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5. THERMAL ANALYSIS INSTRUMENTATION AND APPLICATIONS

5.1. Iniroduction

Present day thermal znalysis 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 commercial instruments to choose from, covering the
temperature range from — 130 to 2400°C. Numercus insiruments have also been
described in the literature which can extend this temperature range in either direction.

The instrument- discussed in this chapler include eonly those that have been
described in the literature during the past 5-6 vears. Mo attempt is made to discuss
the fundamental principles of each technique as these are adequately reviewed in the
many textbooks that are available. The discussicn is not comprehensive but tends to
emphasize only those instruments thit are commonly used to study heterogeneous
processes.

5.2, Thermogravimetry

The most widely used thermal te-.nniquc 10 study heterogeneous processes is
that of thermogravimetry (TG). It is a limited technique. however, in that a gas-solid
system must be involved 1n which the gosecus 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, sav, than dif-
ferential thermal analysis (DTA). In the latter technique, the differential temperature
response decreases with increasing temperature of the svstem. 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 all of the aspects of TG instruments.
The historical development and principles of the thermobalance have been well
documented by numerous authors'~® while modern commercial instruments have
been described in detai!l by Wendlandt® and others!®-'!. Only the more recent or
novel approaches or developments of TG instrumentation will be discussed here as
well as their applications.

5.2.1. Temperature measurements and calibration

The use of TG for kinetics studies has creaied problems involving sample
temperature measurements. For heating rates of 150 to 600 'C 'h, sample temperatures
may - 1g behind furnace temperature from 3 to 14°C!?; in vacuum systems it is not
unusual to have differences of up to 20 °C. The accuracv requirements in reaction
kinetics are stringent and require that the temperature of the sample be determined
directly while 1t is being weighed continuously. Some thermobalances have provision
for this in that a thermocouple is in intimate contact with the sample or sample
container. In other instruments, the temperature of the furnace chamber only is
continuously monitored.
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Manche and Carroli!® developed a fast response transducer in physical contact
with the sample in which its temperature information is instantaneously relayed to an
indicating device through a non-mechanical coupiing. It consists of using a uni-
junction transistor relaxation oscillator with a thermistor as the resistive part. The
entire primary circuit including the power supply is made part of the balance
suspension and is weighed 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 between two suspended coils. Unfortunately, the temperature
range covered was rather limited, from 25 to 160°C.

Norem et al.’* 15 described the use of substances having magnetic transitions
for the temperature calibration and performance evaluation of a TG system. The
ferromagnetic standar:. ;> 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 equivalent magetic mass diminishes
to effectively zero and the balance will indicate 2n apparent weight-loss. The magnetic
transition calibration points are shown in Table 5.1 while a typical calibration curve is
illustrated in Fig. 5.1. The intersection of a line drawn through the rapidlyv changing
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Fig. 5.1. Temperature calibration with magnetic standards (10°C/min)?!53.

portion of the curve and a line extrapolated backwards from the horizontal baseline
above the transition was taken as characterizing the transition point. It was found that
this point was reproducible to within + 1°C and was independent of sample size and
magne:ic field strength within the ranges of interest.

5.2.2. Encironmental factors
As is well known, the experimental transition temperatures, and in some cases



TABLE 5.1
MAGNETIC TRANSITION CAT IBRATION POINTS®®

Srarndard Transition temperature (°C)
Alumel 163
Nickel 354
Perkalloy 596
Iron 780
HiSat 50 1000

the shape, of a TG curve are profoundly altered by a change in furnace atmosplere.
The composition and pressure of the gaseous atmosphere within the sample-furnace
chamber can be varied over a wide range. Most easilv employed are non-corrosive
gases such as air, argon, nitrogen, oxygen. hvdrogen, carbon dioxide, and so on, but
provision is made in certain instruments for studies in corrosive atmospheres such as
HCI, Cl,, SO;, etc. Not only can a wide variety of gaseous atmospheres be employed,
but the pressure in the svstem can be varied from ~1x 107 ° torr to about 200 atm.

Seilf-gznerated TG atmospheres have been reviewed by Newkirk!®. This type of
atmosphere consists of decomposing a solid sample in a crucible that has a small
vapor volume with a small opening to the atmosphere. As a consequence, except for
the zir initially present, decomposition occurs in an atmosphere of the gaseous
decomposition products, hence, a scif-generated atmosphere. The review outlines the
advantages and limitations of the method, describes several new crucibles, and
compares the results obtained for various chemical svstems. 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 complex solid—-gas system. In a self-
generaied atmosphere crucible the atmosphere produced by the first reaction may
have a beneficial or detrimental effect on the reaction. For example, in consecutive
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Fig. 5.2. TG curves of Mn(C;H;0,),-4H,0. A: Shallow dish of sample in flcwing N, ; B: Piston
tvpe sample crucible in air'¢
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hydrate decompositions the presence of water vapor facilitates the recrystallization of
the new phase.

To illustrate!® the effect of the self-generated atmosphere on the decomposition
of a compound, the curves for manganese(Il) acetate 4-hydrate are shown in Fig. 5.2.
In curve A, the sample loses weight immediately at room temperature. The two major
stages of weight-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 ircrease the initial weight-loss
temperature and also the temperature at which the anhydrous salt dissociates.

The advantages and limitations of the self-generated atmosphere technique, as
listed by Newkirk’®, are as follows:

A. Adrantages

a. TG in self-generated atmospheres is primarily of vaiue in the study of
consecutive reactions. It will generally have the following advantages compared to TG
in open crucibles.

1. The reaction interval will be narrower, overlapping reactions will be more
clearly resolved, and intermediates more accurately identified.

2. New phases will be revealed.

3. Reactions will proceed, for the most part, at a fixed pressure of the gascous
products equal to atmospheric pressure. The course of reactions, except at the start,
will not be affected by varying partial pressure.

4. The observed initial decomposition temperature will be more closely
related to an equilibrium decomposition temperature.

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

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

7. Very fast reactions can be studied without loss of solid product.

8. Better results will be obtained on materials with an appreciable vapor
pressure at rooin temperature. The sample can be weighed more accurately and will
vield a horizontal baseline on the thermogram.

9. The effects of particle size differences will be reduced and the effects of
crucible geometry standardized. This is particularly important with inhomcgeneous
materials such as rocks and minerals.

10. The recrystallizations of new phases from hydrates or hydroxides will be
facilitated.

1i. It has been claimed that irreversible decompositions will show better
resolution and a smaller reaction interval in some instances, though it is not known
why.
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b. Thermogravimetty in self-generated atmospheres also has some advantages
over controlled atmosphere thermogravimetry.

1. The balance need not be protecied from condensible or corrosive gases.

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

3. The advantages of controlled atmosphere thermogravimetry are available
even when different stages require different atmospheres.

4. The advantages of controlled atmosphere thermogravimetry are available
even when the gaseous product is 4 mixture or is unknown.

B. Limirarions of thermogravimetry in self-generated armospheres

I. Buovancy corrections vary depending on the molecular weight of the gas
filling the crucible.

2. Large, heavy crucibles will cause a greater uncertainty in sample temperature.

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 a temperature
at which a subsequent reaction begins.

5. Secendary reactions with the evolved gas may make interpretation difficult.

C. Recommended uses
Thermogravimetry in self-generated atmospheres may be useful for studies of:

1. Consecutive reactions. and particularly for hydroxides. hyvdrates, ammo-
niates, carbonates, acetates. oxalates, and sulfates.

i

. Inhomogeneous materials.
. Compounds that decrepitate or explode.

Air sensitive materials.

Volatile matenials.

N

Materials that decompose to vield several gaseous products.

. Destructive distillation.

~]

The effect of various gaseous atmospheres on thermal decomposition reactions
using the Mettler thermobalance has been discussed by Wiedemann and co-
workers! “~'2. The gas flow and contro! system for the Mettler thermobalance is
illustrated in Fig. 5.3. For atmospheric or vacuum applications. nNon-corrosive gases
are passed through the balance hcusing. and then up into the sample chamber.
Upward passage of the gas prevents diffusion of the reaction gases 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 guite small, being approximately 0.3 mg at the
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Fig. 5.3. Mettler thermobalance gas flow and control diagram.

3

maximum flow rate of 700 ml/min and 0.1 mg at 160 ml/min. TG curves can also be
obtained in vapor atmosphere?®-2! (such as H,O or D,0) or in corrosive gas
atmosphere'? (chlorine, for example).

Gulbransen et al.?* have described a flow-reaction system and gas-handling
system employving a Cahn RG balance. Pressures of 2 to 76 torr and flow rates of
5x 105 to 1.8 x 102° molecules of oxyvgen per second were employed in the system.
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Fig. 5.4. Effect of pressure for 1 ug peak-to-peak noise?”
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Conditions for optimum sensitivity in TG at atmospheric and reduced pressures
have been investigated by Cahn and Peterson??>. The effect of pressure as a function of
furnace tube diameter is shown in Fig. 5.4. If larger furnace tubes must be employved.
a gas pressure as high as possible should be used. Baffles were tried but found to be of
little value in reducing the noise. Noise as a function of tube diameter scemed to be
the same with flowing gases as with static ones. It appears that the noise is nearly
independent of gas velocity through the system. In another investigation?*. the effect
of pressure on aerodynamic noise was deiermined. At pressures up to 130 torr the
noise was not more than | yg peak-to-peak: above 200 torr, the noise increased
rapidly. In a related study. the errors encountered in vacuum TG were discussed by
Fricdman??. The cffect of momentum transfer was described, which can b related to
the equation:

2 dm _
w=m-— (—) z —) (3.1)
fod dr,

=

Where - is the weight as read by the balance. m is the actual weight of the sample.
e the acceleration due to gravity. z the geometric factor, and dm:dr the rate of change
of actual weight. This effect was measured by supporting polymer film samples both
above and below the sample conatainer of the thermobalance. The resuits indicate that
errors caused by liit effects were due to molecules which migrate to regions below the
container 1s theyv are pumped past it and the support wire. Improved design could
probably reduce the tendency of molecules to migrate below the container.

5.2.3. Sample containers

The various factors of heat transfer (heat exchange between the reaction
interface and the souice of heat). the temperature gradients in the sample, and mass
transfer are all related to the sample holder geemetrv. Many different geometrical
configurations have been prepared. however. only several illustrative examples will be
given here.

Sestak2®-2” calculated the maximum temperature gradients between the wall of
the sample holder and the center of the sumple, Y. For a disc sample

Y, = [M (%)] (5.2)

and for a cylindrical sample

_ AHGO , (5.3)

- 27
where AH is the enthalpy change. G the sample heat capacity. {0 the heating rate. # is
the reciprocal of the sample heat conductivity, S the thickness. and r the diameter.
For a cylindrical sample of | mm diameter. placed in a silver block. at a heating rate
of 5 K/min, the maximum temperature gradient found was: (a) 4.8 K for the de-
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hydration of kaolin: {b) 13.2 K for the decomposition of magnestie: and (c) 3.1 K for
the dehydration of x-CaSO,-0.5H.O. The amount of sample influences the enthalpy
change during the reaction in the sample and is able to slow down (or speed up) the
temperature increase from that of the furnace heating rate. In the former case, the
errors of self-cooling of the sample must be taken into account. The self-cooling 1s a
function of sample load. enthalpy change of the reaction. and the thermal inertia of
the sample container. Sestax?® calculated for a 0.135 g of kaolin in a silver crucible at
a heating rate of 5 K 'min. that the temperature increase was slowed down by about
I K/min. It is possible to estimate the optimum amount of sample by means of a semi-
empirical method?". under any given experimental conditions.
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Fig. 5.5. Decomposition of Kaolin under various experimental conditions=®. (I} Multi-plate silver
holder in dvnamic air atmosphcre; (2) Same as (1) except static air atmosphere; (3) Perforated silver
block, 3 mm capillaries: (4) Same as (3) but 6 mm capillaries: (5) Same as (3) but 10 mm capillaries.

The importance of mass transfer is shown in Fig. 5.5 in which TG curves of
kaolin are given under various experimental conditions?®. The sample is spread in a
thin laver on the plates of a multi-plate silver sample holder in curves (1) and (2). The
influence of diffusion in the sampi> is shown by curves (3)-(3) in which the surface
area exposed to the atmosphere is reduced by the use of capillary tubes of varyving
length (3 to 10 mm). From these st:.dies. Sestak*® recommends the use of a thin layer
of sample spread out on the p':c:s of a multi-plate sample holder.

The various sample holders used in Derivatography. as shown in Fig. 5.6, were
discussed in a lengthy revie v by Paulik et al.2%. To resolve or separate overlapping
reactions, Paulik et al.>%73? recommended the use of the multiplate sample holder.
They reascned that if the szinple is spread out in a thin layer to permit rapid transport
of the gaseous dccomposition products away from the vicinity of the solid phase, then
the decomposition processes occurred not only at lower 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 secn in the curves in Fig. 5.7. The
multiplate curve shows that the dehydration takes place in three stages while the
crucible curve only exhibits two stages of dehvdration. Using other chemical systems.
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it was found that phase transitions such as solid — liquid were nearly independent of
changes in experimental conditions using the multiplate sample holder. Other
multiplate sample holders for TG have been described3*-3*

- Wiedemann?' described the various sample holders used in the Mettler
thermobalance: these are illustrated in Fig. 5.8. Crucible materials were selected to
obviate the possibility of reaction beiween crucible and sample material. Materials
used were platinum. alumina, quartz. and graphite. All crucibles made contact with
the temperature measuring thermocouple at the base and were readily interchangeable
with each other.

Looking at other variables. as well as the sample container geometry.
Wiedemann et al.>? argued that in order to obtain valid and consistent resulis in the
determination of activation ¢nergies. a numkber of precautions must be taken in the
preparation and handling of the sample. He listed them as:



rucible and multiplate sample holders for CuSO.:-5H.O. Cunc I.
ultiplate (200 mg).

ot
n
W

N
I

Q

3
~3

12}

=

N

o

2

3

a

v 9
-
3

A. Use of a sample small enough to ensure temperature uniformity during the
decomposition and. of course. direct sample temperature measurement.

B. Adjustment of the gas flow and pressure and sample shape to reduce the
cffects of effluent gases from the sample.

C. Uniform sample pariicle size and sample packing in the crucible.

The influence of sample packing in the sample holder on the dehydration of
CaC.O,-H.,O was cleverly demonstrated by Wiedemann?3. Using three different
types of sample packing. the dehydration, as indicated by the water evolution curves,
takes place over different temperature ranges. as shown in Fig. 5.9. Sample packing
(A) and (B) lead to almost symmetrical peaks with rapid dehydration. For packing
(C). complete dehvdration is delaved, leading to a peak temperature shift of about
$0°C.

A word of caution was expressed by Ramakrishna Udupa and Aravamudan3®
concerning the use of platinum sample holders. Platinum. because of its catalytic
activity, may 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.

3.2.4. Simulraneous TG techniques

Simultaneous thermal analysis measurements on the same sample under
identical pyrolytic conditions have numerous advantages®”. The most common
simultaneous technique is that involving TG-DTA, although TG-gas evolution
analysis is also becoming quite popular. The latter usually involves a mass spectro-
meter to analyze the volatile products but gas chromatography has also been
emploved.
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Fig. 5.8. Samplc holders used in the Mettler thermobalance?!.

Simultaneous TG-DTA instruments have been describad**->*-*'-%° while the
significance of their measurements has been discussed?®. According to Maurer and
Wiedemann?>8, simultaneous studies using carefully planned combinaticns according
to the system under investigation will help and improve the interpreiation of the
results.

The combination of a thermobalance with a gas chromatograph has been
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Fiz. 5.10. Simultancous TG-GC technique used by Wicdemann33.

described by several investigators>3-?-*® The apparatus used by Wiedemann??, as
shown in Fig. 5.10, consists of a Mettler thermobalance connected to a gas chromato-
graph. Evolved gaseous reaction products are sampled by the sampling valve which
can be opened at specific intervals. Helium gas then flushes the reaction gases into the
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33 concluded that compared to mass

gas chromatograph for analvsis. Wiedemann
spectrometric analysis, the gas chromatograph method of analysis is much slower but
that the quality of the results is about the same.

The use of a mass spectrometer to analvze the evolved gases has been described
by a number of workers33-33-33-%6-51 The svstem used by several of the in-
vestigators®?-*3 is shown in Fig. 5.11. The Mettler thermobalance is coupled to a

Balzers Quadrupole mass spectrometer. Gaseous decomposition products come into

Fig. 5.11. TG-mass spectrometer system used by Wiedemann?33 and Gibson and Johnson®3.

immediate contact with the mass analvzer. Pressure range in the system is 10”* to
107 ¢ torr while the mass range covered is 1-100 or 10400 amu. It is possible not only
to scan the entire spectrum range but also to monitor a single m e value. The TG-MS
measurements of CaC,0O.-H,O are illustrated in Fig. 3.12. Contrary to the de-
composition reaction carried out in a dynaimic air atmosphere, the decomposition
temperatures for the two reversible processes. dehydration and decomposition of
CaCO;. are shifted 175 tc 80 'C. and 760 to 630 C. respectively. The irreversible
oxalate decomposition takes place at the same temperature of 470 C. It is also seen
that during the CaC,O, decompositicn, disproportionation takes place according to
the equation:

2C0=C+CO, (5.4)
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Fig. 5.12. TG-MS curves of CaC-0:-H-0 according to Wiedemann?3?.

Loss of CO, from the CaCOj; takes place very slowly and is retained. due to physical
adsorption, at 600 and until about 700 C.

Gibson** described the application of a small on-line computer to control the
mass spectromeier.

Using the Derivatograph, Paulik and Paulik**~*° 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 thermo-gas-titrimetric (DTGT) curves.

A simultaneous TG and X-ray apparatus was described by Wiedemann®?2.

Thermoba'ances for the measurement of vapor pressure”® and dissociation
pressures”*. high temperature materials research®>-%®, high pressure studies®”. and
low pressure siudies*® have been described.

Bradley and Wendlandi®? predicted. perhaps. the future of thermogravimetry
instrumentation by describing a comgletely automatic thermobalance. Eight con-
secutive samples could be studied without the attention of the operator. Automatic
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sample changing can be carried out as well as compositional changes of the flowing
gaseous atmospheres.

3.3. Differential thermal analysis

The instrumentation for differential thermal analysis (DTA) has been discussed
in detail in well known reference books*-®27°® 4.-d has been reviewed in detail by
Murphy in bicnnial reviews. the latest of which appeared in 1972°°. Commercial
instruments have been described by Gordon®® and Wendlandt®-°* as well as others'?.
No attempt will be made here to discuss the basic principles of the instrumentation
but rather to review the more recent developments.

3.3.1. Sample holder geometry and thermocouples

Perhaps the most important aspect of DTA instrumentation is that of sample
holder geometry. thermocouple counfiguriation and placement. and their materials of
construction. Great interest. as evidenced by the number of publications which kave
appeared in recent years. has been shown in this aspect of instrumentation. Thus. it is
important to coasider them first.

The sample holders developed for the Stone DTA syvsiems (now Columbia
Scientific Industries) are shown in Fig. 5.13. As is well known. one of the confi-
gurations (A) permits the flow of gases directly through the sample during the heating
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2. 5.13. Sample holder arrangements for the Stonc system instruments. (A) Dynamic gas flow
types: (B) cup tyvpe: (O) ring-thermocouple tyvpe.

cycle. This configuration is used for powdered minerals and other samples which do
not undergo sintering or fusion. For samples which undergo solid — liquid transiticns
or for liquids. the cup type holder (B) 1s emploved. Highest sensitivity is achieved by
the use of the ring-type thermocouple (C). 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
Mettler TG-DTA instrument. According to these investigators, the choice of sample
holder for DTA is often a compromisc. depending upon the type of reaction under
investigation. T he ftat plate tvpe. which is ideal for control of the gas-solid reaction in
TG, may cause loss of AT sensitivity through radiant heat loss. For a soiid; — solid,
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transition. where the furnace gaseous environment plays no role. a spherical holder
might be ideal for measuring a maximum A7 but it is difficult to construct or to load.
The closest practical approach to the latter shape is a cylinder of a 1:1 height:diameter
ratio. If the cylindrical crucible is welded to the thermocouple, a maximum A7 signal
will be transferred to the measuring system. Use of small samples (~0.63 cm?) in a
I:1 cylinder still permits adequate gas exchange with maximum heat retention for
difierential temperature measurements. Sample holders used in the Mettler system
are shown in Fig. 514

Fig. 3.14. Sample holders used by Wicdemann®2-71, (A) Micro TG-DTA for vacuum: (B) Micro
TG--DTA holder: (C) Macro TG-DTA holder: (D) Muacro TG-DTA type with heat sink block.

Ozawa and co-workers”?~ " * designed a1 number of sample holders which had
first been described mathematically. One such holder contained a twenty junction
thermopile” ®. Sealed tube sample holders for DTA have been described recently by
Barrett et al."®"" and Wendlandt™®. The sealed tubes prevent vaporization and
sublimation reactions from occurring which frequently interfere with or alter other
tvpes of chemical react ons.

In order to permit the passage of gas ihrough a sample. such as is employed in
the Stone equipment, Karkhanavala et al.”® proposed the use of a sample hoider
constructed of platinum wire gauze. This type of sample holder gave curves whose
peaks were extremelyv sharp and of greater intensity than when solid metal crucibles
were used. These saumple holders could be used for TG studies also.

The design of sample holders has been considered by several investigators3°-32.
Mathematical models were deveioped which were then applied to practical instrument



521

configurations. Dosch®? described a simple electrical device to measure heat sensi-
tivity and response time of a DTA sumple holder. For an isolated cruciblc type sample
holder. a simple eclectrical calibration technique was used which introduced a
measured amount of electrical power into the crucible and then mcasured as a
response the change in its temperature.

Thin film thermocouples for DTA measurements were discussed by King
et al.3*-®3_ Light weight. precisely matched thermocouples were prepared by the
evaporation of thin films of dissimilar metals which overlapped te form the thermo-
Junctions. The two metals used. gold and nickel. formed a thermoelectric junction
whose e.m.f. output was intermediate between Pt-Pt (ten percent Rh) and Chromel-
Alumel junctions.

In the block type sample holders. one of the greatest variables for quantitative
DTA accuracy is the sample packing density factor (PDF)3¢. The effects of this PDF
may be divided into two categories: (a) those concerned with gaseous phase inter-
change and (b) those concerned with concomitant changes in thermal diffusivity due
to increased heat transfer with increased particle 1o particle contact. The latter effect
is more generalized in that it is operative throughout the temperature range. affects
base line drift and the magnitude of the reactions. but does not directly affect the
temperature at which the reactions take place. A precision sample loading device was
developed which readily allowed reduction in variations in technique and previously
unaccounted heat losses. The device formed cylindrical saumples of uniform size with
closely controlled packing densities in which the thermocouple occupied a central
position. An envelope of loosely packed porous granular Al,O; supported the sample
in the center of a metal thermal well.

The effect of thermocouple Iccation on temperature measurement and also peak
area has been investigated *2-®7-3%_ David et al.®7, using the Stone DSC cell. attar ned
a digital temperature indicator to the recording system to obtain a resolution o' + 1

EXO
4

Fig. 5.15. Effect of thermocouple placement for polyethylene®”. A = mode I: B = mode 2.
g p
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over the temperature span from 25 to 1600 C. The effect of thermocoupie placement
in & sample of polyethylene is shown in Fig. 5.15. In mode | (curve A). AT is plotted
against furnace temperature while in mode 2 (curve B). A7 is plotted against sample
temperature. The peak temperature always occurred at a lower temperature when
mode 2 was used (for a X-Y recorder). When mode | is used. there is always the
question of uniformity of sample holder temperature which can affect the accuracy of
transition temperature measurements.

Berg and Egunov®® found that the calculated heat of transformation is in-
dependent. within the limits of experimental error. of the mass. bulk density. specific
heat and conductivity of the sample as well as of the position of the junction of the
thermocoupie. No corrections. in the equation which they proposed. were needed in
connection with variations of these parameters.

5.3.2. High pressure DTA instrumentation

Differential thermal analysis mcasurements at high pressures (to 44 000 bar)
have been described by several investigators. Most of the studies have been concerned
with qualitative and quantitative determinations of phase equilibria and heats of
transtormation or heats of reaction in the temperature range of —30 to 1200 C.

Harker3® described a high pressure DTA apparatus in which the sample was
enclosed in malleable noble-metal capsules which were placed in a pressurized
micro-reactor. The sample under investigation and an inert standard (MgO) were
sealed in platinum capsules in the base of which was welded a platinum-13 percent
rhodium wire. These wires were led from the micro-reactor through a high pressure
packing 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.
while the maximum temperature of the system was about 900 C.

Cohen et al.?® described a DTA svstem using a piston-cyvlinder apparatus for
operations up to 44 000 bar. A three wire thermocouple assembly was employed, one
junction of which was in contact with the sample. Pressure was transmitied to the
sample by the furnace assembly, a combination of parts made of talc. graphite.
pyrophyllite, thermocouple tubing. thermccouples, sample container. boron nitride.
etc. The problems of material design, operition, and interpretation of high pressure
DTA were discussed in detail.

A rather elaborate high pressure DTA apparatus was described by Kuballa and
Schneider®'. The DTA furnace and sample holders are shown in Fig. 5.16. The
pressure cell was m: le¢ of stainless steel and was constructed for use to maximum
pressures of 4000 bar in the temperature range of —30 to 500 C. As shown in the
figure, the celi was enclosed by two Bridgman type pistons in which two sheathed
thermocouples were soldered to the lower piston. Two identical DTA sample holders,
constructed of platinum/iridium or teflon. were attached to the thermocouple
junctions. Upper and lower sides of the measuring zone were thermi!!y insulated by
lov. heat-conducting ZrO, blocks. A heating block around the pressure vessel per-
mitted ninear heating rates from 0.2 to 10 'C/min.
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Fig. 5.16. High pressure DTA cecll of Kuballa and Schneider®®. a. r = coolers; b. n = pyrophillite
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sCrew: p = support; q = in- and outlet of refrigerant.

Other high pressure DTA systems have been described®>~°%, while Locke®¢
discussed the chemical applications of the Stone high pressure DTA system.

5.3.3. AMiscellaneous DT instrumients

Modifications to commercial DTA instruments for the measurement of vapor
pressures and heats of vaporization have been described®” 3. Low temperature DTA
instrumentation has been reviewed by Bohon®® and Redfern'®®. A DTA instrument.
using high frequency electrical field heating, has been described'®'. Fujino et al.'®?2
described an apparatus in which the thermal conductivity of a sample may be
obtained from the DTA curve. Micro D7A systems have been describec'®3-198 s
well as DTA measurements in a fluidized bed!9%. ’

High temperature DTA instruments have been discussed by numerous in-
vestigators. Sestak et al.'°® described an apparatus which could be used up to a
maximum temperature of 1300°C while an ultra-high temperature syvstem was
discussed by Rupert'?®. The derivative capability of the latter is a unique and useful
feature of the apparatus.

A DTA apparatus which permits agitation of the sampie has been described by
Gilpatrick et al.'®’. Such an apparatus was found to be useful for phase studies in
molten salt systems. A miniature DTA system, designed for extra-terrestrial explora-
tions. has been described by Bollin'®®>. A DTA instrument in which measurements
are made in an isothermal mode in five samples has been discussed by Burr''?.
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Wendlandt and Bradlev'!! 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 becn cooled back to room
temperature. the cycle is repeated.

5.4. Differential scanning calorimetry

There has been some confusion concerning the use of the term “differential
scanning calorimetry™ (DSC). Two industrial firms use the term to describe their
instruments, vet cach type is based on a different principle of operation. Several DSC
instruments are based on the principles off DTA rather than that of a dynamic
calorimeter. A distinction beiween the DSC instruments can be made by examination
of the calorimetric response or calibration curve. For DTA type instruments, tne
calorimetric response of the instrument decreases with an increase in temperature,
i.e.. it requires more calories per unit peak area at elevated temperature. For irue
DSC instruments. the calorimetric response is imvariant with temperature. Thus. in
the latter type instruments. only one calibration temperature is required, while in the
former. a series of calibraiion points is necded 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 tyvpe instruments are more sophisticated electronically than the DTA type
instruments.

.>
:

{a)

tb) (c)
DSC-iB HOLDER CONSTRUCTION EXTENDED RANGE
DSC HOLDER CONSTRUCTION

Fig. 5.17. Sample holder construction used in the Perkin—-Elmer DSC instruments' 1s
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Perhaps the most widely used true DSC instrument has been the Perkin-Elmer
differential scanning calorimeter. Model DSC-I. introduced in 1963112-113,
Recently introduced''*~''®, the Model DSC-2. which has an extended temperature
range to 725 C, improved base ‘ine repeatability and linearity, and a higher calori-
metric sensitivity. A comparison’'? of the sample holders used in the DSC-!. DSC-1B,
and DSC-2 instruments is shown in Fig. 5.17. In the DSC-1 cell. the sample and
reference holder consisted of a stainless steel cup and support. a platinum wire sensor.
an etched Nichrome heater. and other thermal parts. All of these components were
mechanically crimped together in a very tight sandwich. This sample holder operated
well over the temperature range 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, a platinum wire for both the heater and sensor. and
z-alumina for electrical insulation. All 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 screw-on cap has beer described by
Freeberg and Alleman'’’. Metals used were brass, stainless steel. and aluminum.
Wendlandt''® described a capillary tube sample holder which used 1.6-1.8 mm
diameter glass capillary tubes. The tubes were contained in an aluminum holder which
sat in the sample and reference cells of the calorimeter. Sample holders for measuring
the vapor pressure of a liquid''® as well as for heats of mixing!?° have been
described. Enclosure of the sample holder chamber in a vacuum chamber has been
described by Morie et al.'3!,
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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'?2. 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 chromel wire is connected to each platform. thus forming the Chromel-
constantan differential thermocouple. Temperature range of the instrument is

— 150 to 600 °C. The utility of this DSC cell has been extended by its enclosure in a
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pressure chamber capable of operation to 67 atm. This high pressure system has been
described by Levy et al.' 3.

A new DSC cell. based on the DTA principle (as is the DuPont DSC cell
previously described). has been described by David'**. The calorimeter cell. as
shown in Fig. 3.19. contains a difierential thermocouple of a new thin form design
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Fig. 5.19. DSC cell by Dasid®**. 1

2 = limit switch thermocouple: 3 = programming or furnace thermovcouple: 4 = dynamic gas port
cntry: 3 = dynamic gas port exit: 6 = sample side of ditferential thermovcouple; 7 = reference side of
ditferential thermoecouple: 8 = ceramic thermal insvlator: 9 = ceramic support rods: 10 =sample
pans.

=thermocouple for x-axis or system temperature readout;

that is isolated from the cell wall and bottom to provide greater sensitivity. This
thermocouple consists of a sheet of negative Plaunel 1 type thermocouple alloy
coupled to a positive Platinel 11 alloy. Flat shallow containers are employed for the
sample and reference materials. Two additional thermocouples are used for measuring
the temperature of the cell and are used for the furnace programmer. limit switch. and
temperature readout. The maximum temperature of the cell 1s 1000 "C.

A large number of other dynamic calorimeters have been described in the
literature. many of which have been described in an excellent review by Wilhoit' 23,

Schematic diagrams of the Deltatherm dynamic adiabatic calorimeter, as
discussed by Dosch and Wendlandt'?®, are shown iz Fig. 5.20. As illustrated in
Fig. 5.20A. 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. Dcltatherm calorimeter®*°. (A} Block diagram of entirc system: (B) Cross scction of
calorimeter. where A = copper block: B, C. and D = copper covers; £ =sample chamber cover;
F = samplc chamber: G = heater; H = sample: J = thermocouple: K = ceramic support; L = thermo-
coupie.

controls the output of the power driver which applies power to heater HI1. Power input
to the heater is measured by a Hall effect multiplier watt-meter. The calorimeter
assembly (Fig. 5.20B) is mounted on a ceramic pillar and consists of a massive copper
block. A. enclosed by copper covers B. C. and D. The sample chamber, F. and its
cover are made of silver and thermally isolated from the block. Sheatked thermo-
couples, J and L. are used for temperature detection. Samples may be in the form cf
solid blocks. powders or liquids.
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Other calorimeters described include a microcalorimeter? similar to the
S.

Calvet instrument'2®: a spherical high temperature adiabatic calorimeter'>"; high

temperature differential calorimeters!3%-!'33: and others!3*-'37.

5.5. Gas ervolur .a derection and’or analysis

The simuliancous detection or analysis of the evolved gaseous products adds
another dimension to thermal analysis investigations. The evolved gases can be
detectad (GED) or analyzed (GEA) for composition thus aiding in the interpretation
of DTA or TG curves. Gas evolution detection is often most useful for the inter-
preiation of DTA curves: solid —s solid transitions can casily be distinguished from
solid — solid + gas tyvpe reactions ana so on. Physicochemical data. such as heat of
vaporization. heat of reacuion. kinetics. and so forth. can also be obtained by this
techrique.

The principles and instramentation of gas evolution detection and analysis
have been reviewed by various textbooks*-?¢-138-13%  As with the other techniques
discussed in this chapter. only the more recent developments in instrumentation will
be described here.

The combination of GED and GEA with a thermobalance has been discussed
in section 3.2.4. Using the Derivatograph. Paulik et al.**°~'** described a thermo-
gas-titrimetric (TGT) technique and also derivative thermo-gas-titrimetry (DTGT).
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Fig. 5.21. TGT and DTGT apparatus as used by Paulik and Paulik!#!. 1 =sample; 2 =inert
substance; 3 = furnace: 4 = quariz buibs: 3 = thermocouples; 6 = balance: 7 = permanent magnet:

=coil: 9=inlet of inert gas; 10=gas outlet; il =absorber; 12 =clectrodes; 13 = cxhaust;
14 = amplitier; 15 = motor of the automatic burette: 16 = automaltic burctte; 17 = potentiometer;
18 = galvanometers: 19 = photopaper.
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The apparatus emploved in this technique is shown in Fig. 5.21. An inert carrier gas
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 buret adds titrant to the solution 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 curves. A comparison of
the TGT and TG curves of [Cu(INH 5),jSC,-H,0O is shown in Fig. 5.22. The first step.
the loss of one mole of water, is foillowed 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 spectroscopy has
been described by Kiss'*-'#° Evolved gases from a Chevenard thermobalance are
flushed into an infrared cell where the concentrations of ammonia and water were
determined.

Changes of pressure in a TG system due to the evolution of gaseous decom-
positiocn products has been named thermobarogravimetric analysis (TBGA)!*~-148,
Mayvcock and Pai Verneker®*® described a sysiem consisting of a Mettler thermo-
balance coupled to a Baratron ditferential pressure gauge.

Pressure changes within a system can be measured with various tvpes of
detectors: Turcotte et al.'*® used a capacitance micrometer while Guenot et al.’*°
used a differential pressure gauge. Detection and or analysis of evolved gases with a
thermal conductivity detector'*'"'*3_ gas chromatograph!*2-'3* mass spectro-
meter' 5155 specific gas detectors (e.g.. CO, and SO,)'*°. and cendensation
nuclei. have been discussed'* 137,

The combination of thermal analysis-flame ionization detection {TAFID) has
bzen described by Eggertsen et al. ' ®°~' ®2 for the precise measurement of vaporization
patterns of organic compounds. The basic system. as shown in Fig. 5.23. consists of a
small furnace connected to a flame ionization detector. Also included is a gas-flow
scheme to supply carrier gas (usually N.). hyvdrogen and air for the flame detector. air

Fig. 5.22. TG and TGT curves of [C2(NH;):]SO;-H, 03 ( ) TG curve: (— — — )} TGT cunve.
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Fig. 5.23. Schematic diagram of TAFID system of Eggertsen and Stross®®2.

for Lurning out residues in the furnace. and air for rapid cooling of the furnace. The
sanple boat is made of aluminum. platinum. or gold and is held in a stainless-steel
wirc frame suached to a sheathed thermocouple. The probe is so constructed that the
supporting rod can slide through the joint at the inlet of the furnace. Various other
prokes have keen described. each for a specific purpose. c.g.. vapor pressure deter-
mination. ¢tc. The lowest limit of detection of the detector is 1 x 107 g of carbon
pzr min. Temperature range of the instrument is 23 to 300°C.

Bollin'®® described a miniature DTA-EGA apparatus for a Martian landed
capsule. Such an application should have direct application to laboratery type
chemical problems.

3.6. Elecrrical conductivity

The measurement of the electrical conductivity of a sample as a function of
temperature has been described by a number of investigators. This technique has been
canied electrothermal analysis (ETA)'°F or amperometric thermal analysis (ATA)' 3.

The apparatus used by David'®* for simultaneous DTA-ATA mecasurcments
is shown in Fig. 5.24. One platinum electrode (H) was a 20 gauge platinum wire while
the other consisted of a platinum lead attached to a small stainless steel cvlinder
which was plated with platinum (F). The small platinized cvlinder received the same
type of sample cup that was utilized in the ring-type thermocouples. and made contact
with the edge of the cylindrical receiver by virtue of the sample cup lip. A movable
electrode system was used to maintain continuous contact with the sample during
first-order phase transformations in which a reduction in bulk volume frequently
occurs. A suitable d.c. voltage from I to 1000 V was applied to the sample and the
current flow through the system was measured by an clectrometer in series with the
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Fig. 3.24. DTA-ATA sample holder used by David 2% A = electrometer input fead: B = negatine

voliage input lcad: € = thermocouple leads: D = sooling wiler connectors: E = pyrex capillary

voltage insulator: F = sample pan container: G = differential thermocouple: H = platinum clectrode:
= sample holder cover: J = platinum clectrode coupler.

voltage source. Loss of evolved water in the dehydrations of CuSO:-3H:O was
followed by this technique as well as the fusion behavior of KNOj; and polymeric
miaterials' %,

Wendlandt'®® used electrical conductivity measurements to detect the qua-
druple points in various me.al salt hydrate systems. Quadruple points can frequendy
be detected by DTA. as was shown in the case of CuSO,-5H,0'°°. The first endo-
thermic shoulder peak was related to the coexistence of four phases in the systerm:
CuSO,-5H,0. CuSO,-3H,0. H,O0(l), and H,O(g).

The electrical conductivity apparatus used by Wendlandt is shown in
Fig. 5.25. The apparatus consisied of a recording micro-micro-ammeter. a X-Y
recorder. a power supply in the 3-23 V d.c. range. a sample holder and clectrode
probe. and a metallic block furnace whose temperature rise was controlled by a

i6F

programmer. Powdered samples of the metal sali hydrates were contained in Pyrex
glass tubes. 5 mm in diameter by 30 mm in length.

A typical electrical conductivity (EC) curve of CuSO;-5H,0 is shown in
Fig. 5.26. The EC curve consisted of a single peak. due to the hberation of a liquid
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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 range investigated. Similar
results were obtained for BaCl,-2H,O and BaBr,-2H,O.

T0
SH ELDE0

REFERENCE

Fig. 5.27. Apparatus used by Chiu’®* for parallel TG-DTG-DTA and ETA measurements.
A = balance housing: B = balance beam sheath: C = beam stop: D = quartz beam; E =sample
container; F = thermocouple block; G =sample measuring thermocouple: H = ceramic tubing:

= plaiinum jacket: J =reference quartz tube: K =csample quartz tube: L = outer platinum
clectrode: M = center platinum clectrode: N =cold beam member: O. P = platinum lecad wires:
Q = sample thermocouple junction: R = reference thermocouple junction: § = spacer: T = ceramic
insulation: U, V = samplc thermocouple wires: W = platinum grounding wire.

Chiu'®3-'¢7 used electrcthermal analvsis as a parallel measurement with TG.
DTG. and DTA. The sample handling svstem is shown in Fig. 3.27. One electrode (M)
in the sample holder is a 0.603 in thick piece of platinum foil wrapped around the
ceramic insulation (T) of the sample thermocouple (Q). The otherelectrode (L) is made
from platinum foil in the form of a cvlinder to fit the inside of the quartz tube (K).
The sample is packed tightly between the two electrodes: spacer (S). located at the
bottom of the tube is used to prevent accidental shorting of the electrodes. The
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current flowing through the system. under an appiied d.c. potentiai of -2 V. is
detected with an electrometer and recorded on the Y-axis of an X-Y recorder.
Sample curieats from 107 '? to 1077 amp. in five decades. were recorded.
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Fig. 3.28 Electrical conductivity epparauts of Rudloff and Freeman®*5.

Rudloff wnd Freeman'®® used the EC apparatus iHustrated in Fig. 328 to
study the conductivity of several metal oxides. Electrade E, . inside of a flow tsibe of
Vveor glass. was mounted on a glass disc that is fused to a sturdy glass capillary tabe
fixed at one side of the fiow tube. Electrode E, is fixed on a stmilar disc-capillars
combiration. A spring provides adequate pressure of the electrodes to the singie
crystal or powder pellets for good elecirical contact. The flow tube can be placed into
a heated tube furnace. During operation. the entire system must be caretuliy shiclded
to prevent noise pickup trom the surroundings.

An apparatus for simultancous ETA and dilatometry has been described by
Judd and Pope'®?. It consisied of a thermal aluminous porcelain 325 tube mounted
horizontally in a Kanthal wound tuke furnace capatle of operation up to 1250 C.
The tube is reduced to a narrow neck at one end 1o which the vacuum fine is connectea.
The otner end of the tube is fixed to a metal bracket via twe O-rings. giving a vacuum-
tizht connection. A spacer keeps the compacted sample in a fixed position near the
center of the furnace. Electrical contact with the samrle is made oy means of iwo
platinuin disc electrodes pressed against the opposing faces.

Carro! and Mangravite' "” described an apparatus in which simaltancous EC
and DSC measurements could be made on the same sample. They referred 10 the
technique as simultancous scanring calorimetry anc cenductiviiy (SSCCh.

3.7. High remperaiure nticroscopy

The mest important applications ot high temperature microscopy. according
to McCrone' ™}, are characterization and identification of pure compounds, deter-
mination of purity. analysis of binary nmuixtures. determination of composition
diagram for binary and termary svsiems. clucidotions of phase diagrames. poly-
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morphism. crystal growth kinctics. and studies of crystal-fattice strair. These
applications have been discussed in detail in well known i@ >xvtbooks! 7773 as weli as
the instiumeniation emploved. The Kofler not stage! * has been emplosed for high
temperature studies since the 19307s and o commercial verston appeared in 19400
Introduced in 1968, the Mettler Model FP-2 hot stage. as shown in Fig. 329, hus been
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malting point deterizinations a stmp" matier. Appiications of the Nettier hot stage
have been reviewed by Vaaghan' % and van Tets and Wicdemann'® ©.
Various hot siage lurnd.:es for use up to a maximum temperature of 2000 C

have bSezn dedunnv'd‘-" " while Bruckner =nd Heide!'™® dnscusscd in detail some
applicztions of the Zeiss hot stage.

An automatic ithermomicroscopy apparatus was gsed by Faubien! ™™ to study
poiynrorpilic transitions of high c\plnsi e compounds. This svstem was based on an
ipparatus previously descrit »d by Kolb et al. **Y. Other similar instruments have been
described! 7518t

A hot stage microscope which can also be used a» 2 miera-DTA instrument

PI-18S

has been described by Sommer and co-vworkers T~ The appariius 15 basew upon

o

fhie use of twe cpposed. viewable, thermocoupie micro™ rnaces which used sainpies
of tess than | mg and whick muay be rapidly quenched or hecied. A maximum
remperatere of 1800 C is attained aithough with sciiabic thermocouples. the maxi-
niitm working temperature may be increased to 2360 C.

The apparatus, as shown in Fig. 3.30. vses a triple function tharmocoupie
junction. i mmcorpurates the simujtancoes heating and measurement of wemperature.
alterrate beating and measurement of temperature. and haif-cyvcie heating incor-
porating ine use of semi-conducicors. This system can also be applied to the study of
rate-dependent crystallization processes in oxide melts as well as fer the stady
non-equitibrium, high-rate thermar changes.
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Fig. 53.30. Ccll and thermocouple assembly used by Sommer et al. 155,

A balanced temperature thermal analysis apparatus was also described 'S, In
this method. bcth thermocouples with their respective samples are kept at the sample
temperature (the temperature being controlled by the temperature programmer) and
the electrical power that has to be supplied to achieve this is determined. This system
removes the criticism often used in quantitative DTA that during reactions in the
sample, the rate of change of temperature cannot te controlled.

3.8. Emanation thermai analysis

The technique of emanation thermal analvsis (ETA) is based on the intro-
duction of inert radioactive gases into a solid and the measurement of their subsequent
liberation from the substance as it is heated *?®~ '33_ Release of the radioactive gas
makes possible the monitoring of various types of changes taking place during the
thermal cycle. These ir~lude chemical reactions such as dehvdration. thermal
dissociation, and synthesis: polymorphic transformations, melting. coniersion of
metastable amorphous structures into crystalline compounds and changes in the
concentrations of lattice defects. The ETA technicue possesses several advantages
over conventional TG and DTA. Under dynamic conditions, it permits the study of
structural changes of compounds even when these changes 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'3%, which also permits the recording of the DTA and
dilatometric curves concurrently. is shown in Figs. 5.31 and 5.32. A labelled sample
(generally 100 mg). a DTA reference material (Al,03), and a sample for dilatometric
measurements are placed in the heated chamber. Temperature measurement is by
thermocouples embzdded directly into the samples. A heating rate of 8 to 10°C /min
is norrm 1lly used since this is an optimum rate for DTA as well as ETA measurements.
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The radioactive gas rcleased from the solid sample is carried by a carrier gas stream
which flows at a constant rate into the cells for gas radioactivity measurements
(Fig. 5.32). The apparatus simultaneously registers z-activity of radon and the
B-activity of xenon introduced by icn bombardment. An ETA curve is recorded
together with the DTA aad dilatometric curves using a multi-poini recorder.

In the ETA methkod. the number of atoms emanated from a small crystallite

can be written as the sum of two terms'8°:

E=E +E4, or

roS Do\'"* S 0
E — (_0__ ) 3 (_0> — 0 X _—— 7
4m p. - yi m’ p( 2RT/

1N

where E, is the emanation released due to the recoiled emanat.ua atoms. Ej the
diffusion part of the reduced emanation atoms, rg the range of recoiling atoms, S the
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specific surface. a1 the crystalline mass, Dy the pre-exponentional term in the expres-
sion

D= Dgyexp(—O-RT)

where D is the diffusion constani. @ the activation energy of diffusion of the emanation
in the soiid. R the gas constant. p the density. 2 the decay constant of emanation. and
T the ab:olute temperature.

The temperature dependence of the rate of emanation release from Fe,O; is
shown in Fig. 5.33a. Alternati cely. a semilogarithmic curve of the formot £54=1(1°T)
may be constructed. as shown in Fig. 5.33b: the quantity E; being evaluated from E
(emanation power at the relevant temperature) and E, (value of E measured at room
temperature). In Fig. 5.33b. two slopes may be seen in the curve. A low temperature
section v.ith a low value ot 2 log £; 27 and a high temperature section with a larger
value of 2 log E; 27. The disccntinuity on the curve lies at 693 °C, i.e., 0.53 of the
absoluie melting point of Fe,O,;. With other crystalline. powdered inorganic
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 sufficiently intensive
motion of atoms or ions in the crystal Iattice to cause an effective diffusion rate in the
solid. Based on the classical emanation method, it is tl.erefore possible to determine
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this temperature range. which is of great practical importance since above this
approximate temperature it is possible that solid-state reacticns can occur by diffusion
mechanisms. The slope of individual sections of the curve can be used to determine
the activation energy of the emanation process in a solid for a specified temperature
range. The E of radon-diffusion in Fe,O; was evaluated as Q = 15+ 3 kcal mole ™!
in the range of 600-700 C and Q =40+ 5 kcal mole™ ! in the range of 853-1100 C.

The ETA and DTA curves'®® of Th(C,0.),-6H -0 are illustrated in Fig. 3.34.
The ETA curve reveals three processes taking place: (1) Stepwise dehydration in the
temperature range of 40-220 C: the DTA curve shows only two endothermic peaks
in this range for the transitions of 6H.0O —2H,0 and 2H.O — H,O0: (2) the flat
peak in the 300400 C range corresponds to decomposition of Th{C.0.),-H,0:
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(3) the last peak. at 400-300 C, is duc to the conversion of amorphous ThO, to
crystalline. The curve of the rate »f release of xenon which had been incorporated
into the sample by ionic bombardment fully confirms the reaction sequence indicated
by the ETA curve.

Fig. 5.34. The thermal decomposiiion of ThiC.0.:).-6H.0O. (1) DTA curve: (2) temperatuic
d -

5.9, Thermomagnetic anaivsis

The measurement of the magnetic susceptibility of a compound as a function of
temperature is frequently useful for the detection of changes of oxidation state,
reduction and oxidation reactions, ferromagnetic and antiferromagnetic behavior.
and so on. Without temperature-dependent studies the prediction of the number of
unpaired clectrons. oxidation state, and stereochemistry of magnetically concentrated
systems must be suspect '?°.

Numerous instruments permitting variable temperature control of the sample
chamber have been described. One of the more recent instruments emplovs the
variable temperature accessories for a nmr or epr spectrometer'*° to obtain measure-
ments by cither the Gouy or Faraday methods. Mulay and Keys'?! described a
helical-spring microbalance for Faraday type magnetic susceptibiiity as well as
for adsorption and TG measurements. Measurements of the dehydration of
CuSO,-5H,0. as shown by the data in Table 5.2, illustrate the application of the
balance for TG and thermomagnetic analysis (TMA). Four moles of water were
evolved between 25 and 100 °C under a system pressure of ca. 10™ ¢ torr. The chang=
in susceptibility is due not only to the loss of water molecules but also to a change in
paramagnetism of the sample. The latter factor is easily accounted for by calculating
theoretically the susceptibility for CuSO,-5H.,O at 100°C, on the basis of the Curie-
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TABLE 5.2

TG AND TMA DATA FOR CuSO,-5H.O'9!

Temp., Expected formuda X (10°°% X (x10-°% AX, (>*I0™¢

°C C.g.5. unirs) C.Z-5. Urits) C.g-5. urits)
25 CuSO;-5H.0 5.860 1129.5

10 CuSG4-H:0O 6.632 11784 —49°

(p=10"° torr)

¢ Corresponds to 4 moles of water if X_.(B,0)= —12.9%10~° c.g.s. units.

Weiss law. Another application of the apparatus was 1o study the adsorption of
oxygen on y-zlumina and measurement of the changes in imagnetic susceptibility
during adsorption. Measurements indicate tae formation of a dimeric O, species with
a very small magnetic susceptibility.

Fig. 5.35. TG-TMA apparatus of Simmons :nd Werdlandt!®2. A = Ainsworth semi-micro re-
cording balance; B = tube furnace; C = sample container; D = furnace thermocouple; E = electro-
magnect; F = hydraulic piston; G =two-pen r:corde-; H = furnace temperature programiner;
I = veltage regulator; J = magnet power suaply.

Simmons and Wendlandt!®? have acscribed a Faraday type insirument in
which TG and TMA measurements can be chtained from room temperature to
500°C. The apparatus is illustrated in Fig. 5.35. A tvo channcl recorder was employed
in which one channel recorded the temperature, the other the TG curve. Super-
imposed on the TG cune were the deflections of the sample —aused by the intro-
ducticn of the magnetic field about the sample at periocic intervals. The TG-TMA
curve of [Co(INH;)¢]JCl; is <hown in Fig. 5.36. A morc useful parameter of this
system is the mole percent of cobalt(III) reduced, as a func:ion of temperature, as is
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shown in Fig. 5.37. This parameter is calculated from the equation'®*:

f M) m,X,(2.84)* (T—o)]

\Am,—Am,)

mole percent reduced = 1004 ~
i
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Since the quantity

m,X,(2.84)°
pi(Am,—Am)

100 = constant = K

the former reduces to
mole percent reduced = K(Am— Am_)(T+ 6)

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

The reaction of sodium metal with Fe;C, Fe,,Cy, and Fe, g.Mng ;3C was
investigated at elevated temperatures using TMA '?3_ It was possible by this technique
to follow the disappearance of iron carbide when in contact with the liquid sodium
metal, as well as the formation of iron metal or other ferromagnetic species as
reaction products.
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Fig. 5.38. TMA. curves of Fe;C with Na or Li?93.

The TMA curves'®? of Fe,C with excess sodium or lithium metal are illustrated
in Fig. 5.38. Decomposition of Fe;C alone is rapid above 600°C while the reaction
with sodium metal indicates that no direct reaction such as

2Fe,C+2Na -+ Na,C, +6Fe
can take place in the temperature range at which the dissociation reaction is importan.
Both the Curie point and the extent of interaction with the magnetic field at room
temperature were found to be unaffected by the heating.

5.10. Photothermai techniques
David!®* described an apparatus in which the photothermal analysis (PTA)

and DTA curves of inorganic compounds and orgaric polymers could be de-ermined.
Although the two techniques reinforce each othe: and provide coraplementary
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information, light emanation from the sample provides information which is generally
not present in the DTA curves.

The apparatus used for simultaneous PTA-DTA measurements is shown in
Fig. 5.39. The Stone-Premco DTA cell was modified by drilling a 0.275 in. opening in
the cell cap to permit sample viewing by the photomultiplier tube. An EMI “end-on™
photomultiplier, type 6336S, with a spectral response of 2000-6000 A, was employed
for the measurements. The PTA signal was recorded on one channel of a two-channel
potentiometric recorder.
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Fig. 5.39. Simultancous PTA-DTA apparatus used by David?®*.

The simultaneous PTA-DTA curves of CuSO,-5H,O are illustrated in
Fig. 5.40. The PTA curve showed a slightly increased response in the 300-400°C
region as compared to the blank run. A small peak was noted in the PTA curve frora
225 to 275°C, which was duplicated in numerous runs of the compounds. The
origin of the peak was not given.

A somewhat more sophisticated apparatus for measuring phase transitions of
incandescent materials was described by Rupert'®>. In this apparatus, as illustrated
in Fig. 5.41, a photomultiplier 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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temperature calibration is accomplished by using a calibrated optica: pyrometer
which receives part of the light from the sample. The sample was contained in a
crucible (A) located within the current concentrator (B). Thke latter receives power
from the induction heater (K), whose output is controlled by the induction heaier
control (J). Light from the sample emerges 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 967 to the
axis of the beam splitter, by the partially aluminized bottom mirror, to the optical
pyrometer (D) 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 0.067 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 2540°C, a cooling curve of the freezing of
zirconium carbide—carbon eutectic mixture at 2855°C, and a solid-state transition of
uranium dicarbide at 1800°C.
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Fig. 5.41. Apparatus used by Rupert193.
5.11. Infrared spectroscopy

Although the KBr disc technique in infrared spectroscopy is well known, few
quantitative kinetic studies of solid-state chemical reactions have been reported.
Hisatsune and co-workers!?-2°! found that many chemical reactions are initiated
by heating the discs to elevated temperatures and that the kinetics of these reactions
could 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 weighing about 0.5 g cooled from about 600°C
to room temperature in less than a minute. Discs prepared from potassium salts
could be heated in air to about 600°C, but above this temperature appreciable
sublimation of the matrix salt occurred. The initial heating usually produced the
greatest change in the appearance of the discs. They turned opaque, expanded, and
often showed blisters on the surface when gaseous products werec 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 until it fitted the die cavity. Studies reported
included the trapping of the BO. ion'®’, the carbon dioxide anion (CO,~) free
radical'93, the carbonate anion (CO;~) free radical!®?, the formate ion from the
acetate ion*°°, and the decomposition of the perchlorate ion2°!.

Wydever and “eban?°? reported the thermal 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 was made
possible by use of a heated cell. The cell was constructed of stainless steel and could
be heated to 500 °C with the KRS-F cell windows maintained at room temnperature by
the flow of cooling water.

A heated cell for infrared spectroscopy was also described by LeRoux and
Montano?°? for use up to 200°C.

A heated programmable cell was used by Tanaka et al.?°* to study the de-
composition of a number of cobalt(fII) ammine complexes. The disc matrix was
cither KCl or KBr; at elevated temperatures the discs frequently became opaqgue to
infrared radiation.

5.12. Dynamic 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 latter arises from the radiation penetrating into
the interior of the solid sample and re-emerging to the surface after being scattered
numerous times.

Almost all 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 svstem can be attained if the
reflectance spectra are obtained at elevated temperatures. Normally, temperatures in
the range from 100 to 400°C have been employved although higher temperatures may
also be attainad without undue experimental difficulties. Two modes of investigation
are used for the high temperature reflectance studies. The first is the mcasurement 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 high temperature reflectance
spectroscopy®®® (HTRS); the second is a dynamic method and is called dvnamic
reflectance spectroscopy (DRS)2%%. 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
stabilitvy of a substance and also sample structural changes which are a function of
temperature. Indeed, this technique shows great promise as a complementary mcthod
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 Wendlandt?®”. A new controlled atmosphere sample holder
has been recently described?®® while Wendlandt and Bradley?°® discussed the
simultaneous measurement of DRS with EGD for certain inorganic complexes. Most
of the applications of this technique have been in transition metal ccordination
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chemistry. Compounds that have been investigated include [Cu(en)(H,0)]SO,*!°,

Co(pv).Ci,2'%-21t CuSO,-5H,0>'°. CoCl,-6H,03'° and Ni(py).Cl,2°?. The
thermochromism of the M [Hel.] (M =Ag”. Cu~. Pb?>*_ and Hg™) complexes have
also been studied?'>.
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