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5. THERMAL ANALYSIS IXSTRL:MEXT_~TION AND APPLICATIONS 

5.1. ItlilOiiUCliOtl 

Present day thermal anrlIt_sis instrumentation has reached a high state of 

sophistication compared to the instruments that were available 15-20 years ago. The 

investigator has a wide range of commercia! instruments to choose from, covering the 

temperature range from - IS0 to Z4OO’C. Kumerous insiruments have also been 

described in the literature which can extend this temperature ranse in either direction_ 

The instrument- discussed in this chapter include only those that have been 

described in the Iitcr-lture during the past 5-6 years. No attempt is made to discuss 

the fundamental principles of each technique as these are adequately revie\ved in the 

many textbooks that UC avaiIabIe_ The discussicn is not comprehensive bu: tends to 

emphasize only ?:lose instruments that are commonly used to study heterogeneolus 

processes_ 

5.2. Therttzograr-itntrr_i- 

The most \videIy used thermal tc-.imiquc to study heterogxwous processes is 

that of thermogravimetrx (TG). It is a limited rechnrqw however, in that a gas-solid 

system must be invoived in which the g::~:us component is either a reactant or 

product of the reaction. Phase transitions such as solid -+ gas may also be investigated 

by this technique_ Data obtained from TG are more quantitative. say, than dif- 

ferential thermal analysis (DTA). In the latter technique, the differential temperature 

response decreases with increasing temperature of the system. In a well designed and 

constructed thermobalance, this is not present: the mass-response is invariant with 

temperature. 

No attempt will be made here to discuss ali of the aspects of TG instruments_ 

The historical development and principles of the thermobakmce have been weI1 

documented by numerous authors*-S while modern commercial instruments have 

been described in detail bz Wendlandt’ and others”*’ *_ On:v the more recent or 

novel approaches or developments of TG instrumentation will be discussed here as 

well as their applications_ 

5.2./. Tcmperamre ttmzsrtrctnenrs and calibrar;on 

The use oi TG for kinetics studies has created problems involvirg sampIe 

temperature measurements For heating rates of I50 to 600 ‘C ‘h, sample temperatures 

may .q behind furnace temptxrtture from 3 to I4 ‘C’ ‘; in vacuum systems it is not 

unusual to have differences of up to 20 -C. The accurxv requirements in reaction _ 
kinetics are stringent and require that the temperature of the sample be determined 

directly while it is beii?,o weighed continuously. Some thermobalances have provision 

for this in that a thermocouple is in intimate contact \vith the samp!e or sampIe 

container- In other instruments, the temperature of the furnace chamber only is 

continuousiy monitored. 
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?vlanche and Carroli ’ 3 developed a fast response transducer in physical contact 

with the sample in which its temperature information is instantancousIy relayed to an 

indicating device through a non-mechanic21 coupling. It consists of usins a uni- 

junction transistor rekation oscillator with a thermistor as the resistive part. The 

entire primary circuit inchtdin g the power supply is made part of the baiance 

suspension and is wei@red along with the sample. The frequency of oscillation, which 
is a function of sample temperature, is relayed to an events-per-unit-time meter via a 

mutual inductance behv-een hvo suspended coils. UnfortunateIy, the temperature 

range covered was rather Iimited, from 25 to 16OT. 
Norem et al_ * J * ’ described the use of substances havin,o magnetic transitions 

for the temperature c-iibration and performance evaIuation of a TG system. The 

ferromagnetic standar-I 13 suspended from the balance beam in a magnetic field which 
is oriented so that a vertical component of magnetic force acts on the sample_ When 

the sample is heated through its Curie point, the equivaIent magnetic mass diminishes 

to effectively zero and the balance 41 indicate 2.n apparent weight-lass. The mrt,anetic 

transition calibration points are shown in Table 5.1 whiIe a typical calibration cum-e is 

illustrated in Fig_ 5.1. The intersection of a Iine drawn throu,oh the rapidIy chan$ng 

.-- - 1- 
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Fig 5.1, Temperature cAibmtion with magnetic standsrds (IO”C/min)‘S_ 

portion of the curve and a line extrapolated backwards from the horizontal baseline 
above the transition w2s taken as characterizing the transition point. It was found that 
this point was reproducible to within + 1 “C and WE. independent of sample size and 
magneric fieId strength within the ranges of interest. 

5.2.2_ Encironnlenlal,~actors 

As is we11 known, the experiment31 transition temperatures, and in some cases 
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TABLE 5.1 

MAGNETIC TFLtNSITIOS CXr IBRATION POINTS” 

Sram.&ud Transition fcmperarurc (‘C) 

illume1 
Kickel 
PeAalloy 
ITOIl 
HiSat 50 

163 
354 
596 
is0 

IO00 

the shape, of a TG curve are profoundly altered by a change in furnace atmosphere_ 
The composition and pressure of the gaseous atmosphere within the sampte-furnace 
chamber can be varied over a wide range. Most easil_v emplo\-ed are noncorrosive 
gases such as air, argon, nitrogen, osygen. hydrogen, carbon dioxide, and so on, but 
provision is made in certain instruments for studies in corrosive atmospheres such as 
HCI, CI,, SO,, etc. Not only can a wide variety of gaseous atmospheres be employed, 

but the pressure in the system can be varied from - I x IO- 6 torr to about 200 atm. 
Self-grnerated TG atmospheres have been reviewed by Yew-kirk ’ 6. This type of 

atmosphere consists of decomposin g a solid sample in a crucibie that has a small 
vapor voIune with a small opening to the atmosphere_ Xs a consequence, esccpt for 
the air initially present, decomposition occurs in an atmosphere of the gaseous 
decomposition products, hence, a self-generated atmosphere. The review outlines the 
advantages and limitations of the method, describes several new crucibles, and 
compares the resuhs obtained for various chemical systems. The self-generated 
atmosphere method has a sound theoretical basis, and in such cases, would seem to be 
a good choice for the initial TG study of a comples solid-gas system. In a self- 
generated atmosphere crucible the atmosphere produced by the first reaction may 
hav-e a beneficial or detrimental effect on the reaction. For example, in consecutive 

7 

7 

Fig. 5.2. TG cunzs of Mn(CzHa02)t-~Hz0. -441 Shsilorv dish of sample in fkxm3 X2 ; B: Piston 
t_ype sample crucibie in air’ 6_ 
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hydrate decompositions the presence of water vapor faciiitates the recqxtaiiization of 
the new phase. 

To iiiustrare’6 the effect of the self-generated atmosphere on the decomposition 
of a compound, the curves for manganese(I1) acetate A-hydrate are shown in Fig. 5.2. 
In curve A, the sampie ioses weight immediateiy at room temperature. The two major 
stqes of lveight-loss on heating correspond approximately to the loss of hydrate 
water and the decomposition of the anhydrous salt to MnO. The effect of the self- 
generated atmosphere. as shown in Curve B. is to increase the initial wei@-loss 
temperature and aiso the temperature at which the anhydrous salt dissociates_ 

The advantages and limitations of the self-generated atmosphere technique, as 
listed by Xewkirk’ 6, are as foiiows: 

ii _ A dr-antages 

CI_ TG in seif-generated atmospheres is primariiy of vaiue in the study of 

consecutive reactions_ It will generally have the foliowing advantages compared to TG 

in open crucibfes. 

1. The reaction interval will be narrower, overlapping reactions will be more 

clearly resolved, and intermediates more accurateiy identified. 

2. New phases wiii be revealed. 

3. Reactions wiii proceed, for the most part, at a fised pressure of the gaseous 
products equal to atmospheric pressure_ The course of reactions, except at the start, 
wiii not be affected by vary-ins partial pressure_ 

3. The observed initial decomposition temperature wiii be more ciosciy 

reiated to an equilibrium decomposition temperature. 

5. The results will be more directly comparabie with results from separate 
differential thermal analysis experiments. 

6. Experiments can be performed on materials subject to oxidation at elevated 
temperatures with IittIe interference from oxidation. 

7. Very fast reactions can be studied without Ioss of soIid product. 

8. Better results will be obtained on materials w+th an appreciable vapor 
pressure at room temperature_ The sample can be weighed more accurately and will 

yieId a horizontal baseline on the thermogram. 

9. The effects of particie size differences wiii be reduced and the effects of 
crucible geometry standardized_ This is particuiariy important with inhom.>geneous 
materials such as rocks and minerals. 

IO_ The recqstallizations of new phases from hydrates or hydroxides v-iii be 

facilitated. 

1 i. It has been claimed that irreversible decompositions will show better 

resoiution and a smaller reaction interval in some instances, though it is not known 
why. 
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h. Thermozravimetly in self-generated atmospheres also has some advanraees 

over controlied atmosphere thermo~ravimetry. 

I _ The batance need not be protected from condensible or corrosive gases. 

2. No additional apparatus is needed except the sample holder. 

3. The advanta~cs of controlled atmosphere thermogravimetry are ax-ai!abIe 

even when different stages require different atmospheres_ 

4. The advanta_res of controlled atmosphere thermosravimetr>- are available 

even when the Saseous product is ;i mixture or is unknown. 

B. Limitaxiom of ther~,to.qrar-i~iler~~ in self-generated atmospheres 

I. Buoyancy corrections vary dependin, n on the molecular weight of the gas 

fillinp the crucible. 

2. Large. heavy crucibles will cause a greater uncertainty in sample temper&ture. 

3 In dehydration of hydrates, the chances of melting and the appearance of __ 
pseudo-plateaus may be enhanced. 

4. Poorer resolution may result if the first reaction is delayed to 3 temperature 

at which a subsequent reaction besins. 

5. Secondary reactions with the evolved ,nas may make interpretation difXcu!t. 

C_ Recommended uses 

Thermogravimetry in self-generated atmospheres may be useful for studies of: 

I _ Consecutive reactions_ and particularly for hydrosides. hydrates, ammo- 

niates. carbonates. acetates_ osalates, and sulfates. 

2. Inhomogeneous materials. 

3. Compounds that decrepitate or explode. 

4. Air sensitive materials. 

5. VoIatiIe materials. 

6. Materials that decompose to yield several gaseous products. 

7. Destructive distillation. 

The effect of various gaseous atmospheres on thermal decomposition rextions 

usins the MettIer thermobalance has been discussed by Lt’iedemann and co- 

workers’ ‘-19_ The gas flow and contra! system for the .MettIer thermobalance is 

il!ustmted in Fi2_ 5_3_ For atmospheric or vacuum applications. non-corroci\;e gases 
are passed through the balance hcusing. and then up into the sample chamber. 

Upward passage of the gas prevents diffusion of the reaction sases back into the 

balance case or condensation of solids or liquids on the support rod. The effect of gas 

flow on the weight measurements is quite small, beins approximately O-3 mg at the 
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Fig. 5.3. MettIer thermobAmce gas flow snd control diagram. 

maximum flow rate of 700 ml:min and 0.1 mg at I60 mljmin. TG curves can aiso be 

obtained in vapor zttmosphere”-‘* (such as Hz0 or DzO) or in corrosive ,oas 

atmosphere” (chlorine, for example). 

Gulbransen et al.” have described a flow-reaction system and gas-handling 

system employing a Cahn RG balance. Pressures of 2 to 76 torr and fiow rates of 

5 x IOXS to I.8 x IO” molecules of oxygen per second were employed in the system_ 

0 i J 
!b 

L 

20 30 c= 
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Fig. %I. Effect gf pressure for I pg peak-to-peak noise2’ 
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Conditions for optimum sensitivity in TG at atmospheric and reduced pressures 

have been investigated bx Cahn and Peterson”. The eficct of pressure as a function of 

furnace tube diameter is shown in Fig. 5.3. If largr furnace tubes must be employed. 

a gas pressure 1s high as possible should be used. Baffles \vere tried but found to be of 
little value in reducing the noise. Noise ;1s a function of tube diameter seemed to be 
the same with flawing gases as with static ones. It appears that the noise is nearly 

independent of gas velocity through the s>-stem. In another investi@ionZ4. the effect 
of pressure on aerodynamic noise was determined_ At pressures VIP to I59 torr the 

noise was not more than I pg peak-to-peak: above 200 torr, the noise increased 

rapidl_v. In a related stud>-. the errors encountered in vxuum TG were dkussed by 

Friedman”. The effect of momentum transfer ~vas described. Lvhich can b: related to 

the equation: 

(5.1) 

Where IL- is the \veisht as read br the balance_ I~Z is the actual iveight of the sample. 

g the acceleration due to Sravity. z the seomctric factor. and dnz:dr the rate of change 

of actual weight. This effect w;1s measured by supportin? polymer ftlm samples both 

above and below the sample container of the thermobalance. The results indicate that 

errors caused by liir effects were due to moiecules which migrate to regions below the 

container :is they are pumped past it and the support wire. Improved design could 

probably reduce the tendency of molecules to misrate below the container. 

52.3. Sanzpk cofziaitzers 

The \-arious factors of heat transfer (he2.r eschanee between the reaction 

interface and the source of heat). the temperature gradients in the sample. and mass 

transfer are roll related to the sample holder gecmetry. Many different geometric4 

confisurrrtions h:rve been prepared. however. only several illustrrttive examples x-ill be 

given here. 
Sest~k’h.‘7 calculated the masimum temperature gradients between the wall of 

the sample holder rend the center of the sampIe, Y,_ For 3 disc sample 

(5.2) 

and for a cylindrical sample 

y = AIIGO 
m -z- (5.3) 

2 i 

where AM is the enthalpy charye. G the sample heat capacity, II the heating rate. i is 

the reciprocal of the sampIe heat conductivity. S the thickness. and r the diameter. 

For z.r cylindrical sample of I mm diameter. placed in a silver block. at a heating rate 

of 5 K:min. the maximum temperature gadient found teas: (a) 3.8 K for the de- 
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h-dration of kaolin: ib) 13.2 K for the decomposition of magnesite: and (c) 3-I K for 

the dehydration of x-C&O, -0.5H ?O. The amount of sample influences the enthaIpy 

chanse durins the reaction in the sample and is abie to slow down !or speed up) the 

temperature increase from that of the furnace hearins rate. In the former case. the 

errors of self-coo& of the sample must be taken into account. The self-coolin? is a 

function of sample load. enthalp- change of the reaction. and the thermal inertia of 

the sample container_ Sest5k’6 calculated for a 0.15 2 of kaolin in a si!ver crucible at 

a heating rate of 5 K’min. that the temperature increase was siotved down by about 

I Kjmin. It is possible to estimate the optimum amount of sample by means of a semi- 

empiric4 method “. under anv -b-en esperimcntai conditions_ - C 

Fis.. 5.5. Decomposition of kaolin undsr xirious espcrimentsl conditians‘b. ( Ii Multi-piatc sifvcr 
holder in dynamic air atmosphcrc; (2) Same as (1) csccpt srn~is air atmosphcrc; (3) Pcrforatcd silver 

block. 5 mm capilhrics: (4) Same as (3) but 6 mm capillaricsr (5) Same as (2) but IO mm capiilarics. 

The importance of mass transfer is shown in Fig. 5.5 in w-hich TG curves of 

kaolin are given under various experimenta conditionsz6. The sampIe is spread in a 

thin Ir,yer on the plates of a multi-plate siiver sample holder in curves (I ) and (3). The 

infIuence of dill&ton in the sampI.> is shown by curves (3)-(j) in which the surface 

area csposed to the atmosphere is reduced by the use of capiIIary tubes of varying 

length (3 to IO mm)_ From these st:_dies_ Sesttikz6 recommends the use of a thin Iayer 

of sampIe spread out on the P~.-L:s of a multi-plate sample holder. 

The various sample hAders used in Derivatoeraphy. as shown in Fig 5.6. were 

discussed in a lengthy revic v Sy Paulik et aI.“_ To resolve or separate overlapping 

reaction_;. Paul& et al. Ls-‘o Tecommended the use of the multiplate sample holder. 

They reasb,ned that if t!x szi nple is spread out in a thin layer to permit rapid transport 

of the gseous dzomposition products away from the vicinity of the solid phase, then 

the decomposition processes occurred not only at Iower temperatures but also over a 

smaller temperature interval_ Thus. there would be a better resolution of overlapping 

processes. Such an increase in resolution can be sea in the curves in Fi_c. 5.7. The 

muItipIate curve shou-s that the dehydration takes place in three stases while the 
crucibie curve only exhibits two stages of dehydration. Usins other chemical systems, 



Fig. 5.6. Sample holders used in Dcrivatography”. 2. 
e. plate; f. multiplarc: g_ comprcsscd sampie. 

block type: 6. crucible; c, plate; d, crucibic; 

it was found that phase transitions such as solid + liquid xvcre nearly independent of 

changes in experimental conditions using the multiplate sample holder. Other 

multiplate sample holders for TG have been described34-3-i. 

Wiedemann3’ described the \-arious sample hoIders used in the Mettler 

thermobalance: these are illustrated in Fi2. 5.8. Crucible materials were selected to 

obviate the possibility of reaction between crucible and sample material_ Materials 
used were platinum. alumina. quartz. and graphite. AI1 crucibtes made contact with 

the temperature measuring thermocouple at the base and \vere readil- interchangeable 

with each other. 

Looking at other \-ariables. as well as the sample container geometry. 

Wiedemann et aI_3’ argued that in order to obtain valid and consistent results in the 

determination of activation cnerpies. a number of precautions must be taken in the 

preparation and handling of the sample. He listed them as: 
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rig_ 5.7. Comparison’ oi crucible and mdtiplarc sample hoidcrs for CuSOz-SH,O. Cunc 1. 
puciblc (500 mgl; cunr 2. multiplate i200 mgl. 

A_ Use of a sample small cnou2-h to cnsurc temperature uniformity during the 
decomposition and. of course. direct sample temperature nxisuremcnt. 

B. Adjustment of the gas flow rind pressure rind sample shape to reduce the 

effects of efiluent gses from the sample. 

C. Uniform sample particle size and sample packin in the crucible. 

The influence of sample packin, 0 in the sample holder on the dehj-dration of 

CaC,O;-H,O was cfevcrly demonstrated by \Viedemann33_ Using three different 

wpes of sample pscking. tht 3 dehydration. ;is indicated by the Lvater evolution curves. 

takes place owr different temperature ranges_ as shoxn in Fiz. 5.9. Sample packin? 

(A) and (B) lead to afmost symmetrical peaks uith rapid dehydration. For packins 

(C). complete deh>-dration is delayed. leadin g to a peak temperature shift of about 

GO ‘f. 
A word of caution w-as expressed by Ramakrishna Udupa and a-\ravamudan36 

concerning the use OF platinum sample holders. Platinum. because of its catalytic 

activity, mrty modify to an appreciable extent the TG curve of a compound and that 

this should be taken into account in the interpretation of the data. 

5_2_4_ Sinudraneous TG rechniques 

Simultaneous thermal anafysis measurements on the same sample under 

identical pyrolytic conditions have numerous ad\-anta~es3’. The most common 

simuhaneous technique is that invofvin, = TG-DTA. although TG-gas evolution 

analysis is aIso becoming quite popular_ The fatter usuaffy involves a mass spectro- 

meter to anafyze the volatile products but gas chromatography has also been 

empfoyed. 



Fig. 5.8. Sample holders used in the Xicrtlcr thermobaIzncc3 I. 

Simultrineous TG-DTA instruments have been describFd’4-3’-‘l’-50 while the 
significance of their measurements has been discussed3’. According to MMaurer and 

Wiedemann3’, simultaneous studies using crlref’uf!y planned combinaticns according 

to the system under iavertizrttion will help and improve the interprelation of the 

results. 

The combination of ;f thermobalance with 3 gas chromatosraph has been 
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Fig. 5.10. Simultaneous TG-GC twhnique used by WicJcmann33. 

described by several in~-eSti~BforS33-‘9-~o. The apparatus used by Wiedemrinn33, as 
shown in Fig. 5.10, consists of a Mcttler thermobalanIze connected to a gs chromrtto- 

graph_ Evoked gseous reaction products are sampled b? the sampling valve which 

can be opened at specific intervals. Helium gas then flushes the reaction _gases into the 



gs chromatogaph for analysis- Wiedemann3’ concluded that compared to mass 

spectrometric anal_\-sis, the gas chromatogaph method of analysis is much siower but 

that the quaIit>z of the results is about the same. 

The use of a mass spectrometer to anaiyze the evoked gases has teen described 

by a number of \~or~ers33-3s-~3-~:h-si_ The system used by seq.-era1 of the in- 

vestigators33-43 _ IS shown in Fig. 5. I I_ The %ettIer thermobalance is coupled to a 

Bakers Quadrupole mass spectrometer_ Gaseous decomposition products come into 
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Fig. 5.11. TG-mx.. spcctromctcr systcrn used by Wicdcmxm33 and Gibson ad Johnson”. 

immediate contact with the mass analyzer. Pressure ran_ce in the system is IO-’ to 
10m6 torr while the mass range covered is I-100 or IO-400 nmu. It is possib!e not only 

to scan the entire spectrum rarye but also to m.>nitor a sin+ m e value. The TG-MS 

measurements of CaC202-Hz0 are iilustratcd in Fig. 3.12. Contrary to the de- 

composition reaction carried out in a dynamic air atmosphere. the decomposition 

temperatures for the two reversible processes. dehydration and decomposition of 

CaCOj. are shifted i 75 to 89 ‘C. and 760 to 550 -C. respectiveI_. The irreversible 

osalate decomposition takes place at the srrmc temperature of 470 C. It is also seen 
that during the CaC,O, decomposition. dispwportionation takes place sccording to 
the equation: 

2co~ccco, (5.4) 



LOS. of CO1 from the CaCO, takes piace \er_\- SION~_V and is retained. due to ph>-sic31 

adsorption. at 600 and until about 700 C. 

Gibson4” described the rlpplication of a small on-line computer to control the 

mass spectrometer_ 

Using the Derivatoqaph, Prlulik and PauIikJ’-‘” described an apparatus for 

the recording of the temperature ( 7). DTA. TG. differential thermogravimetry (DTG). 

thermo-dilation (TD)_ differential thermo-dilation (DTD). thermo-gas-titrimetric 

(TGT), and differential rhermo-eas-titrimetric (DTGT) curves. 

X simultaneous TG and S-ray apparatus was described by Wiedemann5?‘. 

Thermoba‘ances for the measurement of vapor pressure53 snd dissociation 

pressures’ -z. hish temperature materials research’5-56. high pressure studies”. and 

Iow pressure studies”’ have been described. 

BradIe! and W’endlandt”” predicted. perhaps. the future of thermogravimetry 

instrumentation by describing a completely automatic thermobalance. Eight con- 

secutive sampies could be studied without the attention of the operator. Automatic 
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sample chanzjng can be carried out as n-e11 ;1s compositional changes of the flc\vinz 

gaseous atmospheres. 

2.3. i3ifrercnfial rhernraf ana/~si_r 

The instrumentation for differential thermal analysis (DTA) has been discussed 

in detail in well known reference book~‘-~‘-~~ a.-d has been reviclved in detail by 
hlurphy in bicnniai revielvs. the latest of lvhich appeared in 197Z6’. Commercial 

instruments have been described b>- Gordon”S and \Vendiandt”-6” as \veii as other,’ ‘_ 

No attempt \i-iii be made here to discuss the basic principles of the instrumentation 

but rather to review the more recent developments. 

Perhrips the most important aspect of DTA instrumentation is that of sample 

holder geometn__ thermocouple configuration and placement_ znd their materials of 

construction. Great interest. as evidenced b_v the number of pubiiczltions u hich hr?ve 

appeared in recent _vcars. has been sholvn in this aspect of instrumentation_ Thus. it is 

important to consider rhcm first. 

The sample holders de\-eloped for the Stone DTA systems (now Columbia 

Scientific Industries) are shown in Fig. 5. iJ_ As is well kno\t-n. one of the confi- 
gtirrltions (A) permits the flow of‘ gr?ses directlv through the sample during the heating 

cycle. This configuration is used for pwvdered minerals and other samples xvhich do 

not undergo sintering or fusion. For samples which undergo solid -. liquid transiticns 

or for liquids. the cup t’pe hoider (B) is employed. Hishcst sensiti\-ity is achieved by 

the use of the rins-type thermocouple CC). The sample is placed in a shallow crucible 

or dish which is in direct contact with the thermocouple junction_ 

Wiedemann and van Tets”-” have discussed the sample holders used for the 

Mettier TG-DTA instrument. According to these iwestigrttors. the choice of sample 

holder for DTA is often a compromise. dependin g upon the type of reaction under 

invcstization. The Cat plate type_ which is idea1 for control of the gas-so!id reaction in 

TG. may cause ioss of AT sensitk-it! through radiant heat loss. For ;i soild I -. solid, 



transition. where the furnace gaseous environment plays no role. a spherical holder 

might be ideal for measuring a masimum AT but it is difiicult to construct or to load. 

The closest practical approach to the latter shape is a q-tinder of a 1: I heisht:diameter 

ratio_ If the cylindrical crucibk is \\elded to the thermocouple, a maximum ATsip; 

will be transferred to the measuring system. Use of small samples ( ~0.C3 cm3) in a 

I:I cylinder still permits adequate _gas exchange lvith maximum heat retention for 

difirrential temperature measurements. SampIe helders used in the MettIer system 

are shown in Fig_ 5.14. 

Fig_ 5.I-L Sztmpir ho&r5 used by Kkx!~mxm’“*“. cX) Xlicro TG-DTX for vacuum: (B! Micro 
TG--DTX holder: tC) Macro TG-DTX holtkr; (D) Macro TG-DTA t);pe with heat sink block. 

Ozawa and co-\s-orkers’3--” desiyed a number of sample holders which had 

first been described mathematicali~-. One such holder contained a twenty junction 

thermopile”. Sealed tube sample holders for DTX have been described recently by 

Barrett et aI_“-” and 1Vendlandt’“. The scaled tubes prevent vaporization and 

sublimation reactions from occurring which frequently interfere with or aher other 

t:;pes of chemical resct:ons. 

In order to permit the pnssasc of gas &rough a sample. such as is employed in 

the Stone equipment. Karkhanavala et aLy9 proposed the use of a sample hoider 

constructed of platinum wire gauze. This type of sample hoider gave cumes whose 

peaks were extremely sharp and of sreater intensity than when solid metal crucibks 

werr: used. These sample holders could be used for TG studies also. 
The design of sampIe hotders has been considered by severa investigatorsso-s’. 

Mathematical models were developed which were then appIied to practical. instrument 
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configurations. Dosch”” described a simple electrical device to measure heat sensi- 

tivity and response time of a DTA sample holder_ For an isolated crucible type sample 

holder. ;1 simple electrical calibration technique ~~1’3s used lvhich introduced 8 

measured amount of electrical pobver ir;t. 0 the crucible and rhen measured as a 

response the change in its temperature. 

Thin film thermocouples for DTA measurements were discussed by Kins 

et a!.s~:-s5. Light weight. precisely matched thermocouples \\ere prepared by the 

evaporation of thin films of dissimilar metals which overlapped to form the thermo- 

junctions. The t\vo metals used . sold and nickel. formed a thermoelectric junction 

whose e.m.f_ output W;IS intermediate between Pt-Pt (ten percent Rh) and Chromel- 
Aiume! junctions_ 

In the block type sample holders. one of the greatest \r?riab!es for quantitative 

DTA accurxy is the sample packins density factor (PDF)“‘. The effects of this PDF 

may be divided into two categxies: (a) those concerned with z_aseous phase inter- 

change and (h) those concerned with concomitant changes in tlierma! diffusivit! due 

to increased heat transfer lvith increased particle to particle contact. The latter effect 

is more generalized in that it is operative throughout the temperature range. rrlfects 

base line drift and the magnitude of the reactions. but does not directly affect the 

temperature at lvhich the reactions take place. A precision sample loading device \v;is 

developed Lvhich readily rillowed reduction in variations in technique and pre\ious!y 

unaccounted heat losses. The device formed cylindrical samples of uniform size with 

closely controlled packin g densities in which the thermocouple occupied a central 

position_ An envelope of loosely packed porous _cranu!ar .A!,03 supported t!le sample 
in the center of a metal thermal lvell. 

The effect of thermocouple Iocrttion on temperature measurement and a!so pak 

area has been investi_srlted”-sT-YS_ David et ~1.~ ‘* using the Stone DSC cell. attw hed 

a disita! temperature indicator to the recordins s_vstem to obtain a resolution oi 2 I 
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Fig. 5.15. Effect oi thcrmocouplc pkxsmrnt for polycthg!cnc”. X = mode I : B = mode 2. 



over the temperature sprm from 25 to i600 C. The effect of thcrmocoupie piacement 
in ;t sampie of polyeth_vIenc is shown in Fig 5.15. In mode I (curve A). AT is plotted 

against furnace temperature while in mode 2 (cun-e B). AT is plotted against sample 

temperature. The peak temperature aIwa_vs occurred at a lower temperature when 

mode Z was used (for 3 S-Y recorder)_ \Vhen mode I Is used. there is akvays the 

question of uniformity of sample holder temperature Lvhich can affect the accuracy of 

transition temperrtture measurements_ 

Berg and Egunov”” found that the caicuiated heat of transformrttion is in- 

dependent. within the limits of experimental error. of the mass. bulk density. specific 

herit and conductivity of the sample as we11 as of the position of the junction of the 

thrrmocoupie. No corrections. in the equation which the_\- proposed. were needed in 

connection with \-ariations of these parameters. 

Differentiai thermal anaI_vsis measurements at hish pressures (to 4-l 000 bar) 

hae been described b- several investiytors. bfost qf the studies have been concerned 
1s.ith qualitative and quantitatkc determinations- of phase equilibria and heats of 

transformation or heats of reaction in the temperature range of -30 to 1200 C. 

Hake?’ described a hi_rh pressure DTA apparatus in lvhich the samp!e ~~35 

enclosed in m~lle:~bIe noble-metal capsuks Lvhich were placed in a pressurized 

micro-reactor_ The sampIe under in\-estieation and an inert standard (MgO) were 

seaied in pIatinum capsules in the base of which was welded a piatinum-13 percent 

rhodium xire. These wires were Ied from the micro-reactor through a high pressure 

packin_r gland. To complete the differential thermocouple circuit, the capsules were 

joined by a platinum wire. Nitrogen was used to pressurize the chamber to 1000 bar. 

x\hiIe the maximum temperature of the system was about 900 C. 

Cohen ct aL9* described a DTA system using ;1 piston-cylinder r?pparatus for 

operations up to 44000 bar. .A three wire thermocouple assembly was employed. one 

junction of which ~vas in contact with the sample. Pressure wxs transmitted to the 

sample by the furnace assembly, n combination of parts made of talc. graphite. 

pyrophyilite, thermocouple tubing-. thermccouples. sample container. boron nitride. 

etc. The problems of material design. operxtion. and interpretation of high pressure 

D-I !A Lvere discussed in detail_ 

X rather elaborate hish pressure DTA apparatus w;1s described by Kuballa and 

Schneider’ I _ The DTA furnace and sample holders are shown in Fig. 5.16. The 

pressure ceII w-as rn: .!e of stainless steel and ux constructed for use to maximum 

pressures of 3000 bar in the temperature range of -30 to 500SC_ As shown in the 

figure. the celi was enclosed by txo Bridgman type pistons in which two sheathed 
thermocoupies were soldered to the lower piston_ Two identical DTA sanlple holders, 

constructed of platinumGridium or teflon, were attached to the thermocouple 

junctions_ Upper and Iower sides of the measurin= m zone were therma!!!: insulated by 

lo;-: heat-conducting ZrO, biocks. X heating bIock around the pressure vessel per- 

mitred linear heating rates from 0.2 to lO’C/min. 



Fig. 5.16. High pressure DTA ccl1 of Kubalia and Schncidcr”‘. z~. r = cooks; b. n = pyrophiflits 
insulating disk: c = heating block: d = high pressure ~csscl: c. m = soppcr seals: f. 1 = Zr02 blocks: 
g = copper shield: h = calorimeter block; i = thcrmocouplc: k = corundum capillary: o = hsrrning 
screw-: p = support; q = in- and outlet of refrigcrrtnt. 

Other hi,oh pressure DTA systems have been described”-““. while Locke’” 
discussed the chemical applications of the Stone h&h pressure DTA s_vstem. 

,Modifications to commercia! DTA instruments for the measurement of vapor 

pressures and heats of vaporization have been described”‘-“S. Low temperature DTA 
instrumentation has been revielved by Bohon” and Redfern *O”_ A DTA instrument. 

using high frequency electrical field heatins. has been described”‘. Fujino et al.‘o2 
described an apparatus in which the thermal conductivity of a sample ma>- be 
obtained from the DTA cun-e. Micro DTA systems ha\-e been describeCi’“3-‘0S as 
well as DTA measurements in a fluidized bed IGJ_ 

High temperature DTA instruments have been discussed by numerous in- 
vestigators. Sest5.k et al. lo5 described an apparatus which could be used up to a 
maximum temperature of IXO’C while an ultra-high temperature system ~-3s 
discussed by Rupert ‘06_ The derivative capability of the Iatter is a unique and usefu1 

feature of the apparatus_ 
A DTA apparatus which permits agitation of the sampie has been described by 

Gilpatrick et al. lo’_ Such an apparatus was found to be useful for phase studies in 
molten salt systems. A miniature DTA system. designed for extra-terrestrial esplora- 

tions. has been described by Bollin ‘09_ A DTA instrument in which measurements 
are made in an isothermal mode in five samples has been discussed by Burr’ “_ 



\Vcndlrtndt and BradlevI ’ ’ have described an automated DTA instrument in which _ 
samples are automatically introduced into the furnace. heated to a preselected temper- 

ature limit. and then removed. After the furnace has been cooled back to room 

temperature_ the cycle is repeated. 

There has been some confusion concerning the use of the term ‘-differential 

scannin_r c~lorimctr?;~~ (DSC). Two industrial firms use the term to describe their 

instruments, _vet each type is based on ;f diRerent principle of operation. Several DSC 

instruments are based on the principles of DT_A rather than that of a dynamic 

crlforimeter. _A distinction between the DSC instruments can be made by csamination 

of the calorimetric response or calibration curw. For DTA type instruments. tile 

caIorimetric response of the instrument decreases with an increase in temperature, 

ix_. it requires more calories per unit geak area at elevated temperature. For true 
DSC‘ instruments. the calorimetric response is in\ariani with temperature. Thus. in 

the latter type instruments. onl_v one calibration temperature is required, while in the 

former. a series of calibration points is needed over the temperature range of interest. 

There are numerous disadvantages of the DTA type over those of DSC instrument for 

quantitative calorimetry but they will not be discussed here. Also. generally speaking 

true DSC t_vpt instruments are more sophisticated eiectronically than the DTA type 

instruments. 
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Fig. 5.17. Sample holder construction used in the Perkin-Elmer DSC instrumcnts“5_ 



Perhaps the most \vide!y used true DSC instrument hss been the Perkin-Elmer 

differential scanning calorimeter. Xiodel DSC-I. introduced in 1963’ “-I 13_ 

RecentI? introduced * ‘L* I 6, the Model DSC-2. \vhich has an estended temperature 

range to 725 C, improved base ‘ine repeatability and linearity, and a hisher czlori- 

metric sensitivity. A comparison’ ” of the sample holders used in the DSC-I. DSC-I B, 

and DSC-2 instruments is shown in Fis. 5.17. In the DSC-I ceil. the sample and 

reference holder consisted of a stainless steel cup and support. a pIatinum \vire sensor, 

an etched Nichrome heater. and other thermal parts. AI1 of these components \\-ere 

mechanically crimped together in a L-cry tight sandwich. This sampie holder operated 

we11 over the temperature ranse of - 125 to 500 C. In the DSC-2 sample holder. the 

materials of construction used are a platinum-iridium alloy for the body and struc- 

tured members of the holder. ;1 platinum wire for both the heater and sensor. and 

x-alumina for electrical insulation. AI1 parts of the holder are spot-welded together. 

Various sample holders have been described for the Perkin-Elmer DSC 

instrument. A sealed metal cell with a removable strew-on cap has been described by 

Freeberg and AIIeman ’ I ‘_ Metals used were brass, stainiess steel. and aluminum. 

Wendlandt ’ Ia described a capillary tube sample ho!der which used I-6-1-8 mm 
diameter glass capillary tubes. The tubes were contained in an aluminum holder \vhich 

sat in the sample and reference cells of the calorimerer. Sample holders for measuring 

the vapor pressure of a liquid I I9 as we11 as for heats of misin~“” have been 

described. Enclosure of the sample holder chamber in a vacuum chamber has been 

described by Morie et al. I2 I_ 
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Fig. 5.18. The DuPont DSC cell * 22_ 

A discussion of the theory and operational characteristics of the DuPont DSC 

cell has been given by Baxter’ 22_ The DSC cell. as shown in Fig. 5.18. is based on a 

thermoelectric disc made of constantan which serves as the major path of heat 

transfer to and from the sample and also as one-half of the AT measuring thermo- 

couples. A chrome1 wire is connected to each platform. thus formins the Chromel- 

constantan differential thermocouple. Temperature ran_ce of the instrument is 

- 150 to 6OO’C. ?-he utility of this DSC ceI1 has been extended by its enclosure in a 



pressure chamber cnpabk of operation to 67 awn_ This high pressure system has been 

dcscribcd bj- Lcv_v CI al. I’3 _ 

X ncx DSC cell. based on the D-T_-\ principle (as is the DuPont DSC cell 
previousI>- described). has been described by Davidizi_ The calorimeter cell. as 

sho\v:l in Fig. 5.19_ contains ;1 4ifikrentiai thermacouple of ;I new thin form design 

Fig. 5.19. DSC cc11 hy Da~ici~‘~_ I =thcrmocoupls i0r s-axis or svstcm 

1 = Iimit switch thcrmocouplcr < = programming or furnxc thrrmorouplr: 

tcmpcraturc rexlout; 

1= dynxmis pas port 

entry: 5 = dynamic gas po:t chit: 6 = sample skit of ditfcrcntiai thcrmocouplc; 7 = rckrcnce side of 

di:fcrcnti+I thsrmc~nupkr S = serxmic rhcrmal insulator: 9 = ccramis support rods: 10 = sr?mpIc 

D:*nS. 

that is isolated from t’le cell w-41 and bottom to provide Srertter sensitivity. This 

thcrmocoupfe con&s of a sheet of nqativc Plalincl II t,vpe thermocouple alloy 

coupled to :I positiw Platinel II :tiloy_ Flat shallow containers are employed for the 

sample and reference materiak. Two additiona! thermocouples are used for measuring 

the temperature of the ceil 2nd are used for the furnace programmer. limit switch. and 

temperature readout. The masimum temperature of the cell is 1000 ‘C. 

A 1x2s number of other dynamic calorimeters have been described in the 

literature. man_v of \\-hich have been described in an excellent review- by Wilhoit * Is_ 

Schematic diagrams of the Deltrtthrrm dynamic adiabatic calorimeler. ;ts 

discussed by Dach and U-endlandt I I*. are shown IC Fig_ 3.20. As illustrated in 

Fis. _~.2O.A_ the temperature difference between the sample and adiabatic enclosure is 

detected by the differential thermocouple, TCI_ This temperature difference then 
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Fig_ 5.20. Dcltathcrm caiorimcfer ’ 2cI_ CA) Block diagram of cntirc system: (R) Cross section of 
catorimctcr. x\-hsrc X = copper block: B. C. and D = copper covers; L = sample chamber cover; 
F = sample shambcr: G = hater; H = srtmplc; J = thcrmocorlplcr K = ceramic ccpport; L = t!?crmo- 
couple. 

controls fhe ourput of the power driver xvhich applies power to heater H I _ Power input 

to the hearer is measured by a Hall effect multiplier watt-meter_ The calorimeter 

assembly (Fig. 520B) is mounted on a ceramic pillar and consists of a massive copper 
block. A. enclosed by copper covers B. C. rind D. The sample chamber, F. and its 
cover are made of siIver and thermally isolated from the block. Sheathed rhermo- 

coupIes, J and L. are used for temperature detection. SampIes may be in the form cf 
solid blocks. powders or liquids. 



Other calorimeters described include a microcalorimeter’“’ similar to the 

Calvet instrument * “: a spherical high temperature adiabatic calorimeter”“: high 

temperature diITerentia1 caIorimeters’30-‘33: and others’34-i3’_ 

53. C;ar er-olrrri ._I &/ecl ion an$‘or anolcsis 

The simuIraneous detection or anal_vsis of the evolved gaseous products adds 

another dimension to thermal analysis investi_rations. The evolved gses can be 

detect20 (GED) or anaI_vzed (GE.\) for composition thus aiding in the interpretation 

of DTA or TG curl-es_ Gas evolution detection is often most usefu1 for the inter- 
pretation of DTX curves: so!id -+solid transitions can easily be distinguished from 

solid --, soiid tgas tape reactions anti so on. Phgicochemicai data. such as heat of 

vaporization. heat of reacrion. kinetics. and so forth, can also be obtained by this 

technique_ 

The principIes and instrumentation of gas evolution detection and analysis 

ha\-r been reviewed by various testbooks’-hh-13s-’ “‘_ As with the other techniques 
discussed in this chapter. onI>- the more recent developments in instrumentation will 

be described here_ 

The combination of GED and GEX \vith a ttermobalance has been discussed 

in section 5.24 Using the Derivatograph. Paul& et al. 14o-1 44 described a thermo- 

gas-titrimetric ITGT) technique 2nd also derivative thermo-gas-titrimctry (DTGT). 

Fig. 5.21. TGT and DTGT zxppara:us as used by Paulik and ?aulik’z’. I = sample; Z = inert 
subsrancc; 3 = furnace: 4 = qurtrrz bulbs: 5 = thermocouples; 6 = bai;lncc: 7 = pcrmxwnt magnet: 
Y = coil: 9 = inlet oi incn gas; 10 = gas outlet; : I = absorber; 12 = clcctrodrr; I3 = exhaust; 
1J= 3RlpIitiCi; I = motor of the automatic burette: 16 = automatic burette; I7 = polsntiomctcr; 
IS = galv-rtnometcrsr I9 = photopapcr. 
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The apparatus employed in this technique is she\\-n in Fig. 5.21. An inert carrier 23s 

is used to flush the gaseous decomposition products from the furnace chamber into 

an aqueous absorbing solution_ As the pH of the absorbing solution changes, an 

automatic burrt adds titrant to the soIution restoring it to its original value. A slide 

contact of a potentiometer moves with the piston of the buret. and a galvanometer 

coupled to the potentiometer records the TGT and DTGT curl-es. A comparison of 

the TGT and TG curves of [Cu(NH,),jSO, - Hz0 is shown in Fig. 5.22. The first step. 
the loss of one mole of water. is followed by the loss of two moles of ammonia and 
then two steps of one mole of ammonia each. 

The detection of gaseous decomposition products by infrared spectroscop>- has 

been described by Kiss’4”-‘J6. Evolved gases from a Chevenard thermobalance are 

flushed into an infrared cell where the concentrations of ammonia and water lvere 
determined. 

Chanses of pressure in a TG system due to the evolution of gaseous decom- 

position products has been named thermobaro_sravimetric analysis (TBG.A)‘4’-‘J’. 

~~aaycock and Pai Verneker i js described a system consisting of a MettIer thermo- 

balance coupled to a Baratron ditTerentia1 pressure gauze. 

Pressure chanses within a system can be measured with various types of 

detectors: Turcotte et al. ’ -L9 used a capacitance micrometer whiie Guenot et ai.’ 5o 

used a differential pressure gauge_ Detection and.‘or analysis of evolved gases with a 

therma conductivity detector* ’ I-’ 53. gas chromatograph ’ “- ’ ‘&. mass spectro- 

meter 155.1’5, specific _ras detectors (e-s.. CO, and SO,)’ 56. and condensation 

nuciei. have been discussed I I’- * “)_ 

The combination of thermal analysis-flame ionization detection (TAFID) has 

bxn dewrib by Esgertsen et al. I 6o-1 hZ for the precise measurement of vaporization 

pattea-ns of organic compounds. The basic system, as shown in FiS_ 5.23. consists of a 

small furnace connected to a frame ionization detector_ Also included is a sas-ffow 

scheme to supply carrier sas (usualI> N,). hydrogen and air for the flame detector. air 

Fig_ 5.2,. TG and TGT curxxzs of [CY.ASH&]S04- H201=_ (------- ) TG C‘UT\‘CI ( - - - ,! TGT cun-e. 
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Fig. 5.25. Sshzmatis diagram of T:\FID system of Eggcrtscn xu_i Strossio2. 

for surning out residues in the furnace. and air for rapid cooling of the furnxe. The 

sa.npIc boat is made of aluminum. platinum. or gold and is heId in a stainless-steel 

wire frrirne :;ktached to a sheathed thcrmocoupIe. The probe is so constructed that the 
supportins rod can slide through the joint at the inict of the furnace. Various other 

probes have teen described. each for a sptcitic purpose, c-g.. \-apor pressure dcter- 

minztion. etc. The Iowcst Iimit of detection of the dctcctor is I x IOe4 .KS of carbon 

per min. Temperature mn~c of the instrument is 25 to XMYC. 

BoIlin lo4 described :I miniature DTA-EGA apparatus for a Martian landed 

czlpwIe_ Such an application shouid have direct application to Iaborr~tor_\- type 

chemical problems_ 

The measurement of the eIcctrica1 conductivity of a sample as ;I function of 

temperature has been described b>- 3 number of in\-cstiSators_ This tcc!::iquc has been 

c;::cd e?ectrothermal analysis (ETA)‘“” or amptlrometric thermal anal?_sis (.ATA)“‘_ 
The apparatus used by David I h4 for simultaneous DTA-.p\TX mcasurcments 

is shown in Fiz. 5.21. One platinum electrode (H) \V;IS a 20 gauze platinum \vire while 

the other consisted of :I platinum lead attached to ;1 small stainless steel cylinder 

which ~-as plated with platinum (F). The small platinized cylinder received the same 

t>-pc o!‘srlmplc cup that was utilized in the ring-type thermocouples. and made contact 

with the ed_ce of the cylindrical receiver by virtue ci the sample cup lip. A movable 

elcctrodc s-stem xas used to maintain continuous contact with the sample during 

first-order phase transformations in which ;t reduction irl bulk volume frequentI> 
occurs_ -4 suitable d-c. voltage from I to 1000 V was applied to the sample and :hc 

current flow through the s_vstem was measured by an electrometer in series \-iith the 



beendl:indt ’ OS used electrical conducti\ ity me;wurc’mc’nts to dctcct the qua- 

druple points in various me*. -11 salt hydrate systt‘ms. Quadruple poin!s can frequently 

be &taxed by DT.4. 3s \V;IS jhavn in the case of CuSO,-5H10* “‘_ The first endo- 

thermic shoulder peak \V;S related to the cotsistcnce of four phases in the s:\--?;ttm: 

CuSO,-SH,O. CuSOI-3H20. H20(l), and H20fs)_ 
The electrical conductivity apparatus used hy \Vendlandt ’ h’ is shwn in 

Fig. q 75. The apparatus consisted of _._ ;t recording micro-micro-ammeter. ;I X-Y 

recorder. a poiver supply in the 3-25 \’ d-c. rangz. ;i sample holder and electrode 

probe. and a metallic block furnace whose tempcraturs rise w;t~ controlled by a 

programmer. Po\vdered samples of the metal sali hydratcl; \vcre contains-d in P>-res 

&tsr tubes. 5 mm in diameter by 50 mm in Icngth. 
.-A typicril electric:iI conducti\-itl; (EC) curve of CuSO,-SH 2O is shown in 

Fit7 5 96. The EC curve consisted of a single peal;. dur to the Iibwation of a liquid =- --- 
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Fig. S-26. Electrical conducti\-it>- curve of CuSO--5H20 (ref. 165). 
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water phase from the hydrate, which began at a temperature of 97 -C. No other liquid 

phases were detected in the system in the temperature rrinse in\.estigated_ Similar 

results were obtained for BaCII - 2H ?O and BaBr, - ZH 20. 

Fis. 5.27. Xppara~us used by Chiua6’ for parakl TG-DTG-DTA and ETA measurements. 
A = balance housin,c: B = balance beam sheath: C = beam stop: D = quartz beam: E = sample 
container; F = thermocouple block; G = sample measuring thcrmocouplc: H = ceramic tubing: 
I = platinum jacket: J = reference quartz tuber K = camp!c quartz tuber L = outer platinum 
clectrodc: 31 = center platinum clcctrodc; X = cold beam member: 0. P = platinum icad x\-ires; 
Q = sample thcrmocouplc junction: R = rcfercncc thermocouple junction: S = spaccr: T = ccrr?mic 
insulation: U. V = sample thtrmocouole wires: \\’ = pbrinum grounding wire. 

Chiu’63-*h7 used electrcrhermal analysis ;is a parallel measurement with TG_ 

DTG. and DTA. The sample handling s_vstem is shown in Fig. 5.27. One electrode (M) 
in the sample holder is a O.GO3 in thick piece of platinum foil wrapped around the 

ceramic insulation (T) of the sample thermocouple(Q)_ The other electrode(L) is made 

from platinum foil in the form of a cyiinder to fit the inside of the qur?rtz tube (K). 

The sample is packed tightly bet\i-een the two electrodes: spacer (S). located at the 

bottom of the tube is used to prevent accidental shorting of the electrodes. The 



cllrrrnt ilOWill~ through the system. under an appiicd d-c. potcntini of !-2 V. is 

detected with an &ctrometer and recorded on the Y-rixis of ;Ln S-Y recorder_ 

Sample CUriCltS from IO- I0 to IO--’ amp. . in five daxdcs. xere recorded. 

Rudloff axi Frcemzn”’ used the EC apparr?tus i!lustratcd In Fig. 5.2 to 

stud>- the conductivitv ofstxerrli metal asides. Electrode E, _ inside of ;i floiv ttibe of 

Vycor glass_ xx-as mounted on a glass disc that is fused to :t sturd!: g!rrs.i capillar>- :r?bc 

fked at one side of the fio~- tube. Electrode E, is fised on ;I simikr disc-cclpiliar> 

combirwion. A spring providca adequate pressure of the clcctrodes fr.1 ihr: sir@ 

cr>-strti tir poxdcr peilcts for good electrical contact. The ffon- tube can lx piaced into> 

a heated tube furnace. During operation. the entire s_vstem WUSL bc crirefuliy :hiclJed 

to pie\-cnt noise pickup from the surroundings. 

An apprtrr:tus for simultaneous ET.-\ and dilatomctry has been described Iy- 

Judd and Pope * -_ It consisted of ;t thermal aluminous p~;rccIain 525 tubs moun:cd 

horiront:dl_v in 3 Kanth2: wound tuke furnxe caputle of operr~tion up to 1250 C. 

The tube is reduced to ;z n;irro\v neck at one end to \vhich the v:rcuLrm iinc i.s connect&. 

The other end of the tube is fkd to a mctai bracket via t\\‘o O-ring. $vinz ;t \~;KUUFII- 

tight coilnsction. .A spacer keep3 tii2 compacted sample in ;1 tiucd positio;l near the 
cwter OF the furnace_ EIectricrlI contact \vith the srrm~le is made by me:~ns af ;v.‘o 

pIa:inum disc elecrrodes pressed against the opposing faces. 

Crrrof! and %f;m_crsvire ’ ‘I’ described m-t ;ippxatus in \sbich simuklnt~ws EC 

and DSC me:lsuren?ents could be made o1-x the szrne sample. The>- referred to the 

technique as simultaneous scanr.in, c ST -xiorimctF an< ccnductivit>- (SSCC!. 

The mcst important app!ications of high temperature microscopy. according 

to McCronz I ’ ’ . arc charxterization and identilication of pure compounds, dzcr- 

mination of purity. r;nai>-sis of binzry mistures. determinritior. of com~osirion 

dir?zram for binrirx- zn-d ternar_v sg;ems. elucidations of phase Girrgram~. pol_v- 
_ 
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A balanced temperature thermal anaI:sis apparatus was also described”“. In 

this method. bcth thermocouples with their respective samples arc kept at the sample 

temperature (the temperature bein g controiled by the temperature programmer) and 

t5e electrical power that has to he suppIied to achieve this is determined_ This system 

removes the criticism often used in quantitative DTA that during reactions in the 
sampIe. the rate of change of remperature cannot be controlled. 

5-S_ Enrrinarion rhernrai uno~rsis 

The technique of emanation thermal analysis (ETA) is based on the intro- 

duction of inert radioactive sases into a solid and the measurement of their subsequent 

liberation from the substance as it is heated i*(h- I”_ Pelease of the radioactive gas 

makes possible the monitorinz of various types of charyes taking place during the 

thermal cycle_ Thee klude chemical reactions such as dehydration. thErma 

dissociation. and synthesis: polymorphic transformations, melting. comersion of 

metastabie amorphous structures into crystalline compounds and chanses in the 

concentrations of Iattice defects_ The ETA technique possesses severa advantages 

over conventional TG and DTA. Under dynamic cor,ditions. it permits the study of 

structural chanses of compounds even when these chann,s are not related to a 

thermal effect (e-g.. second order phase transformations)_ In other cases. when finely 

crystalline or amorphous phases are formed. ETA is more sensitive than X-ray 

methods_ 

The ETA apparatus ’ 8s. which also permits the recordins of the DTA and 

dilatometric curves concurrent&. is shown in Figs. 5.31 and 5.32. A IabeIIed sample 

(Senerally IOC rng). a DTA reference material (AI,O,), and a sample for diiatometric 

measurements are placed in the heated chamber. Temperature measurement is by 

thermocouples embedded directly into the samples. A heating rate of S to IWC/min 

is nom-AIIy used since this is an optimum rate for DTA as well as ETA measurements. 



537 

1 2 i 

Fig_ 5.31. l&i&on &ambcr fu- conctirrcnt ETA, DTX. and dikttomctric mcasurcmenrs (after 
B~lclr) I*‘_ I = xtivrttcd sampler 2 = DTA standxd: 3 =. dila:ometrr sampler 5 = composite 
thcrmosou>Ic; 6 = quartz dktomcter rod: i = quaritz vcsseIs; Y = supporting pipes; 9 = mctai block: 
10 = quartz outer vcsscl: I 1 = groucd glass joint: 12 = - cool;r;tt tube; I3 = g,xs ti_cht seais. 

The radioactive gas released from the solid sample is carried by a carrier gr stream 

\vhIch flows at a constant rate into the cells for gas radioactivity measurements 

(Fis. 5.32). The appar LXUS simuitaneausly registers x-activity of radon and the 
[J-activity of xenon introduced by icn bombardment. An ETA curve is recorded 

together with the DTA 2nd dilatometric curves usin? a multi-point 

In the ETA method, the number of atoms emanated from a 

can be written as the sum of t\vo terms’EV: 

recorder. 

small cr_vstallite 

E=Er+Ed, or 

where E, is the emanation released due to the recoi!ed emanatLn atoms. Ed the 

diffusion part of the reduced emanation atoms. r. the ranse elf recoiling atoms, S the 



Fit 5 ;T ETA ;:pparat~s’~“. _- ----- I = cicstronis potcntiomelcr; Z = alpha count integrator; 3 = hcta 
mount intcgr;ltor: 4 = JiIatnmctrr pickup; 5 = thcrmosoupls: 6 = gas dryer: 7 = photomultipiicr: 
S = scintillztion chzmbcr: 9 z <atho& rcpcatcr: 10 =; ; emission mrasurcmcnt chamber; I I = clrctric 
heater: 12 = quartz rcwtion x-csscl I R = rhcomctrr. 

specific surface. ??I the cr\-stailine mass, D, the pre-esponentional term in the espres- 

sion 

D = D, esp ( - Q;‘RT) 

where D is the difksion constant. Q the activation energy of diffusion of the emanation 

in the soiid. R the 2:~ constant. /> the density, i the decay constant of emanation. and 

T the ab ;oIute temperature- 

The temperature dependence of the rate of emanation release from Fe,O, is 

sho\vn in Fig 5.33x Alternati .-eIy. a semilogarithmic curx-e of the form of&, = f( l.‘T) 

ma- be constructed. 3s shown in Fig. 5.33b: the quantity Ed beins evaluated froir. E 

(emanation power at the relevant temperature) and E, (vaIue of E measured at room 

temperature)_ In Fig 5.33b. two slopes may be seen in the curve. A low temperature 

section viith a Iow \-alue of Z log E-J 2 T and a hish temperature section with a larger 

value of 2 log Ed 2T. The disccntinuity on the curve lies at 693 ‘C. i.e., 0.53 of the 

absoIute melting point of FelO,. With other crystalline. poivdered inorgnic 

substances, the discontinuity on the curve corresponds to 0.5 to 0.6 of their absolute 

melting point. This temperature is related to the beginning of suficiently intensive 

motion of atoms or ions in the crystal Iattice to cause an effective diffusion rate in the 

solid_ Based on the classics1 emanation method, it is tkerefore possible to determine 
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(b) 

this temperature range. \\-hich is of yeat practical imporwnce since above this 
approsimatc temperature it is possible that solid-state reacricns can occur by diffusion 

mechanisms. The siope of indil-iduai sections of the curve can be used to determine 

the activation energy of the emanation process in :i solid for ;1 specified temperriture 
range. The E of radon-diliusion in Fe,O, was evaluated as Q = 1523 kcal mole- ’ 

in the ranse of 600-700 C and 0 = 4025 C;cal mole- * in the rage of SSO-1100 C_ 

The ET.4 and D-f.4 CUI-LXX’~~’ of Th(C,O1), -6H :O are illustrtited in FiS_ 5.34_ 
The ETA cun’e reveals three processes taking place: ( I ) Step\vise dehydration in the 

temperature raqe of do-220 C: the DT.4 curve shows onI5 two endothermic peaks 

in this range for the transitions of 6H20 -+ ZH,O and 2H 2O + I H,@: (3 the flat 
peak in th: XKMOO’C ctzqc corresponds to decomposition of Th(C205)2 - H,O: 
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(3) the last peak. at 4OO-5OO‘C. is due to the con\-ersion of amorphous ThO, to 

ccstalline. The curve of the rate 3f release of xenon which had been incorporated 

into the sample by ionic bombardment fully confirms the reaction sequence indicated 

by the ETA tune. 

Fig. 5-Z-l. The ihcrmsl dccomposidon of Th(C20G)2-6H2@. (I) I3T.A cun’c: (2) tcmpcmtuic 
dcpc:ldcnce of sciton rcicasc; (3) ET.4 i~rvc~~~. 

5.9. Thernronragneric anal5_sis 

The measurement of the magnetic susceptibility of a compound as a function of 

temperature is frequently useful for the detection of changes of osidation state. 

reduction and oxidation reactions. ferromagnetic and antiferromagnetic behavior_ 

and so on_ Without temperature-dependent studies the prediction of the number of 

unpaired electrons. oxidation state. and stereochemistry of magnetically concentrated 

systems must be suspect 19’_ 

Namerous instruments permittin g variable temperature control of the sample 

chamber have been described_ One of the more recent instruments empIoys the 

\-ariable temperature accessories for a nmr or epr spectrometer”’ to obtain measure- 

ments by either the Gouy or Faraday methods. MuIy and Keys” I described a 

helical-spring microbalance for Faraday type magnetic susceptibility as wcl1 as 

for adsorption and TG measurements_ Measurements of the dehydration of 

CuSO,-5H,O_ as shown by the data in Tabic 5.2, illustrate the application of the 

balance for TG and thermomapetic analyis (TMA). Four motes of water were 

evolved between 25 and 100 ‘C under a system pressure of ca. IOw6 torr. The change 

in susceptibility is due not only to the Ioss of water molecules but also to a chanse in 

psrama:netism of the rampIe. The fatter factor is easily accounted for by calculating 

theoreticafIy the susceptibility for CuSO,-5H20 at IOO’C, on the basis of the Curie- 



TAFiLE 5.2 

TG AND TMA DATX FOR C&O+-SH:O’q’ 

o Corresponds to I mo!cs of water if _Y,W;O) = - 12.9 % 10m6 c.g.s. units. 

\Veiss: law. Another application 4 the apparatus was to s!udy rhe adsorption of 

osygen on y-alumina and measurement of the chanses in aagetic stzsceptibility 
during adsorption. hqertsuremcnts indicate rhe formation of a dimeric O4 species with 

a very small magnetic susceptibility. 

” i:;: 
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Fig. S-35. TG-TMA spprtmtus of Simmons 2 nd \Ver.dIancit 19*_ X = Ainswvorzh semi-micro re- 
cording baiancc; B = tube furnace; C = samp!e zontaincr; D = furnace thermocoupic; E = c!estrcr 
magrrct; F= hydrzwk piston; G = two-pen r.rorcie-; H = fumxe tempcrzturc programmer; 
I = vcirage regulator; J = magnet pq,ri-cr supply. 

Simmons and Wendiandt *” have a,--sctibed a Faraday type instrument in 

which TG and TMA measurements can be zhtained from room temperature to 

5OO’C. The apparatus is illustrated in Fi,. m 5.35. A h:o channel recorder was employed 

in which one channel recorded the temperature, the other the TG CUTVZ. Supi- 

imposed on the TG tune were the defiections of the sample -xused by the intro- 

ducticn of the magnetic field about the sample at perioiic inter.x!s. The ?G-T-MA 

tune of [Co(NH&JCi~ i:; shown in Fi,o. 5.36. A more useful psrameter of this 

system is the moIe percent of cobaIt(II1) reduced, as a function of temperature, as is 
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Fig. 5.36. TG-TMA curve of [Co(N H&&I3 x 9z. 

__._- 
I 

Fig. 5.37. TG, mass suxeptibiiity and molar percent reduction of [Co(NH,)&Is. (A) TG curve; 
(B) mass susceptibiIity curve; znd (C) moIe percent cobalt (III) reduced tune. 

shown in Fig 5_37_ This parameter is calculated from the equation’92: 

mole percent reduced = 100 
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Since the quantity 

loo m,X,(2.83)2 

& (Am, - Ana3 
= constant = K 

the former reduces to 

mole percent reduced = X’fbn - &z,) ( Ti 0) 

where ti is the apparent mass change, and the subscripts s and c refer to ssmpie and 
empty container, respectively. 

The reaction of sodium metal with Fe,C, Fez&,, and Felz_s2Mno_rsC was 
investigated at elevated temperatures using TMA ‘93 It was possible by this technique _ 

to foilow the disappearance of iron carbide when in contact with the liquid sodium 
metal, as we11 as the formation of iron meta or other ferromagnetic species as 
reaction products_ 

Fig. 5.33. TMA curves of Fe3C with Na or Li19’. 

The TMA curves*93 of Fe,C with excess sodium or Iithium metal are ilIustrated 

in Fig. 5.38. Decomposition of Fe& alone is rapid above 600’C while the reaction 
with sodium metal indicates that no direct reaction such as 

2Fe,C+2Na+Na,Cz+6Fe 

can take pIace in the temperature range at which the dissociaGon reaction is important. 
Both the Curie point and the extent of interaction with the magnetic field at room 
temperature were found to be unaffected by the heating, 

5. IO. Photothermai techniques 

David19’ described an apparatus in which the photothermal analysis (PTA) 
and DTA curves of inorganic compounds and orgaGc poh/mers could be de-.ermined. 
Although the twd techniques reinforce each other and provide cor;?plementary. 



information, li_rht emanation from the sample provides information which is generally 
not present in the DTA curves. 

The apparatus used for simultaneous PTA-DT.4 measurements is shown in 
Fig. 5-39. The Stone-Premco DTA ceil was modified by driliing a 0.275 in. opening in 

the cell cap to permit sampIe viewin g by the photomultiplier tube. An EMI “end-on” 
photomultiplier, type 6356S, with a spectral response of 2000-6000 n. was employed 
for the measurements_ The PTA signal was recorded on one channe1 of a two-channel 
potentiometric recorder_ 

- PHOTO.UvLT:PLlER 

PM V.-EWING CAVITY, 
r FURNACE 

SAMPLE 

Fig. 5.39. Simultaneous PTA-DTA apparatus used by David * 94_ 

The simultaneous PTA-DTA curves of CuSO,-5H20 are illustrated in 
Fi= =_ 5-40. The PTA curve showed a slightly increased response in the 3WOO’C 
region as compared to the blank run. A small peak was noted in the PTA curve frotx 

225 to 275”C, which was duplicated in numerous runs of the compounds. The 
orign of the peak was not given. 

A somewhat more sophisticated apparatus for measuring phase transitions of 

incandescent materiaIs was described by Rupert’95. In this apparatus, as illustrated 
in Fig. 5.41 y a photomuItiplier tube was used to follow the temperature changes of the 
sample- The phototube responds to the luminosity of the sample, which is propor- 

tional to the sample temperature_ It is not necessary to know the exact relationship 
between the output of the phototube and the temperature of the sample because 
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Fig_ 5.40_ Simukancous PTA-DTA curves of CuSO,-SHZO; heating rate IO’C,‘min. 

temperature calibration is accomplished by using a calibrated optical pyrometer 
which receives part of the Iight from the sampIe. The sample was con:ained in a 
crucible (A) Iocated within the current concentrator (B)_ The latter receives power 
from the induction heater (K), whose output is controhed by the induction heater 
control (J)_ Li_ght from the sampIe emer_ges through a 0.070 in_ diameter hole in the 
top of the crucible, and travels upward through a Pyrex or quartz window into the 
lower end of the beam splitter. Part of the light is reflected at approximately 90’ to the 
axis of the beam splitter, by the partially aluminized bottom mirror, to the optical 
pyrometer (ID) used to measure the temperature of the sample. The light that passes 
through the mirror is reflected outward by the top mirror, and is then focused by the 
27.5 cm focal length achromatic lens onto a 0.967 in. diameter aperture in front of 
the photomultiplier tube. 

Typical cooling curves studied by this technique include the freezing of a 
molybdenum carbide-carbon mixture at 254O’C, a cooIing curve of the freezing of 
zirconium carbide-carbon eutectic mixture at 2855’C, and a sohd-state transition of 
uranium dicarbide at 18OO’C_ 



Fig_ 5.41. Apparatus used by Rup~i-t’~~. 

5. I I. hlfrared spec~roscop_v 

Although the #Br disc technique in infrared spectroscopy is weh known, few 

quantitative kinetic studies of solid-state chemical reactions have been reported. 
Hisatsune and co-workers196--201 found that many chemical reactions are initiated 

by heating the discs to elevated temperatures and that the kinetics of these reactions 

couId be conveniently followed by this technique. The discs are placed in an oven for 
the desired length of time, and the spectrum was recorded after the disc was quenched 

to room temperature. A typical disc wei@ing about 0.5 g cooled from about 600°C 
to room temperature in less than a minute. Discs prepared from potassium salts 
couId be heated in air to about 6OO’C, but above this temperature appreciable 

subiimation of the matrix sait occurred. The initial heating usually produced the 

greatest chanse in the appearance of the discs- They turned opaque, expanded. and 

often showed blisters on the surface when gaseous products were formed by the 

decomposition of the solutes. In some cases, the transparency of the disc could be 

restored by breaking it into small pieces and repressing. For quantitative work the 
rim of the expanded disc was sanded off unti1 it fitted the die cavity. Studies reported 
incIuded the trappin_g of the BO-, iontgi, the carbon dioxide anion (CO,-) free 
radicaItgs, the carbonate anion (CO,-) free radicaI’9g, the formate ion from the 

acetate ion”‘, and the decomposition of the perchlorate ion2”. 

Wydever! and Leban”’ reported the therma decomposition kinetics of silver 
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carbonate using the disc technique. Continuous, in situ quantitative analysis of 
infrared active reactants and products of the decomposition reactions ‘vas made 
possible by use of a heated ceil. The cell was constructed of stainless steei and could 
be heated to 500 ‘C with the KRS-F cell windows maintained at room te,rnperature by 
the flow of cooling water. 

A heated ceI1 for infrared spectroscopy was also described by LeRous and 
Montano’03 for use up to ZOO’C. 

A heated programmable cell was used by Tanaka et ~11.“~ to study the de- 
composition of a number of cobalt(lI1) ammine complexes_ The disc matrix was 
either KC1 or KBr; at elevated temperatures the discs frequently became opaque to 
infrared radiation_ 

5.12. Dr_namic reflectance spectroscopy 

The total reflected radiation from a mat surface, R,, consists in general of two 
components: a regular reflectance component (also called surface or mirror reflection), 
R, and a diffuse reflection component, R, _ The former is due to the reflection at the 
surface of single crystallites while the Iatter arises from the radiation penetrating into 
the interior of the solid sample and re-emerging to the surface after being scattered 
numerous times. 

Almost a11 of the studies in diffuse reflectance spectroscopy have been carried 
out at ambient temperatures or, in some cases, sub-ambient temperatures. In many 
cases, a greater amount of information about a chemical system can be attained if the 
reflectance spectra are obtained at eIevated temperatures. Normally, temperatures in 
the range from 100 to 4OO’C have been employed although higher temperatures may 
also be attained without undue experimental difficulties_ Two modes of investigation 
are used for the high temperature reflectance studies. The first is the measurement of 
the sample spectra at various fixed or isothermal temperatures: the second is the 
measurement of the change in reflectance of the sample as a function of the increasing 
temperature. The first mode is called the static method or higlz temperature rejlectance 

spectroscopy” ’ (HTRS); the second is a dynamic method and is called dganric 

reflectance spectroscop_r- (_DRS)” 6_ The DRS curves reveal the temperatures at which 
sample thermal transitions begin and terminate, and also permit the investigation of 

only a single thermal transition at a time. It is useful for determining the thermal 
stabiIity of a substance and aiso sample structural changes which are a function of 
temperature_ Indeed, this technique shows great promise as a complementary method 
for other thermal techniques such as TG, DTA, high temperature X-ray diffraction, 
and so on. 

The theory, instrumentation, and applications of HTRS and DRS have been 
adequately reviewed by Wendlandtzo’. A new controlled atmosphere sample holder 
has been recently described2og whiIe Wendlandt and BradIey”’ discussed the 
simultaneous measurement of DRS with EGD for certain inorganic compIexes. Most 
of the appheations of this technique have been in transition metal coordination 
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chemist-_ Compounds that have been in\-estigted include [Cuten) (H 20)]S0,’ lo. 
Co(py)2Ci2210-21’. CUSO,-~H,O~‘~_ COCI,-~H~O~~~, and Ni(py),CI,ZO’. The 
thermochromism of the M,[H@J (hi = Ag’. Cu-. Pb”. and Hs&) compleses have 
also been studied’ ’ ‘_ 
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