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ABSTRACT

The manufacture and performance of ceramics are closely related to
the thermal properties of the materials. The accurate recording of these
properties is strongly dependent upon the experimental conditions of the
instrument for thermal analysis. A comparison shows that a modern instru-
ment, fast and with low thermal resistance, is not superior to an old
instrument when the smaller sample size in some cases cancels the better
sensitivity.

Some examples have been picked from the fields of interest: Bi-Ca-Sr-
Cu-0 powders prepared by an oxalate route for high-Tc¢ superconductors are
calcined to yield homogeneous powders very close to the stoichiometric
corposition. Crystallization of glasses in the }Mg0-5i02-Alz203 system are
investigated by a fast DTA-technique but care must be taken when the data
are interpreted. Production of B'-SiAlON from natural aluminosilicates,
Smectite and Kaolin, by carbothermal reduction is partly a gas/solid
reaction which has been studied by combined thermal analysis and mass
spectrometry. The composition of the gas phase is closely related to the
degree of reaction and reflects the composition of the rawv materials.

1. INTRODUCTION

Thermal analysis is often used in several steps during the manufactur-
ing of ceramics, characterization.of raw materials, calcination and sinter-
ing of green bodies, characterization of the final piece of ceramic, to
mention only a few. A very well-defined sample temperature is the key
parameter to a variety of specific properties which could be measured on
the materials. This paper is addressed towards the two techniques: Thermo-
gravimetry (TG) and Differential Thermal Analysis (DTA), called Simultan-
eous Thermal Analysis (STA) when applied simultaneously on the same
sample.

The sample temperature is usually measured outside the sample at the
surface of the sample holder and will be accurate for the greater part of
analysis, but is clearly affected by both the design of the instrument and
the experimental conditions applied. To ensure a uniform temperature
distribution within the sample it is desirable to reduce the sample size
to a minimum set by the sensitivity of the instrument, but small samples
are not always representative of the bulk material. In other words,
analytical results will tell a lot about the piece of material in the
present environment but very little about another piece in different
environments.

To answer all questions in analytical work the instrument will therefo-
re have to be both versatile and sensitive. In the laboratery we have at
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our disposal two sets of instruments which complement each other: one
modern instrument, sensible and fast, working with small samples (90 mm3)
STANTON REDCROFT 784 (now: PL Thermal Sciences) and one old but very
versatile instrument, METTLER TA1/2. Their characteristic designs are
sketched in figures 1 and 2. They differ mainly in the way the temperature
is controlled and recorded. The METTLER instrument records the sample-
temperature and controls the furnace temperature by the same thermocouple
located at the crucibles, c.p. figure 3, either located at the bottom of
the reference crucible (macro crucible) or removed from both sample and
reference (micro crucible & block crucible). 1In the former case sample
temperature could be calculated by adding the signals of temperature and
DTA. In the STANTON REDCROFT instrument furnace temperature is controlled
by a thermocouple located at the heating element and the sample temperatu-
re is measured at the bottom of the sample crucible. Each of the heads has
been designed to optimize response in a certain set of conditions, e.g.
the block crucibles are designed to record DTA-signals.
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Figure 1: Schematic diagram of the Figure 2: Schematic diagram of the
METTLER TAl/2 STANTON REDCROFT STA 784
(now: PL Therm. Sci.)
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Figure 3: The crucibles and points of temperature measurement used in the
METTLER TAl/2 and the STANTON REDCROFT 784.
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TABLE 1:

could then take place at controlled and well-defined
equilibrium and the shift of conditions forced by e.g.
heating rate becomes negligible.

conditions
a constant

Points of extrapolated onset for the decomposition of CaCOsz at

two heating rates and the € II ->» C I transition of K2(rO4 at 665°C

Sample holder: K2CrOq Veight of CaCOs CaC0s3
(c.p. fig. 3) (20C/min) Caco3 (2°C/min) (250C/min)
¥acro (METTLER) 671°C 127,7 ng 752°C 850°C
Block (METTLER) 674°C 127,7 ng 729°C 836°C
Stanton Redcroft 668°C 21,0 ng 6530C 765°C
Micro (METTLER) 669°C 4,9 ng 8509C 721°C
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Figure 4:

The weight loss (%) of CaC0s versus temperature at two heating

rates measured in four different STA-heads (c.p. fig. 3)
Sample weights are listed in table 1.
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1.2 Graduate students shall by means of X-ray diffraction (XRD) and
thermal analysis (DTA) determine the relative amount of quartz in pieces
of tile that have been fired at a rather low temperature and at different
higher temperatures. (The quartz will disappear on firing). The samples
for XRD and for DTA are typically 150 mm® and 90 mm® respectively and the
peak areas of curves are determined by the students with mean deviations
of 2 % (Si02) for XRD analysis and 6 % (SiO2) for DTA analysis*’. This
makes the diffraction analysis the most reliable of the two. Care is taken
to make the test samples representative, but the results are disappoin-
ting. Results from the two methods should fit on a straight line and is
shown in a plot on figure 5. But it is seen that the results from the DTA
analysis (circles) have almost no significant connection to the results
from the diffraction analysis. The experimental error is shown as a shaded
area. Making similar DTA-experiments using larger samples (900 mm3) in the
METTLER TA1/2 instrument the mean deviation on area determination will be
8 % (Si02) but the final results fit somewhat better to the diffraction
results as can be seen on figure 5 (triangles). Some of the determinations
made by the Stanton Redcroft instrument are far below the expected values
and right reflect a poor thermal contact between the crucible and the
measuring thermocouple, but results stress the need for homogeneity of
the samples prior to analysis.

*)Careful enalysis will reduce this rather large standard deviation to
below 1 % (S102),
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Figure 4: Two methods, XRD and DTA, used for the determination of the
amount of quarts in samples of tiles fired at higher temperatures
relatively to the amount of quartz in the same samples fired at a low
temperature. The results are expected to 1lie within the mean
deviation on the area determinations of the DTA and XRD analyses,
which has been indicated as a shaded area.

Circles represent results from small DTA-samples (90 mm?)
Triangles represent results from larger DTA-~samples (900 mm3)
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2. TYPICAL APPLICATIONS OF STA

2.1 Calcination is a very important operation and maybe the process most
frequently followed by STA. Calcination of a High-Te superconducting
material prepared by an oxalate route is the chosen example because
decomposition of the mixed oxalates is easily interpreted by comparing the
decomposition reactions of the pure Me-oxalates. Preparation of the
precursors for the Bi-Ca-5r-Cu-0 powders was done by Stenstrop et al.
(1989) by mixing stock solutions of the Me-nitrates with partly hydrolyzed
diethyloxalate from which a fast coprecipitation of oxalates leads to a
homogeneous and fine grained product. The slurry was stirred for 2 days at
room temperature to allow complete hydrolysis of the diethyloxalate and
diluted with ethanol to reduce the solubility of the oxalates, finally
washed and dried. The recovery of metals are very close to 100%.
Calcination of both the separate Me-oxalates and the coprecipitated
precursor were studied by heating samples in air to 800°C at a heating rate
of 20C/nin. From figure 6 will be seen that oxalates of the more
electronegative metals, Bi and Cu, decompose to oxides at low temperatures
within a narrow range of tempe-

T ' rature and that decomposition of

:;:::::h the oxalates of the more electro-

- positive rmetals, Ca and Sr, takes

place at well separated steps at
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Figure 6: Calcination of the separate a prolonged heat treatment at low
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died by heating samples in air to sary because release of €Oz during
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Figure 7: Calcination of the
coprecipitated precursor for Bi-
Ca-Sr-Cu-0 High-T¢ superconductor,
studied by heating samples in air

. . . . . — to 800°C at a heating rate of
100 300 500 700 20 C/min .
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2.2 cCrystallization of glasses in the MgO-Si0z-A1l20s system has been
studied by non-isothermal DTA technique which is fast and requires only
small amounts of sample. The results have been analysed on a theoretical
base and as an example illustrates many problems common to an exact use of
DTA signals in analytical work. Models of conceptual and mathematical
sizplicity has been preferred to more complex expressions required to
model the heterogeneous crystallization taking place.

Considering the signal (AT) a function of the enthalpy flux e.g. of
crystallization, dH/dt, the heat capacity of the sample (including its
holder), C, the heating rate, h, the apparatus constant, X = £(T), and the
difference in heat capacities of sample and reference, AC, it will consist
of three terms (Holba 1975):

AT = (DTA) = - K~1 (dH/dt + C d(AT)/dt - ACh) (1)

where the first is proportional to the enthalpy flux, the second to the
thermal inertia of the sample and its holder and the third to the change in
baseline during heating. The equation (1) is suitable for converting the
DTA signal into the true enthalpy flux (Nevriva et al. 1975) shown at
figure 8, where a typical DTA curve from crystallization is converted. The
correction for change in baseline is done as shown, and the correction for
thermal 1inertia includes determination of the heat capacity of the sample
plus holder (assumed constant during the process) and use of the first
derivative of the DTA curve. The converted curve will not have the same Tp
as the measured curve.

—— measured data
=== correcled data

Figure 8: A typical DTA peak as measured for crystallization of a glass and
the peak converted into true enthalpy flux by addition of the thermal
inertia of the sample and its holder. The variables are 1listed in
table 2.

Most analytical methods for calculating thermodynamic data from a
crystallization process have started from the assumption that the rate of
the process can formally be described by a Johnson-Mehl-Avrami (JMRA)
equation and therefore be expressed as a function of only three - or in
som cases two - variables: the degree of conversion, x, the temperature,
T, and the order of reaction, n, in the form:



- dxf/dt = A exp(-E/RT) (1-x)» (2)

where A is the pre-exponential factor, E, the activation energy.
The JHMA-expression is based on one of the following assumptions that
are true only for very simple systems:
i) The crystal growth rate has an Arrhenian temperature dependence and
the nucleation rate is negligible.
ii) Both the crystal growth and the nucleation frequency have Arrhenian
temperature dependencies

However, results are usually fitted well by this model at 1least
within the limited ranges of crystallization. It should not 1lead to the
conclusion that the JMA-expression is a true description of the process,
Yinnon & Uhlmann (1983), Holba (1987), but that the dominant factors of
crystallization processes - even heterogeneous - often could be quantified
this way.

Among the relations for non-isothermal analysis, c.p table 2, those
derived by Augis & Bennet (1978) and Marotta & Buri (1978) can be used to
calculate both a numerical constant, n, which characterizes the crystalli-
zation mechanism and the crystal growth activation energy, Eec. Assumption
i) was taken as valid for this glass composition and the overall activa-
tion energy, E, 1is then equal to E¢ when using the equation of Augis &
Bennett (1978). By the method of Marotta & Buri (1978) the constants can
be evaluated from slopes of straight lines, which in turn are plotted from
measured values, T, AT and Te. The additional assumptions implied in
applying this method are that the reaction rate (dx/dt) at a certain
temperature is proportional to the temperature difference, AT, and that a
change 1in temperature has much greater influence on AT than on the
crystallized fraction, X.

TABLE 2: 3Ixpressions used in the DTA-evaluation of glass crystallization
kinetic parameters.

Reference ¥athematical expression
Augis & Bennett (1978) In(h/(Te-To)}) = -E/(RTp) +C
n = 2.5 RTe2/bE
Marotta & Buri (1978) In(AT) = -nEc/(RT) +C
Inth) = -E¢/(RTe) + C'
Bansal & Doremus (1984) 1n(Te2/h) = 1n(E/R) - 1n(A) + E/RTr

¥eaning of the variables:

b - full with at half maximum of the peak

AT - The deviation from baseline

Te - DTA peak temperature

T - The temperature corresponding to a given value of AT
To - Room temperature

h - Heating rate

E - The overall crystallization activation energy.

Es - The activation energy for crystal growth

A - Frequency factor

R - Gas constant

C,C' - Constants

n - Constant characterizing crystallization mechanism

n - n=m when nucleation rate is zero, n=m+l1 when nucleation rate is

non-zero
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In the aim of producing Enstatite reinforced glass ceramics (De-

Chun 1990) crystallization of glasses in the Mg0-5Si02-Al1202 system was
altered by addition of TiOz as a nucleating agent. From a glass of the
composition: SiQ2(53,6%), Alz203 (17,1%), MgO(20,2%), TiOz2(9,1%) a number of
different phases were formed, MAT-phase (MgxAl2-2xTii+xOs), Enstatite,
Cordierite, High-Quarts, Cristobalite and Mg-Petalite. The crystallization
process is therefore heterogeneous and can not formally be described by
any of the models used for evaluation. However, the activation energies
vere fitted by correlation coefficients better than 90 % and varied only
10 % among the individual models, c¢.p table 3. An example of the plots is
shown 1in figure 9. Evaluation of the present data by comparison with
literature data of activation energies was impossible because no such were
found

MAST -1 powder

asf \Q§>% 1
<§§§i = 339 kJ/mole
3.0

25} E = 318 kJ/mole \ J

20} \'\ :

1 L ] 1 2

1
7.8 7.9 80 8% 82 a3
10°/7T,

In(h)

Figure 9: Apparent activation energy (Zs for crystallization of
¥AT+oEn+MgP in the glass powder as evaluated from the major exothermic
DTA peak according to Marotta & Buri (1973)
Circles represent uncorrected data.
Triangles represent data, corrected for thermal inertia of the sample.

Both corrected and uncorrected sets of data are compared because
usually calculations are based on uncorrected data. By correcting the
data as explained above activation energies will change only 6-7 %,
which is not significant compared to the overall accuracy of the calcula-
tions. A correction of the data will change the order of crystallization,
n, from 3.5 till 3.9 which in systems of homogeneous crystallization would
indicate a different mechanism. In this case "n" is the overall constant
for the heterogeneous crystallization process and has no kinetic sense.

The results illustrate that this three-parameter model is very useful
because it will fit data even when used for numerical evaluation in cases
where the material does not meet the assumptions of the model and to some
extent they justify the widespread use of uncorrected data, at least for
calculation of activation energies.

TABLE 3: Activation energies for crystallization in a glass evaluated
by different models.

Model Measured data Corrected data
Marotta & Buri (1978) 318 kJ/mol 339 kJ/mol
Augis & Bennett (1978) 304 kJ/mol 324 kJ/mol

Bansal & Doremus (1984) 297 kJ/mol 319 kJ/mol
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3. APPLICATIONS OF STA/MS

Coupling of thermal analysis to mass spectrometry (MS) makes it
possible to characterize the gas phase both qualitatively and quan-
titatively and thereby obtaining detailed information on decomposition
reactions and gas/solid reactions. The transfer of gas from the STA
measuring head to the detector of the MS should be representative and be
fast to reduce the delay time. Calibration of the IS and its connection is
often done by measuring gasses of known composition or by measuring the
gas composition during decomposition of (pure) substances in the STA
apparatus, e.g. by measuring the concentration of CO:z during decomposition
of CaCO3 at a well defined gas flow rate.

In order to characterize an unknown gas phase a full MS-spectrum,

usually 1 - 100 amu, 1is recorded at intervals during the process in the
STA-equipment, then in a second experiment a selection of significant
peaks, e.g. 12 amu, are continuously monitored and compared to the STA
data, to which they often show a minor delay. Peaks are compared to
reference spectra for identification.
3.1 Production of B'-sialon by carbothermal reduction of natural
aluminosilicates is a 1low cost route to advanced technical ceramics.
Smectite was mixed with organic molecules in a slurry, and the complex of
clay and adsorbed molecules were then heat treated to polymerize and
pyrolyse the organic components which will then act as the reducing agent
in the succeeding carbothermal reduction (Nielsen & Engell 198%). Kaolin
and carbon black was mixed in a slurry, spray dried and finally pelletized.
These materials were studied by STA/MS during carbothermal reduction
because it is believed that the reactions of the different raw materials
are alike. The reduction of Kaolin is already well understood (Higgins &
Hendry 1986) and the overall reaction (I) is divided into the different
steps (II)-(IV):

3214514010 (OH)s + 30C + 10Nz <=> 4SizAl30aNs + 30CO + 4H20 (I)
At 1200°C the Kaolin has broken down into a mixture of mullite and silica
3 A1485140:0 (0H)e <=> 2 AleSiz013 + 8 Si0z + 4 H20 (IT)
immediately followed by conversion of the free silica into silicon carbide.
8 §5i02 + 24 C (=) B8 Si0O + 16 C+ 8 CO (=) 8 SiC + 16 CO  (III)

These reactions are independent of the kind of inert atmosphere but the
next step(s) involves formation of nitrided phases and is further regarded
as rate limiting.

2 AleSiz2013 + 8 SiC + 6 C + 10 N2 ¢=> 4 Si3Al30alNs + 14 CO (Iv)

From experimental work on kaolin it is known that a steady supply of
nitrogen and continuous removal of CO are essential and that the
concentration of CO in the reaction gas is significant to the degree of
conversion. It will therefore be of interest to find a volatile specimen
just as significant for the reaction of the smectite-organic-complex. The
final conversion into B'-sialon will also be sensitive to catalytic
impurities that form liquids which can/ act as crystallizing medium.

The experimental results indicate a similarity between the reaction of
the tvwo materials as shown in figure 10 and 11. Firstly, the reaction of
the smectite-complex basically follows the route of kaolin except that the
thermal degradation of smectite depending on its composition leads to a
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mixture of slightly different composition at 1200°C. Secondly, the concen-
tration of CO in the reaction gas is significant to the degree of reaction
for both materials. Each set of curves are related to the DTG-signal from
STA analysis and very close relationships are observed. The two materials
differ in the way the carbon sources react. The smectite complex releases
an atmosphere of hydrocarbons, carbon-oxides and water, and will not
deplete the nitrogen gas of molecular oxygen as does the kaolin/carbon
black mixture. The phases present after reduction show that the
kaolin/carbon black mixture is converted into 95% p'-sialon(z=3,0), 2,5%
of both X-sialon and alfa-Al20s and that the smectite organic complex is
converted into (only) 56% B'~-sialon(z=o,9), 34% FexSi, 6% A1N and other
phases.
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Figure 10: Carbothermal reduction of Figure 11: Carbothermal reduction
kaolin and carbon black in a ni- of smectite-organic complex in
trogen atmosphere characterized a nitrogen atmosphere characte-
by TG/HS. rized by TG/MS.

3.3 Binder-burn-out of a green body (pre-sintered body of ceramic
materials) is wusually a very slow process so that the microstructure of
the body is not altered by gradients of heat or shrinkage. The heating
rate should either be constant and rather low or be controlled by the
decomposition rate in such a way that the heating is stopped when this
rate exceeds a preset limit. The reaction rate is monitored by the DTG-
signal (derivative thermogravimetry) or by signal output from the mass
spectrometer. Decomposition products of the binder are dependent on the
burn-out process and shall preferably be small molecules that are easily
removed from the body by diffusion and which will not condense inside the
furnace.
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4. CONCLUSION

Thermal analysis is useful and necessary in the research of ceramics as
well as for many other materials, and with some experience it is possible
to choose the set of experimental conditions which more accurately reveals
the properties of the reactions studied even though the choice is often a
compromise; on the other hand it is possible to study the material
response %o a well-defined change in the set of conditions. In comparing
results from different sources extreme attention must be directed towards
the experimental conditions. In many cases influence of the conditions
could to some extent be avoided by using the degree of reaction of the
sample, e.g. weight loss, instead of the furnace temperature as parameter
to control the heating rate.

It has been argued that versatility is vperhaps the most important
quality of an analytical instrument since the demand for accuracy is
generally met by manufactures. In quantitative methods of analysis it 1is
important to correct measured data when necessary, but usually a kind of
serxi-quantitative analysis will give results adequate within the same
range of experimental error.

Thermal analysis alone, whilst yielding valuable information, will often
be insufficient to characterize a material or a reaction and needs to be
combined with other analysis, e.g. characterization of crystalline phases
by XRD or simultaneous characterization of gaseous components by US.
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