ ired approximate ly 80 ft. of the 0.05011 diameter wire. Along 

the l eng th of the tube, an 11 11 \'tind ing was placed 511 from one end and 12 11 from 

the other·, corres pond; ng to the 1 ower and the upper ends of the furn ace . 

To hel p widen the constant temperature zone ~n the furnace, the winding was 

wound differentia lly. The fi rst and the last 2~11 of the 11 11 winding space , 

along the length of the furnace tube was wound with 10 tu rns per inch and the 

rema i ning 611 with 8 tu rns per inch. 

The winding was covered with moist Al undum cement and all owed to 

dry for one day . Th e tube was install ed in the furnace \1/ ith its l ower end i n 

the l ower •o• ring sea l. The space (# 12) around the winding was fi ll ed with 

Norton alumina bubb led grain. The twisted ends of the winding were the top 

pl ate (# 8) l owered in t o position . A protective N2tH2 (95%/5%) gas mixture 

was passed and i ts flow regu l ated by a two stage gas regulator . It was 

necessary to put a drierite tube (Figure II. l - # 13) beti-:ecn the fu rnace gas 

outlet and the bubbler to act as a water trap as i nsufficient delivery pressure 
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# 1. 

# 2. 

# 3. 

# 4. 

# 5, 

# 6. 

# 7, 

# 8, 

# 9, 

# 10. 

.Jl 11 • 1T 

# 12. 

# 13. 

# 14. 

" 15. ff 

# 16. 

# 17. 

# 18. 

Legend for Figure 11.3 

Furnace tube. 

Hater cooling coppe tubes. 

Screws to hold the top end plates together. 

Top end plates with an I 0 1 ring. 

Gas tight stainless s t ee 1 be 11 ov1 s • 

N/H2 gas duct. 

Screv;s to hold top plate in position. 

. Fur nace top pl ate. 

•o• ring. 

Fu rnace shell. 

Refract ory br i ck li ning. 

Space fil~ed with bubbl e-a lumi na . 

Al undum cement . 

Molybdenum wi nd i ng . 

DTA unit. 

Stee l support t roll ey. 

Bottom end pl at e wi th •o• ri ng . 
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Gas t ight tef l on i nsu l ated, t hreaded brass s tuds held in posit ion by 
bra ss swage l ocks brazed t o t he top pl at e . 

# 19. Ref ractoty f urnace and pl ug . 

# 20. Cont ro l thermocoup le . 
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of the gas while the furnace cooled created sufficient suction to remove 

sizable quantities of water from the bubbler. After preheating the furnace 

to 200°C for a day, it was ready fo r· use. 

11.3 Zro2 Block Casting Technique 

To cast the zirconia DTA block, a stabili zed Zircoa-Ca_t 600 castable 

powder in conjunction with Zircoa Bond 6 vehicle was used. A ratio of 10 gms 

of powder to 1 cc of vehicle was fou nd to be satisfactory. The resulting 

density of 3.6 gms/cc of the slurl~y served as an important design pat·ameter fot" 

the different tast shapes fabri cated ~ 

To produce a casting such as the DTA block shown in Figure 11.4 a 

metal die of the type shmm in the figure was fab r icated. Before casting, 

the different die components were coated with a thin, uniform l ayer of 

paraffin wax . The casting slu r ry was made in a separa te beaker and poured 

in to the die. The die was then manua lly vib rated for about 3 minutes to allow 

the slu.rry to fill the mold comp lete ly. Excess ive vibration produced cracks 

in the upper su r face of the casting after firing. 

The cas t mold \'las allowed to dry fo r about 4 hours and then placed 

in an oven at l80°C. After about five minLtes the wax melted and the mold 

could be easily dissemb led. The green casting was then ca refu lly placed in an 

oven and dried at 90°C for 2 hours and 180°C for about 4 hours till the pink 

cast ing tu rned light yellow. 

The casting \'/as then care·l"lllly l or.Jded in a gas fu-rnace and fi r;;d 
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Legend for Figure 11.4 

# 1. Reference or sample well. 

# 2. Zro2 block. 

# 3. Cyli rdrical cavity for the wa 11 thermocouple sheathing. 

# 4. Cyl i ndri ca 1 cavity for the base thermoco~ple sheathing .• 

# 5. Steel drill rods with matched diameters to produce cyl i ndri ca 1 
for the t hermocouple sheathing. 

# 6. Screw to hol d lucite plate in position. 

# 7. Luci t e plate to hold drill rods i.n position . 

# 8, Luci te washer. 

# 9. Alumi num die wall. 

# 10. Alumi num studs to produce reference and sample cell cavities. 

# 11. Aluminum base plate. 
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cavities 

# 12. Screw and washer to hold the aluminum studs tightly in position. 
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to 1350 to l400°C for about seven hours. Some of the cast DTA blocks and 

dies are shown in Figure 11.5. 

11.4 DTA Uni t Asse~ 

Conventiona l DTA systems in calor ime tr ic work have never considered 

the heat lost to the DTA block or gained from it during exothermic or endo­

thermi c react ions. In an effort to esti mate the magnitude of the errors 

entailed by this neg ligence , modifications were incorporated in the no rma l 

DTA des ign. 

To mini mize the hea t loss to the DTA bl ock and prevent heat leakage 

bet\'/een the samp le .and reference cells_, the l m·1 t herma l ~onductiv ity Zr02 
block material was selected. Severa l designs of block 0ere made by the 

technique described in 11.3. The block design sh own in Fi gure 11.4 was found 

the most satisfactory. The bottom and v1a ll s of each cavity were li ned vJith 

0.010 '' pl atinum foi l and Pt /P t-13% Rh thermocoup les were s~ot we l ded to the 

wall platinum lini ng as ill ustrated i n Fi gure 11,6. The block was placed 

on the alumina support tube (Figure 11.7- # 4) and thermocoup le sheaths 

passed upwards through the lucite plate (# 8) and t he al um inum hol der block 

(# 5) to the DTA bl ock ( # 2). All the thenrocoup le sheaths used \'Jere l/8" 

doub le-bore mu lli te. 

The Pt /P t -13% Rh thermocouples we re th readed through the sheaths 

and after setting up the wa ll thennocoup le, the wires ~ere pul l ed li ght ly to 

set the pl at i num wa ll foi l properly in each well. The foil was then evened 
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DTA Block and Assembly 
Legend 

Pl at i num l i ned reference and s ample cen s . 
Zr02 DTA bl ock, 

Thermocoup le sheathi ng , 

Al2 03 suppor t t ube , 
Al umin um block. 
~l ater cooli ng . 
Al um inum support p 1 ate . 
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Brass sere~,-, rod , 
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Banana j acks . 
Set screw t o ho ld ( :! ll ) ., ' i n pos ition. 
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out against the cell wall using the powder packing stencil shown in Figure 

11.6. The vertical heights of the thermocouples in the sample and reference 

walls were accurately adjusted using the height adjuster stencil sho\'tn in Figure 

11.6. It was observed that loose thermocouples gave rise to noise in the 

differential output signal and to minimize this and maintain reproducibility 

of the results, the thermocouple beads were cemented in position on top of 

the thermocoupl e sheaths with mullite cement. 

The thermocouples \<Je r e soldered to banana jacks by a low thermo­

e.m.f., Cd-Sn solder . Since all the t emperature measurements were differential, 

ice-v;ater bath cold-juncti on s v1e re unnecessary. Room t empera tu re was mea sured 

by a mercury t hermometer and it rema i ned fairly constant dur i ng the experi­

ments. The t hermocoup les were fo und to mainta in their cha racteristics befo re 

and after the experi men ts. 

1I.5 Experimenta l Desiqn 

The expe ri ments were di vided i nto t wo pa r ts : 

I) assessment of t he potentia l of the modified DTA for in s i tu measurement 

of samp le t herma l conductivity , and 

II) measurement of the heat l oss t o t he DTA bl ock or hea t ga i n f rom it during 

exothenni c or endothermic reactions, re spect ive ly. 

The i nf l uence of t he fol lowing var iab les on these hea t losses was 

al so investigated : 
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a) the type of reaction, i.e., solid state polymorphic reactions (rhombic~ 

trigonal sreo3); solid state crystallization reactions (kaolinite exo­

therm · 3(Al 2o3 2Si02)F 3 Al 2o3 • 2Si02 + 4Si02 's-quartz); dehydroxyla­

tion reactions (kaolinite endotherm Al 2(s; 2o5)(0H) 4 ~ Al 2Si 2o7 + 2H20t); 

and decomposition reactions (Caco3 ~ CaO + C02t), 

b) the degree of dilution of the sample, i.e., kaolinite diluted to different 

levels by Al 2o3 and by dead-burnt kaolinite, 

c) the change of reference substance from Al 2o3 to dead burnt kaolinite for 

kaolinite DTA, and 

d) the change of t he block geometry. 

Results obtained on a commercial and the constructed DTA units were also 

compa red. 

11.6 Assessm~nt of t he Mod ifi ed DTA for Static Thermal Conductivity t1easurements 

EquC1.tion (4) of Chapter I implies that the therma l conductiviti es of 

the reference and the sampl e are assumed very nearly equal, i. e ., under 

isothermal or dynamic conditions the tempera tu re drop ll\. (Figure 11.8) 

across the reference cell should be equal to the temperature drop llTs 

across the sample cell fo r a uniform and equal heat influx to the two cells 

at a given temperatu1~ . This assumption was checked by compar ing the t;T•s 

across the sample cell for li ve kaolinite, dead burnt kaolinite and 

montmor i 11 ani te ove r a range bet\•;een room tempe rature and ll50°C. 

The fu rn ce was driven by a 4.4 Kw pm'lerstat. The t emperature 

gradients \'/e re mea sured on the Keithl ey mic rovolt amme ters on 300 IJV, 100 IJV 
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and 30 ~V full scale ranges with ± 2% accuracy. 

Isothermal observations were made as follm'ls: 

The reference cell was filled with (-325 mesh) Al 2o3 powder and all the 

observations were referenced to the differential temperature across this 

cell. This cell was left intact during all the isothermal thermal con­

ductivity experiments. The sample cell was f .illed with the (-325 mesh) 
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test powder. The DTA column was then inserted into the furnace and visually 

aligned. An additional cylindrical nickel shield was interposed between the 

DTA column and the furnace tube and was electrically grounded to eliminate 

electronic noise (Figure II.9). The furnace was then heated to a temperature · 

of 300°C and a 11 owed to s tabi 1 i ze for about 8 to 10 hours to ensure steady 

state conditions . The DTA column was then electrically aligned by making 

sure fiTw (the temperature difference bet\-1een the wall thermocouples of both 

cells) was 0 ± 3 ~v. Once the column ~tras thus aligned it requ ired no fUl·ther 

alignment duri ng subsequent observations during a given exper imenta l run. The 

fiT and fiT were measured for seven or eight different higher temperatures by r s 
increas ing the povre r input to the furnace. At every tempe i~a ture the furn ace 

was allowed to stabilize fo r 8 to 10 hours at a constant power input. Plots 

of fiTr and fiT
5 

against isothermal temperatures IIJe re made. This procedure \•:a s 

repeated for all the sampl e materials noted. 

The comparison of ATs and AT5, at an isotherma l temperature T°C 

(Figu re II .8) for t~'/o different sampl es is a measure of their reldtive therma l 

conductivities, provided the heat transfer conditions are i dentica l du r ing 

the different experimental runs . 
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11.7 Heat Losses (~T) 

The effect of vari ous parameters on the heat losses during DTA 

experi ments as indicated in 11,5 wera studied, The areas under the DTA 

peaks ob ta ined v1ere measured with a Polar-Compensating plani meter, Due to 

the vari atio~ of the thermophysical constants before and after the reactions, par­

ticularly in , reactions involving a loss of weight (the dehydroxylat i on and 

carbonate decomposition reactions), the experimenta l base line drifted, This 

complicated the area measurements an d the method outlined by Mackenzie(l?} 

was used to analyse the thermog ram areas. 

This Method consists of drawing a verti cal line f rom the apex of 

the. DTA peak and extending the base 1 i nes on either side of the peak to meet 

it. The area bounded by the DTA curve and the above lines is considered 

to define the peak area. The temperature of reaction initiation is defined 

by the point of in tersection of the extended base li ne and the extension 

of the straight portion of the ini t ial li mb of the reac tion peak (see Figure 

III.7). The reactions investigated were outli ned in Section 11.5. 

The cel ls were manua lly loaded with a carefully weighed samp le in 

each case. The loss in weight whi le l oading was at the most 0,35% . Identical 

masses of samp le and refe rence \·Jere used in each case and bo t h povJders were 

compres sed equally in to the cells using the powder packing stencil. In all 

the experiments, unl ess otherv1ise mentioned, the reference and dilutent 

substance was Alcoa A-5 cal cined alumina . 

To investigate the effect of t he change of block geometry on the 

heat distribution bet ween the cell walls and the centra l thermocouples 

during an enthalpic effect , tv10 DTA block designs were studi ed, 
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The .first design had a cell size of \ 11 dia meter by 3/411 deep and 

was platinum lined to a height of !z''. All po\'tders \<tere packed into the 

cells to a height of V'. T\<tO circular foils of platinum were used to cover 

the samples and the rest of the cell height was filled with stabilized 

zirconia powder . Both the reference and the sample cells were packed 

in a similar fashion. This design had a~ effective cell height to diamete r 

ratio of unity. The second DTA block design had cells of~~~ diameter by 

11/16 11 deep, which were platinum foil lined up to a heigh t of \ 11 giving an 

effecti ve height to diameter ratio of 2. The two block designs are sh own 

i n F i gu re II • 5 • 

( 



CHAPTER II I 

EXPERIMENTAL RESULTS 

III .1 Appraisal of Modified DTA Apparatus for Therma l Conductivity Measurements 

In Figure III.l is shown a plot of the temperature gradient across 

the reference cell (6Tr) as a function of the isotherma l furnace temperature 

for different experimental conditions. All the points fall on the same curve 

emphasizing the reproducibility of the heat transfer conditions. The 

temperature drop across the cell increases with increasing temperature. 

A plot of the furnace characteristi cs is shown in Fi qOre III.l(a). 

This data aided the choice of pm'ler input requisite for pa rt"icular isothermal 

temperatu re conditions. 

Figure III.2 compares the thermal gradients for Al 2o3, live kaolinite, 

semi-dead burnt kaolinite and dead burnt kaolinite in the sampl e cell. 

During the dehydration of cl ays, mineral agglomera tes tend to b!~eak up and the 

evolved water vapour and change in particle size may affect the overall effecti ve 

therma l conductivity of the sample. To check this effect kaolinite was tested in 

three diffe rent st ates . The semi -dead burnt material was i n t he meta-

kaolinite state, i.e., kaolinite after loss of structural water (700°C). 

The dead burnt mat erial was prepared by prehea ti ng the powder beyond the 

exotherm (ll 00°C) befo re introduci ng it in t o the DTA appara tus. 

The steady state therma l gradients i ncrease with increasing t empera­

tures. Beyon d 11 00°C the cl ay samp les b~g in to·si nter . This i ncreases the 
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solid-solid contact area within the sample. Furthermore, the samp les begin 

to shrink away from the cell walls, producing an associated air gap. These 

two facto r s increase the overall heat transfer across the cell so decreasing 

the t hermal gradient across it. The dead- burnt ma teri al data and that of 

the semi-dead-burnt materi al f all along t he same curve. The curve for live 

kaol in shows sli ght ly lower t herma l gradi ents, but the cu rve for Al 2o3 
shovts considerably lower t herma l gradients, mean i ng that effective therma l 

conduc ti vi ty for Al 2o3 is hi gher than that of kaolinite. 

Fi gure III.3 is a plot of the therma l gradi ents fo r t he Al 2o3 standard 

- and live and dead- burn t montmorill on i tes . The points for live and dead-bu rnt 

montmorill on i te fall on t he same cu rve. The Al 2o3 values are a littl e l 01<1e r 

than the montmorill on ite val ues. The montmor ill onite curve i nd i cates the 

commencement of si ntering at l000°C. 

Fi gure III ,4 is a plot of the t emperature gradient in pV acr oss 

the samp le cell of DTA bl ock des i gn II with (-1 60 mes h) Al2o3 powder in it. 

The stati c curve represents t herma l gradients acros s t he cell i n i sotherma l 

conditi ons, i.e ., the fu rnace was controll ed at t he observation tempe rature 

on t he set point mode fo r a considerable time before a measurement , The 

dynami c curve corresponds t o the quas i-steady state condition , i. e ., a 

heating rate of 2.06°C/min , was imposed on the system and the t emperature 

differentia l (across the same cell fi ll ed with (- 160 mesh ) Al203) v1as 

meas ured at different furnace t emperatures withou t interrupting the heating 

cycle . The dynamic-condition curve pl ots above that of the s tat i c condit i on , 

i ndicat i ng the i nfluence of constantly ri sing t empera ture on the heat transfer 

conditions . 
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III.2(a) Heat Loss (~T); Influence of Reaction Type 

The experimental results in this section conclusively prove the . 

hypothesis proposed in Section I.4(d), i.e., during an endothermic process, 

heat is gained from the DTA block and dur·ing an exothermic reaction heat is 

lost to the block . 

A linear heating rate of 2.06°C/min was used (Figure III.S) and 

Figures III.6 to 111.9 are reproductions of thermograms obtained for different 

substances in the mod ified DTA apparatus. The differential signals measured 

in micro volts (~V) are plotted against ti me in minutes from the start of the 

experiment . A 11 the experi ments were started at room temperature . Ob and 

Ow mark the initial positions of the base line fo r the base and \'Jall differen­

tial thermocouples respectively on these fig ures . The smaller peaks are the 

ones registered by the wall differential couple and the l arger ones correspond 

to the base (or centre ) differential couple. The reference-cell wa ll and bnse 

temperatures were measured intermittently to check the li nearity of the heating 

rate and to obtain accurate reaction-initiation temperatures on the wa ll and 

base differen tial temperature peaks respectively. 

Figure III.6 shows the endotherm caused by the rhombic~trigona l 

inversion of SrC03. The reaction starts at the perifery of the cell, and 

hence the wal l different ial couple senses the react ion eat·lier than the base 

thermocouple on the ti me axis. The areas under the two peaks and the sampl e 

mass (ac tive component ) are shown in Table I II .l. The sha.pe of these peaks 

is sligh t ly d·istorted as t his pol ymorphic transforma tion temperature is cl ose 

to that of the carbona te decompos i tion. The observed initi at i on t emperatures 
( 1 i') 

at·(~ well in agreement with l iteratw~e val ues . 
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The peak corresponding to the exothermic reaction in kaolinite is 

shown in Figure III.7. The exotherm is believed to be the result of the 

crystallization of amorphous ·silica into s-quartz( 73). 

Figure I I I.8 is the endothermic trace produced by dehydroxylation 

of kaolinite. 

The 700°C caco3 decomposition endotherm is shown in Fi gure III.9. 

The data obtained for the various reactions studied is summa rised 

in Table III.l. The final column of this table indicates the percentage of 

the hea t effect which eludes the single -coupl e DTA systems. 
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TABLE III .1 

Heat Loss {~T): Type of Reactions 

[w/(w+b)] 
Reaction Active mass DTA peak areas in square inches % heat lost/ 

of samp le gained to/from 
in grams Base (b) ~Jall {\'J) DT8 block 

SrC03 0.54 0.78 0.372 32.1. 

Kaolinite 0,652 1.209 0.394 24.8 Exotherm 
' 

Kao 1 i nite 0,652 5,61 2.34 29.4 Endotherm 

CaC03 0.489 8,45 5.31 39.1 
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III.2(b) Heat Loss (6T); Influence of Degree of Dilution 

DTA runs were made on kaolinite samples diluted with different per­

centages of Al 2o3 powder. The purpose of this investigation series was to 

study thermogram peak-area/mass relationships for the base and ·wall DTA's. 

The results are tabulated in Table III.2. 

In Figure III.lO is plotted the base DTA peak areas vs. the% active 

component for the endothermic and the exothermic reactions of kaolinite. The 

points at the 60% active component level are low and this was probably due to 

an error in the weighing or mixing of the samples. The slopes for the two 

plots are dictated by the size of the heat effects. A reasonably linear plot 

was obtained in both cases indicating the validity of the dilution technique. 

The non-origin intercept observed in some cases is interesting and will be 

considered later. 

III.2(c} Heat Loss (6T); Influence of Change of Reference Substance 

DTA runs were made on kaolinite samples diluted with dead burnt 

kaolinite powder and utilising dead burnt kaoli nite as the reference ma terial. 

The results obtained are summarised in Table 1!1.3. 

In Figure lii.ll(a), t he kaoli nite endothermic peak areas fo r kaolinite­

Al2o3 and kaolini te-D.B. kaol in ite DTA systems are plotted for the wa ll , base 

and ( ~1a ll +base) DTA's. These data are also summa rised in Tables III.?. and III.3. 

It is in terest i ng to note that the peak area/dil ut ion relationship appears inde­

pendent of the two dilutents for this reaction but the plots do not pass throllgh 

the or igi n but i ndicate a zero peak area for approximately 6% active component 

1 eve 1 . 

Figure III.ll(b) i s a similar plot of peak areas for kaoli nite-A1 2o3, 
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TABLE I II ,2 . 

Kaolinite -Al 2o3 DTA System 

% Kaolinite Area under DTA peaks in % heat ~lean % heat 
Reaction in samp le sc uare inches lost/gained 1 os t/ gained 

cell Base (b) ~Ja ll (w) (b)+( w) from DTA block from DTA block 

E 20 2.575 ,98 3,555 27.6 
N 
D 40 5,61 2.34 7.95 29,4 
0 
T 60 7.27 3.1 8 10.45 30.4 28.4 
H 
E 80 12.9 4.82 17.72 27.2 
R 
M 100* 15.68 6,00 21.68 27.6 

E 20 .509 .1525 .6615 23.0 
X ' 

0 40 1.209 ,394 l ,603 24.6 
T 
H 60 1 ,652 .525 2.177 24,3 23.3 
E 
R 80 2.75 .763 3.513 21 .o 
M 

100* 3.475 1.068 4,543 23.4 
-

* 100% sample= 1.63 gms of kaolinite 
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TABLE II I.3 

Kaolinite-Dead Burnt Kaolinite DTA System 

% Kaolinite Area under DTA peaks in ~~ heat Mean % heat 
Reaction in samp le square inches lost/gained lost/ga ined 

cell Base (b) ~~a 11 ( w) (b)+(w) from DTA block f r om DTA bloc k 

E 
N 20 2 .71 l. 13 3.84 29,4 
D 
0 
T 35 5,27 l. 982 7.252 27.3 28.2 H 
E 
R 100* 15,61 6,07 21.68 28.0 
~1 

E 20 .675 .209 .884 23.6 
X 
0 
T 35 1.25 ,40 1.65 24,3 24 .l 
H 
E 
R 100* 3,63 l. 164 4. 794 24,3 
M 

* 100% samp le= 1.63 gms kaolinite 
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kaolinite-D.B. kaolinite DTA systems in the case of the kaolinite exotherm. 

In this case the nature of the dilutent appears to play a significant role. 

A non-zero intercept is again not ~ d for the kaolinite-Al 2o3 system but not 

for the kaolinite-D. B. kaolinite system in this case. 

A careful study was made of the base line drift of the kaolinite 

base and v1all DTA. The instruments \<tere \'/armed up for a considerable time to 

elimi nate electronic drifting and the measurements then taken. The drift was 

studi ed as a function of the degree of dilution and the reference substance 

and t he results are tabulated in Table 111.4 
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TABLE III .4 

Results on Drift 

DTA system Drift measured in uV between 400 - l000°C: 
Base DTA Wall DTA 

% Oil uti on 60% 80% 60% 80% 

Kao 1 i nite- 3 Al 2o3 
2.5 12 6 

Kaolinite ·· 0 D.B. kaolinite 0 7 4 
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III .2(d) Influence of the Cell Geome~ 

Kaolinite DTA's undertaken in designs 1 and 2 are shown in Figures 

III.l2 through III.l5. The same terminology has been used as in earlier 

figures. The heating rate in both the cases was the same, i.e., 2,06°C/min 

and a 300 pV scale was used to record the differential temperature, except in 

Figure I11.14 where 1 mV scale was used, Identical samples of 100% kaolinite 

were investigated in both DTA block designs. Alumina powder of the same size 

distribution (-160 + 200 mesh) was used as a reference and compacted to the 

same density in both investigations. Hence, except for the geometry, all 

operating parameters were maintained constant. The cell length to diameter 

ratios in design #1 and #2 were one and two respectively, 

Figure II1.12 and 111.13 are the kaolinite endotherms and Figures 

III,l4 and 111.15 are the kaolinite exotherms for both designs. 

The base and wall DTA areas for the two designs for the kaolinite 

endotherm and exotherm are recorded in Table 111.5. 
'.J 



180 

150 

It\ 

120 

~ r90 
. z I 

I- ~60 
<] 
-'.-

I r30 
t--
.o 

I 

0 .. 

o b 

FIGURE JIC 12 

KAOLINITE ENDOTHERM 
DESIGN NO. I 

465 °C 

! 
200 220 24 0 26 0 280 300 

I I I I L_ ______ I I ! __ __. __ _____._ 

TIME {MIN ) > 



120 

1 
90 

+ 60 

FIGURE m 13 

KAOLINITE ENDOTHERM 
DESIGN NO. 2 

........ 

~ , . 



> 
:::s.. 

z 

~ · 

<l 
I 

I 
w 

-0 

_ 100 

r-2.00 

I 

f-- 300 

I 

i- 400 

- 500 

I 
I 

-ob 

Ow 

< 

4 20 
I I 

965°C 

I BASE DTA 

975°~ \ . r WALL DTA 

\ ~v 
~ 

. 

F IGURE NO. m 14 

KAOLINITE EXOTHERM 
DESIGN NO. I 

I 

. 
I 

440 460 480 . 
I I I I I I 

T IME (MIN ) >-



r f-45 .........._ ~ I 978°C 

> 
:::t 

z 

Ow 
75 

105 

-, 
~ 1!35 

I 

165 

~ 

195 

FIGURE m 15 

KAOLINITE EXOTHERM 
DESIGN NO. 2-

420 440 

(I 

460 

TIME (MIN) )Ill-

Ba se 

.. .. _ .... 

Wall 

480 



49 

TABLE 111.5 

Effect of Change of Cell Geomet ry on Pea k Area 

Kaolinite Endothe rm 
' 

Desi gn Number 1 { L/0= 1) 2 (L/0=2) 

Mass of kaolinite in gms. 1.63 0,37145 

Base (b) 15,61 4.74 

~Ja 11 {w) 6,07 2.416 

% Heat qained from DTA 28% 34% block (%w/w+b) 

Kaol i ni te Exotherm 

Desi gn Number 1 2 

f:lass of Kao li nite i n gms . 1.63 0.371 45 

Base {b) 3,6 1.1 2 

~Ia 11 {w) 1.164 0, 484 

~ Heat lost to the DTA 25% 30% b 1 ock ( %w/\v+ b) 
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III .3 Comparison Between ~lodified DTA and Commercial DTA Equipment 

To compare the perfm~mance of the experimental DTA with a commercial 

DTA, kaolinite and Srco3 thermograms were obtained on a Dupont 900 Thermal Analyser, 

employing a heating rate of 50°C/min. This rate is considerably higher than the 

experimental DTA heating rate of 2.06°C/min. Al 2o3 powder was use~ as a reference 

n~terial with undiluted samples. 

The kaolinite DTA curves obtained in the commerical unit are re-

produced in Figure III.l6 and those of Srco3 in Figure III.17. The area under 

the differential tempe rature peaks for these investigations are listed in Table 

III .6. 
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TABLE III.6 

Dupont 900 Thermal Analyser Results 

Substance r~ass in gms. Peak area in Sq. In. 

Kaolinite 0,0385 4.75 
Endotherm 

i 

Kaolinite 0.0385 0,952 
Exotherm 

SrC03 
0,0435 0,585 

' 
' 
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CHAPTER IV 

DISCUSSION 

IV.l Thermal Conductivity Measurements 

' 

Heat transfer in a particulate medium is complex. The packed pow·er 

contains particles touching each other and interstitial voids, Heat transfer 

occurs between particles by conduction through point contacts, conduction and 

convection in the gas medium filling the pores and radiation between particles 

seeing each other directly, With increasing temperature , particularly beyond 

500°C, radiation h~at transfer and gas conduction predominate,for convection 

is minimal in a static gas phase and solid conduction is limited by the 

solid point contacts. Consequently, the heat transfer coefficient, or the 

effective powder thermal conduc tivity, should increase with increasing tempera­

ture, i.e., the temperature gradient across the medium should decrease with 

increas ing temperature. A temperature gradient change would result if the 

gas filling the pores is changed, If such a gaseous species change is accompanied 

by a change from static to dynamic condit ions of gas flow the influence of 

the temperature gradient \'li 11 be even more marked. Such therma 1 gradients 

vs. temperature for al umina powde rs are shown in Fi gure IV.1(?4 ). 

In contrast to the orthodox AT behaviour as a function of i ncreas ing 

temperatur-e , as i n Figure IV .1, the therma l gradients acl~oss the DTA cells 

inc reasewith increas ing t emperature (Figures III.l to III.3). This behaviour 

52 
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is a result of the peculiar design of the OTA apparatus. The conventional 

relative thermal conductivity measurement apparatii make thermal gradient 

measurements across samples interposed between a heat source and a heat sink. 

All the heat is constrained to flow in the direction along which thermal 

gradients are being measured, by adequate thermal lagging. Furthermore, 

the heat sinks are infinite, or in other words the heat sink temperature is not 

perturbed from its normal value, no matter what quantity of heat is pumped 

1 nto it. 

In a DTA apparatus, on the other hand, under steady-state conditions, 

the heat arriving at the perifery of the OTA block (q) is split up into b1o 

parts. One part travels through the block, qblock' and the other part, qcell~ 

travels across the cell giving 

q = qblock + qcell (20) 

The heat travelling across the cell, qcell' sees as the only sink in the neigh­

bourhood the thermocouple placed in the centre of the cell. This sink is 

however not infinite. The greater the hea t supplied, the less efficient is 

this thermocouple sink and a consequent rise in the cell temperature gradient 

ensues. 

An approximate calculation of the qua ntity of heat flowing into the 

block may be rryade from the fu rnace characteristic -curve (Figure III.l(a).) · A 

power of about 1.2 K~J is necessary to ma intain a furnace t empera t ure of~ 870°C. 

If approxima tely 70% of this t rave ls t o t he work load i n the furnace tube, then 

heat dissi pat ed per inch of t he 11-inch wi nd i ng wou ld be : 1.2 x 103 x .7/11 

wat ts/i nch . If the DTA bl ock is 1 ~" t hick and the hea t . lost i n hea ti ng t he 

amb ient atmosphere is 30%, t hen t he approximate nat heat arri ving at t he 
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perifery of the OTA block would be 80 watts or 19.1 cals/sec {qtotal). 

The heat conducted along the platinum thermocouple wires, when the tempera­

ture is at about 870°C, would be approximately 

where D =thermocouple diameter (.008" x 2.54) ems 
- ~ 

0 = platinum thermal conducti vity = 0.21 cals/ K.cm.sec. 

6T = 870 - room temperature (25) = 845°K . 

t = length of thermocouples = 1 foot= (12 x 2.54) ems. 

Substi tuting values, heat transferred along the thermocouple is 38.2 x 10-4 cals/ 

sec. 

Since this heat sink is finite and can only handle the above quan tity 

of heat, only that quantity of heat will flow into the cell and it would be 

a reasonable assumption to take this quan t ity of heat as qcell" The deficit 

between the qtotal and qcell travel s to a sink vi a the DTA block. The pumping 

of more heat into the block may therefore increase the value of qcell only 

marginally in comparison to qtotal" The deficit would thus go t o heat the 

block. Si nce the cell wall thermocouples measure the block t emperature, they 

would register higher temperatures in comparison to the central thennocoup le. 

This is a possible explanation of t he observed DTA AT-T relationships. 

This situation can be expressed by electrical analogues as in Figure IV.2. 

The upper figure represents the situation for the conventiona l therma l conduc­

tivity apparatus, and the lower for the DTA modu le . In both cases , heat 

.reaches the work su rface f rom the source across a resistor R (radiation/ , r 
convec tion resistance to heat flow across the gaseous envelope around t he DTA 



(/) R r Rb V1 ' R p Vz 
0 . 
c: SINK 
:0 
0 
fTI 

cn Rr Rb 
0 
c~~~~----~~r---~ 
::n 

0 

0 

0 

\ 0 1· . 

(") 
rn Rt o 

0 

Fi gu re IV .2 DTA Heat flow el ectrical analogue. 

T1 T2 

-

0 

0 

0 

0 

0 



55 

block). From this surface heat flows through the apparatus walls, the 

powder (Rp) and so into the sink. The two thermocouples therefor~ register 

temperatures T
1 

and T2 corresponding to potentials v1 and v2, i.e., their 

difference corresponds to the thermal drop across the powder sample. In the 

conventional apparatus, heat is constrained to flow in one direction (along 

the directions of the arrows ) by thermal lagging and guard heaters, such that 

under st~ady state _the heat input (q) is equal to the heat output. Thus, if 
' 

q is known, the therma l conductiv1ty can be calculated. 

The DTA module 1s different, in that the wall thermocouple (11) ­

corresponding to the ~oltage v1r represents the surface, w~ere the incoming 

heat q splits into t wo parts, qcell and qbl~ck (equation 20). The . qblo~ k heat 

factor is not constrained to flow in any specific direction {due to the design 

geometry). · This · resistance to heat flow may be · lumped into a resistance R1. 

Since the cel l walls are pl at inum lined, it is reasonable to assume that heat 

will flow more quickly -along the platinum foil than through the sample po\'Jder 

or the zirconia DTA block. Since all the surf~ces within the cell are lined 

with plati num, and ·the centre thermocouple (T2) is the one extendi ng out to 

room temperature , it may be reasonable to assume that qc~ll is constrai ned to 

exit via this thermocouple. The thermocouple wire di mens ions limit the heat . 

carrying capacity of this sink. This resistance to heat flow may be regarded 

as Rpp· 

Th is limited sink genere.tes pseudo-gradients across the DTA cells 

thereby rendering absolute therma l conducti vity calculation based on steady-

sta te analysis meaningless . However~ given reproducible heat transfer condi­

tions, relative therma l conductivity data may be obtained. 

Fi gure III.l indi cates the reproducibility of. the experimental conditions. 
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Figure III .2, ~in which· steady state thermal gradients vs. isothermal furnace 

temperature in °C are plotted for live, semi-dead-burnt and dead burnt kaolinite 

with Al
2
o3 standard, indica~es that Al 2o3 powder - has a higher thermal 

conductivity than kaolinite. Dead burnt,semi-dead-burnt and live kaolinite 

fall along the same curve and _ these powders sinter beyond 1050°C. ; In the stea.dy 

state condition, the semi-dead-burnt material. does not show a marked difference 

in its thermal conductivity due to dehydroxylation or subsequent particle size 

reduction. 

Figure III.3 shows that the therma l conducti.vity of montmorillonite 

1 0 the dead burnt and the - is sli9htly lower than that of A 2 3 • 

live materials have identical therma l conductivities. 

It -is eviden t therefore that the dead bu rnt material would be a, better , 

reference material with respect to the same live sample material. . . 
Such pt~a ctic e may reduce the base-li ne d t~ ift during DTA, so allowing more 

accurate locat ion of the differentia l temperature pea ks. More will be said 

on this mat ter when the dilu ti on resu lts are discussed. 

The effect of hea ting rate on the therma l gradi ent across the samp le 

cell as a fu nction of the temperature of the fu rnace is shown in Figure III.4. 

During these t es ts the #2 design of DTA block was utilised . The gene 1~a1 

behaviour of increasing therma l gradients across the samp le cell with i ncreasing 

tempet·a.ture conforms with observations in the previous expet~iments . This 

indicates that this type of behav iou r- is common to a'pparati i having a 

si mil ar geometry. It is also apparent from thi s figure t hat imposition of 
. 

higher heating rates incr~ases the temperature drop across the cell. This is 

a logica l extension of the limited-heat-sink hypothesis in that the i mposition 

of the higher heatin~ rate increases t~e qblock fac tor more rapid ly than the 
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qcell factor. In effect, therefore, increasing the heating rate produces the 
-

same result as decreasing the sample thermal conductivity. 
(68) . Yagfarov suggests an apparatus of essentially the same geometry 

(Figure 1.4) as used in this investigation to measure 
-

thermal gradients and proposes that thermal conductivity (A) values can be 

obtained directly from such measurements as a function of the heat rate (v). 

~f this were the case, the therma l gradients acros~ the OTA cells should 

decrease rather than increase with the. heating rate imposition as he suggests . 

that thermal conductivity is directly proportional to the heating rate. 

Yagfarov pre'sents no experimenta l data to supplement his fo rmu lation. 

1V.2a Heat Loss (6T), Type of Reactions 

The plot shown in Figure 111.5 demonstrates that a cons tant and 

reproducibl~ heating rate was accurate ly maintained during the DTA runs. 

Duri ng the cooling cycle, the rate of cooling was controll ed accurately until 

about 300°C. 

Figures 111.6 to 111. 9 are DlA's of differen t substances undergoing 

different types of reactionsr . These results clearly indi~ate that pa rt of the 

reaction heat evolved or absorbed by the sample during a conven tional DTA 

run is never sensed by the recording single differentia l thermocouple. At 

least two such thermocoup les are required to r :.cord the t empera ture effect 

associated with the total reaction heat. In exothermic reactions (Fi gures 111.6 

and 111.7) some of the .reaction hea t is transferred to t he DTA block and is 

sensed by the differential t hermocoup le on t he cell \'ia ll. During endothermic 

reactions (Figures 111.8 and 111.9) he~ t is absorbed f rom the DTA bl ock as 
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well as from the sample and is also sensed in the cell wall differential couple. 

These results verify the hypothesis proposed in Section I.4d. 

In Table III.l the results obtained are summarised. The last column 

of the table expresses % (w/b+w) where b is the area under the base DTA and w 

is the area under the wall DTA. This ratio in effect expresses the percentage 

inefficiency of the single thermocouple system in detecting the entire heat 

effect. In quantitative DTA this ratio should ideally be constant for 'any 

type of reaction. If such were the case the calibration technique (eq. 18, pg. 19) 

could be applied with confidence to extract accurate hea t effect values asso-

ciated with unknown reactions. This ratio is not constant and this suggests 

that more care should be t aken when utilising such calibrating techniques. 

The last column of Table 111,1 is reproduced below: 

Sample t1aterial Reaction Type % heat lost/gained from 
DTA block 

%(\'1/b+w) 

SrC03 Endothermic (polymorph ic 
change) 

32.2 

.. 

Kaolinite Exotherm (crystallisat ion) 24,8 

Kaolinite Endotherm (dehyd roxy lation ) 29,4 

CaC03 Endotherm (decompos ition) 39.1 

The vari ation of %(\'J/b+w) with different types of reactions can be explained 

qualitat ively by the foll owing model shown in Figure IV.3. 

Considering the hea t flow i~ the DTA sys tem before the occurrence of 
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a reaction in the sample and assume for the sake of argument that the tempera­

ture gradients in the block and samples are the same. As the sample is hottest 

at the cell wall periphery, a sample reaction>muld start at this location. 

A portion of the heat involved in an exothermic reaction will flow into the DTA 

'block (w) and into the cell material (b). The progressive enthalpic contribu-

tions from the successive sample increments as the reaction front advances 

tm'lards the cell centre determine the cumulative \·t and b recorded as peak areas 

by the cell wall and base differential t hetmocouples respectively, The quantit1e's 

involved and the t emperature peaks generated are shown schematically in Figure 

IV .3. From the geometry of the temperature profiles in the figure it can be 
. 

seen that the base differentia l couples should sense more of the heat generated 

in an exothermic reaction than the wall couples. 

The major heat source in the system is the furnace and the temperatu re 

gradient it imposes on the system is such as to limit the amount of sample 

reaction heat wh ich flows into the DTA block during an exotherm . This is 

further li mited by the progress of the reaction front tov1ards the sample centre 

for the reaction heat source is moving away from the cell wa ll boundary . A larger 

portion of the evo 1 ved heat \'li 11 thus be sensed by the base thermocouple. On 

the other hand, during an endothermic process the_ main source of heat is the 

DTA block (\'Jhich is at a hi gher temperature than the sample). Even as the 

reaction front advances, t he sample ~ill gather more heat from its reacted 

component {and so from the block) than from i ts unreacted portion. Thus it 

might be expected that: 

% [w 1 /(b 1 +VJ 1
)] > % [\'1/(b+vJ)]. 

(e ndothermic) (exo thermic) 
The Srco3 poly~~ rphic 

change endothermic enthalpy and the kaolinite exothermic enthalpy are numerically 

approxi mately equal and the postulated (\'1/w+b) ratio is observed (s ee t able, 

pg. 58). Th1s is also 
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true for the kaolinite endotherm and exotherm compa rison although in this case 

other complicating factors associated with the gaseous evolution in the endotherm 

case could influ€nce the issue. 

The kinetics of the reaction can also influence the (w/w+b) ratio. 

The endothermic decomposition of Caco3 (Figure 111.8) and the endothermic 

dehydroxylation of kaolinite (Figure 11I.9) involve similar enthalpies (39 and 

40 kcals/mole respectively). In the carbonate case the react ion slowly builds 

up to a maximum and then ceases abruptly. The loss of water by kaolinite 

on the other hand terminates in a less abrupt fashion. In the carbonate 

decomposition therefore a large part of the required heat is quickly extracted 

from the DTA block giving: 

% (w/b+w)CaCO > ·x (w/b+vl )k 1. . t 
3 ao 1n1 e 

The evolution of a gas during a reaction will marked ly influence the 

heat transfer characteristics in the sample. This is brought about in two 

ways, name ly the gaseous-phase-conductivity change associated with the species 

change and the remova l of hea t from the system in the form of the evolved-

gas heat content as it leaves the sampl e. Both of t hese processes result in 

a change in the t emperature gradient across the cell and can therefore be 

considered in terms of the change of overa ll samp le heat transfer coefficient. 

The relative contribut ion of the two processes can be tested by compa rison of 

the measured heat t ransfer coeff ici ents for given reacting systems at the same 

temperature and the calcula ted heat-content ratios for the two gases involved. 

The quantitative DTA relationships (equation 11 9 Chapter I) indicate that 



peak area (A) = ~H.m 
gK 

and if A, 6H, m and g are known then the heat transfer coefficient (K) values 

for the two reactions can be compared. In these studies th'O reactions were 

investigated involving the evolution of a gas, namely the decomposition of 

Caco3 (C02) and the dehydroxylation of kaolinite (H20). These t\'IO reactions 

occur in approximatel y the same range of temperature. Comparison of the K 

value ratios obtained and the heat content ratios for the two gases at these 

tempera tures are shown in Table IV.l. To construct this table, the base peak 
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areas and sample masses were measured, the geometric factor was assumed constant 

and corrections were made for the non-linearity of the thermocouple output .. 
(mVs) with temperature. The following literature enthalpy values were also assumed: 

bH (CaC03 ~ CaO + C02) = 40.38 kcals/n~le {l000°K' 

~H - 39 0 kcalsjmole (900°K) 
(kaolinite~~etakaolin+H20) - · 

These res ults would tend to indicate that the change in heat transfer 

conditions in the react ing sample could in large measure be explained by the loss 

of the evolved gas and its hea t content fro m the sample. 

The influence of the evolved gaseou s phase on the hea t transfer 

character istics in the DTA system is importa nt when the calibration tec hnique 

of quantitative DTA i s used . The calibrant reaction shou ld, if possible, 

evolve the s~ me gaseous species as the unknown sa mple reac tion of interest if 

a true calibration is to resu lt. 
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TABLE IV.l 

Kcaco3 {calculated) 1 .35 

Kkaolinite endotherm 

Heat content of C02 { 1 000°K) .· -
1.34 

Heat con tent of H
2
o { 900°K) 

IV .2( b) Heat L_?SS ( t1T)_; Degree of Dil u!_i on 

The quan t itat i ve rel ati onship betv1een tr.1e DTA peak area and t he mass 



63 

of active component suggests a linear relationship between these two variables. 

The results tabulated in Table 111.2 and plotted in Figure III.lO ~onfirm this 

prediction .. As _ the slopes of the plots are equal to t.H/g,K and the value of 

t.H and K for the two reactions differ, the two lines have different slopes. 

It is interesting to ~ote that these plots do not pass through the 

origin. More will be said on this point later in this section . 

iV.2c Heat Losses (t.T); Change of Reference Substance 

The results in Section III.l indicate that dead burnt kaolinite and 

kaolinite have the same hea t transfer characteristics. The dead bu rnt material 

therefore should be used as the DTA reference material rather than A1 2o3 powder 

say,. vthen studying the action of heat on kaolinite ,by DTA. 

The linear relationship between the peak areas and percentage active 

component is evident in Figures III.lla and III.llb. · In Figure III.lla the 

wall, base and (base+ wall) DTA results have been plotted for the kaolinite 

endothermic reaction with Al 2o3 as reference and dilutent and dead burnt 

kaolinite as reference and dilutent. The two systems follow the same pattern 

and the plots do not pass through the origin. Thus fo r the kaolinite 

endotherm at least, the dead burnt kaolinite may not be a better reference 

material than Al 2o3. 

The results for the kaolinite eftothermic reaction , however , show 

a difference between the dead burnt kao linite-Al 2o3 reference systems . Also, 

the (kaoli nite-dead burnt kaolinite) plots pass through the origin, Th~ 

curves fo r this system plot above those for the A1 2o3 reference system, i.e., 



for the same mass of active component the peak areas are larger than those obtained 

in the Al 2o3 system. This is consistent with the heat transfer characteristics 

of the two systems as discussed in Section III. 

It is interesting to examine the intercept differences obtained in these 

dilutent systems keeping in mind the existenceof the two heat transfer paths in 

the DTA system. This availability of alternate paths for heat flow in the DTA . 

system means that modification of the heat transfer conditions for one path could 

lead to an increase in flow along the other paths. The two major variables infl uencing 

intercept results are t he type of react ion (endo- or exothermic) and the dilutent 

material. As the plots in each case are li near with res pect to the percentage 

of dilutent ma teri al t he intercept value should be independent of this parameter. 

The res ul ts can be sunmarised as foll ows: 

zero in tercept - kaoli nite-exothenn for t he kaolinite/ dead-burnt-kaolini te DTA 

system. 

non -zero i ntel~cept .. kaol in ite endotherm for t he kaoli nite/dead-burn t-kaoli nite 

and kaolinite/Al 2o3 DTA system . 

- kaoli nite exotherm for kaoli nfte/ Al2o3 DTA sys tem . 

Compari ng the nature of the t\-10 react i ons firs t , t hey di ffer t hree vmys , i.e . , 

one is endothermic and one exothermic, the entha l py i nvol ved in t he endo­

thermi c reacti on i s si gn i f icantly greater and a gas is evolved duri ng t he 

endotherm and no gas produced during t he exotherm. The non-or i gin in tercept 

cases essential ly i ndicate t hat mi xtures contain i ng 6% of active component 

or l ess do not produce a di fferent ial t emperature peak associated wi th the 

reacti on of t his component . The nature of the entha l pic effect and i t s 

magni t ude should not influence t he orig in i ntercept val ue . It can only 

be supposed that some modification of heat transfer conditions \'/ithin the 

reacting di l uted sample occurs associated with the reaction . This modifica-
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tion is such as to maintain the temperature gradients within the dilute sample 

and inert reference sensibly equal, i.e., 

(dT/dx)sample = (dT/dx)reference (21) 

where T defines temperature and x is a distance parameter measured within the sample 

1or reference. If for the sake of simplicity, the si'mple conductivity equation 

is assumed then the above relation means that: 

{q/KA)sample = {q/KA)reference (22) 

where q is the energy input into each system, ~ the effective thermal conductivity 

and A the area across which the heat flows . Considering the energies involved 

in the two pertinen t reactions, assuming the K-values remain constant, then 

fo r the endotherm 

qsample - qreaction = qrefe rence (23) 

and for the exotherm 

qsample + qreaction = qreference {24) 

fo r the 6% active component to reac t unnoticed. For compa t ability beh1ee:1 

equation (22) and (23) and (24) it is necessary that 
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K K . 
sample > ·reference for the endotherm 

and 

Ksample < Kreference for the exotherm 

The endothermic nK•~ inequality could possibly be explained by the replacement 

of the air in the powder by the evolved water vapour and a possible 

increase in heat transfer coefficient. It should be pointed out that this 

w~ll only apply io highly-diluted samples as the escape of water vapour_ from 

the system will upset the cond itions dictated by equation 21. 

The exothermic .. K .. inequa lity could be associated with the redu ction 

of the effective therma l conductivity of Al 2o3 by dilution with a lowe r 

therma l conductivity compone nt, i.e., kaolinite • . It is possibl e that the 

diffe rence between the heat transfer characteristics of the i nert reference 

(100% Al 2o3) and th_e sample (94% ~1 203 ) could counteract the extra ener gy 

input when the 6% active component reacts. This explanation differs from the 

endothermic case in that the K inequa lity \'Jill exist throughout the who le 

DTA run whereas the gas release will be associated with the endothermic 

react ion only. The ma jor influence of this difference is t he possibl e 

associat ion of base-line drift with the permanent 11K11 inequality. Such drift 

however shou ld be continuous and therefore not mask a reaction differential 

t emperatu re peak. It shou ld be emphas ised that no particu l ar significance is 

at tached to the intercept value of 6% reactive materi al but rather to the 

exi stence of a non-origin i ntercept in a system which should very definite ly 

al ways exhibit one . 

In summary therefc·re it is su g gest ~td that at hi gh dil ution l eve ls the 

zero peak area observa ti on fo;~ non -zero act ive ma te ri ai compos i t ion s 

may be the result of . a trade off betwee n the enthalpy 



involved and the change in heat transfer conditions produced. The peak area 

is a function of both these variables according to 

peak area 6H 
a:-

K 
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The availability of alternative heat flow paths and sinks in the system is very 

important as the energy involved however small must be transferred out of or 

into the sample in such a way as to avoid upsetting the heat transfer system 

being moni to red . Another way of consi derirg t he phenomenon might in fact be 

with respect to the change in magnitude of the monitored heat pipe with respect 

to the alternative heat pipes in the system . In any event, the results indicate 

that choice of the wrong reference materia l or a gaseous atmo sphere different 

from that produced during a reaction involving gas evolution cou ld l ead to an 

error of at l east 6%. 

With res pect to the heat loss values measured on the wa ll differential 

coupl e, it can be seen by comparison of the last columns of Tables 111.2 and 

111.3 the nature of the reference material did not si~nificantly influence these 

results. 

The data in Table 111.4 compares t he drift in vV in the 400 to 1000°C 

t emperature range fo r the kaolinite thermograrns with dead-burnt kaolinite and 

Al 2o3 as reference material s respe~tively. As the l evel of dilution increases, 

the thermal properties of the sample approach those of t he reference substance, 

thus reducing t he drift . The drift on 80% dilu ted sample is l ess t han that on 

60% di l uted sample, The drift is fu rther reduced when dea d burnt kaolinite is 

used as a reference and dil utant substance, i nd icating t hat the dead burnt material 

is a better ,~e ference material than Al 2o3 for the diffet~ential thermal analysis of 
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kaolinite. 

IV.2(d) The Geometric Factor 

Results of Section III.2(d) indicate that reaction initiation 

temperatures as detected by both designs are essentially the same and for 

kinetically slow reactions (with large enthalpic effects such as the kaolinite 

endotherm, ) it is difficult to detect the initiation temperature with confidence 

by the method outlined on page 36. The drift as soc iated with design #2 is 

higher than that for des ign #1. As the second design is more sensitive (next 

sec tion ) it may be expected to respond more read ily to differences in thermal 

diffusiviti es of the reference and sampl e materials in terms of drift. 

Although the wa ll peak areas in the second design are sma ller than 

the base peak areas as before, the peak area rati o, %(w/\v+b ) for the second 

des ign is higher. Ta ble I I I.5 i ndicates the difference in %(w/w+b) for both 

designs for two different reactions. As the L/D ratio is increased , the wal l 

thermocouple moves tm,,ards the central thermocouple and the \'/all platinum foil · 

contacts m~re powder area/unit mass of sample. These facts will both i ncrease 

the proportion of heat sensed by the \A/a ll thermocouple. This difference is 

reflected in higher val ues for %(w/ w+b ) for the second design with respect 

to the first. 
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IV.3 Quantitative Measurements 

The commercial apparatus thermograms obtained for kaolinite and 

SrC03 are similar to those obtained in the experimental apparatus. The 

kaolinite endothermic peak appears symmetrical with a good deal of 

variation in the base line before and after the reaction. The kaolinite 

exotherm and the Srco3 endotherm also appear symmetrical (Figures III.l6, III.l7). 

In Table IV.2 the sensitivities of the three DTA's, i.e., 

commercial, desi gn # 1 and design # 2, for quantitative analysis are 

compared for the kaolinite reactions. Designs# 1 and # 2 use the same 

heating rate; that of the commercial unit was higher. Because of the 

higher L/0 ratio in design # 2, larger areas/unit gm of kaolinite were 

~btained. The L/D ratio for the ccm~e~cia1 appa~atus is s1ight1y 

lower than desig~ # 2, but it employs a heat i ng rate twenty-five times 

faster than the exoeri mental DTA ' s. The influence of heating rate on 

peak areas is well knmvn (equation 14, peak area is directly proportional 

to heating rate). The observed behaviour is in agreement with the 

1 i tera ture. 

Although accurate measurement of the effective conductivity prohibits 

the direct measurement of the reaction entha l pies, it would appear from the 

foregoing that, wi th sufficient precautions as to nature of calibration 

reaction and heat losses, accurate reaction heat measurements should be 

possible in a cal i brated system. The invers i on heat for the rhombic t trigonal 

transforma t ion in SrC03 v-1as measured on the experi menta 1 DTA and on the 

commercial apparatus, both of which had been calibrated with the kaolinite 

exotherm. Each esti mation was performed four times and in each case the 

calibration and experimental runs were carried out in identical DTA systems. 
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TABLE IV.2 

SENSITIVITIES OF DIFFERENT DTA' s 

DTA Sensitivity 3 
Type of Reaction 

(a rea / gm of kaolinite in oc.sec/ gmsxlo- ) 
Dupont 

Design # 1 Design # 2 Co mmerc ial DTA 
-

Length/dia . ratio 1 2 1 ,5 

Base 14.8 19,8 35,9 
Endotherm 

(Base+Ha ll) 20,6 30.7 ---

Base 3.0 4.1 7.2 
-

Exotherm 
(Base+Wa ll) 4.0 5.9 ---



I 

TABLE IV.3 

QUANTITATIVE ESTi t1ATION 

(A) Cal ibrant: 
(B) Cal ibrant: 
{C) Cal ibrant: 

Kaolinite Exotherm 
Kaolinite Endotherm 
CaC03 Endotherm 

Type of DTA Heat Effect for Srco3 Rhombic t Tri gonal 
Inversion (kcals/mole) 

(+ 55n 

Dupont thermal analyser {A) 2.83 

Design #1 (this work) (A) 4.16 
Peak area: - central DTA 

Desion #l (A) 4.63 
Peak .. area: - (centra1+wa11) DTA 

' Literature values for Srco3 4.7 
inversion 

Desian #1 (B) 3.46 
Peak -area: - (central+wall) UTA 

Desiqn #1 (C) 4.29 
Peak area: - (central+\'tall) DTA 
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l4either reaction involves a gaseous product and both occur at roughly 

the same temperature (930°C and 975°C respectively). The results, 
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together with the accepted literature value(?S,l6) are shown in Table IV.3. 

Also included in this table are the estimated enthalpies for the inversion 

based on the kaolinite and calcium carbonate endothermic reactions as cali-

brants. Both these results are for the double-thermocouple DTA design. 

The commercial apparatus utilised a much higher heating rate (50°C/minute) 

giving it a high sensitivity to the detection of chanqes but little quantitative 

accuracy. The accuracy of the double-differential thermococuple DTA technique 

is evident. These results also show the influence of the non-identity of the 

calibrant and investigated reaction types (the endothermic calibrant reactions 

involve qaseous evolution and occur at different temperatures) and the errors 

invnlvP.d inriir.iltP tnP import"'nce of the choir.e of the proper ca.i ihrilnt 

reaction. 

IV.4 Comparison with Quantitative Measurements on Herold and Planje Type 

Apparatus 

This type of DTA consists of two platinum cells interconnected 

by a platinum wire . On the outside of each cell a Pt-10% Rh wire is 

welded, such that t he differential across these two wires and the wire 

connecting the two cells constitutes a differential thermocouple. 



Honeybourne and Sewell are of the opinion that results obtained on such 

an apparatus will be independent of sample tbermal conductivity. In this 
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case, then, DTA peak area should yield better quantitative data and any calibrant 

reaction should be valid. The experimental wall-DTA has a similar geometry. 

Basing calculations on the Caco3 endotherm, quantitative heat effect values for 

the kaolinite endotherm, exotherm and Srco3 inversion were calculated and 

are presented in Table IV.4. The values so calculated do not agree with the 

literature data indicating that the sample and .calibrant reactant the1·ma l 

conductivities and nature of reactions cannot be ignored. 
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TABLE IV.4 

QUANTITATIVE CALCULATIONS FOR HEROLD-PLANJE TYPE APPARATUS 

Reaction Literature V a 1 ue Herold and Planje 
apparatus -results 

Kaolinite endotherm 39.0 Kcals/mole 34.2 

Kaolinite exotherm 9 ~ 1 Kca 1 s/rr.o 1 e 5.75 

Srco3 (1nversion) 4.7 Kcals/mole 3.763 



CHAPTER V 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

As a result of the investigations here reported the following 

conclusions can be made: 

(l) Absolute the rma l conductivity data cannot be measured in DTA apparatii 

as the very reason for their design (high sensitivity to small heat 

effects in terms of the associated temperature changes - a result of 

the utilisation of limited heat sinks) militates against thermal 

conductivity measurements \IJhich requ ire infinite heat sinks . 

(2) Relative effective the rma l conductivity values as a function of 

tempe1·ature can be checked on a DTA apparatus. The results obtained 

indicate that values for alumina powder are greater than for kaolinite 

and the values for kaolinite, sem i-dead burnt kaolinite and dead 

burnt kaolinite are sensibly equal. Results also i ndicated t hat the 

effective thermal conductivity val ues as a function of temperature fo r' 

montmorillonite and alumina were the sa me . It can be concluded , based 

on these results, that t he dead burnt materia l const itutes a better 

DTA reference than any other inert material. 
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(3) Dynamic relative thermal conductivity measurements made on the DTA 

apparatus indicate that increasing the heating rate is equivalent 

to decreasing the effective thermal conductivity of the system. 
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(4) It has been demonstrated that a substantial portion of the enthalpy 

produced in the reactin g samp le in a single thermocouple differential 

therma l analyser escapes detection and constitutes a major error in 

quantitative DTA estimat ions. 

(5) The percentage heat loss associated with the escape of heat is not 

constant and var ies with the type of reaction concerned, the reaction 

temperature and the reaction pfoducts. For valid results based on 

calibration techniques, therefore, the calibrant reaction shou ld be 

physically identical to the reaction being investigated . 

(6) Heat losses men tioned in the last two-points can be substantially reduced 

by the incorporation of a second differential thermocouple in the DTA 

system and the assumpt ion that the ~T effects are additive. The 

rel ative proportions of the H effects experienced by t he "base" and 

"walP thermocouples fo r endo - and exothermi c reactions are explained 

by the geometry of the DTA system. This ratio is also influenced by 

the kinetics of the reaction involved and the gaseous species (if 

produced ) evolved. 

(7) As an evolved gas species l eaves the reacting system it removes i ts 

heat content from the system. Thi s energy remova l influences t emperature 



gradients in t he system and it is suggested that the effect can be 

trea t ed as a drop in the heat transfer coefficient value in the 

reacting system. Some evidence suports this analogy in that the 

calculated effective conductivity ratios for two reactions involving 

different gas product species is si milar to the ratio of the gas 

heat content values at the reaction temperatures. 

(8) Certai n dilu t ion techniques appear to give valid results but ca re 

should be t aken that the dilutant has t he same effective therma l 
. 

condut t i vity as t he diluted speci es, It wa s shovm that a possibl e 

6% error can be introduced by dilu t ing procedu res and it is suggested 

with evidence , t ha t these errors are associ ated with hea t t ransfer 

condit ions , -

(9) The "base" and "wall " en t hal pic effec t ratio i s influenced by t he DTJ\ 

cell geometry. 

(10) It was demonstrated t hat the correctly cal ibrated doub l e-coupl e DTA 

t echnique gave more accurate results t han the co rrec tly cali brated 

si ngl e-coupl e t echnique and the commerc i al appara t us . 

(11) Negl ect of the re l ative thermal conduct ivity and react ion natures of 

both sampl e and ca1ibrant materi al s, as prop0sed i n the Herol d-Planje 

analys i s l eads t o erroneous results . 
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Absolute quantitative thermal analysis reqUires precise knowledge of 

the sample therma l conductivity during any reaction. This thermal conduc­

tivity may be calculated from results obtained on apparatus such as shmm 

in Figure V.l. This apparatus consists of an adequately supported test 

capsule with an internal heater around which the test sample powder 

is compacted. T\'IO thf?rmocouples are spot \'lelded to the t~st capsule tubes 

and measure the thernm l gradient across the t est sample. The test capsule 

is surrounded with Zro2 powder held within a nickel tube over which a 

furnace has been wound . At any temperature t l1e power within the sma 11 

heater is so maintained that temperature-wise, thermocouple (2) ·reads 

higher than thermocouple (3). A knowledge of powef i nput into the sma ll 

heater and thermal drop across thermocou pl'es (1) and (2) enables the 

powder effective thermal conductivity to be calculated under static condi-

tions. The Zro2 powder effectively acts as a controlling heat sink between 

the t \'/O pm·rer sources. Such a heat fl oi•/ contro l design \'/a s .devel oped in 

the Nicholson-Fulrath differenti al calorimeter apparatus( 74 ). Si mi larly, 

by employing a uniform heating rate on the external booster furnace, dynamic 

effective therma 1 conductivity data caul d be. gathered. 
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Figure ·V .1 Thermal Conductivity ~1easurement Appara tus 
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