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This application handbook presents selected application examples. The experiments were conducted
with the utmost care using the instruments specified in the description of each application at
METTLER TOLEDO Themal Analysis Lab in Switzerland. The results have been evaluated
according to the current state of our knowledge.

This does not however absolve you from personally testing the suitability of the examples for your
own methods, instruments and purposes. Since the transfer and use of an application is beyond our

control, we cannot of course accept any responsibility.

When chemicals, solvents and gases are used, general safety rules and the
instructions given by the manufacturer or supplier must be observed.
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Intfroduction to Thermal Analysis

Thermal analysis is the name given to a group of techniques used
to measure the physical and chemical properties of materials as a
function of temperature. In all these methods, the sample is subjected
to a heating, cooling or isothermal temperature program.

The measurements can be performed in different atmospheres.
Usually either an inert atmosphere (nitrogen, argon, helium) or
an oxidative atmosphere (air, oxygen) is used. In some cases,
the gases are switched from one atmosphere to another during the
measurement. Another parameter sometimes selectively varied is the
gas pressure,

DSC can also be used in combination with instruments that allow
the sample to be simultaneously observed (DSC microscopy) or

exposed to light of different wavelengths (photocalorimetry).

Differential Scanning Calorimetry

In DSC, the heat flow to and from the sample is measured. DSC
can be used to investigate thermal events such as physical
transitions (the glass transition, crystallization, melting, and
the vaporization of volatile compounds) and chemical reactions.
The information obtained characterizes the sample with regard to
its thermal behavior and composition. In addition, properties

such as the heat capacity, glass transition temperature, melting

temperature, heat and extent of reaction can also be determined.

= # DSC Conventional DSC

Conventional DSC employs a linear temperature program. The
sample and reference material (or just an empty crucible) are
heated or cooled at a linear rate, or in some cases, held at a
constant temperature (i. e. isothermally). Often several partial
programs or so-called segments are joined together to form a
complete temperature program. A typical DSC curve is shown
schematically in Figure 1. 1. The change in the curve at the
beginning of the measurement is due to the initial “startup
deflection” (1). In this transient region, the conditions suddenly
change from an isothermal mode to a linear heating mode. The
magnitude of the startup deflection depends on the heat capacity
of the sample and the heating rate. If volatile substances such as

solvents are present in the sample, an endothermic peak (2) is
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observed due to the vaporization; the sample loses mass. Further
information on such peaks can be obtained by weighing the
sample before and after the measurement and by using different
types of crucibles. In contrast to open crucibles, hermetically
sealed crucibles prevent vaporization of the sample. At the part
of DSC curve with no thermal effects (3), the heat capacity of
the sample increases normally linearly and therefore a straight
The melting produces

higher
decomposition begins (5). The type of purge gas used in the

line called “ baseline” is observed.

endothermic peak (4 ). Finally, at temperatures,
experiment often has an influence on the reactions that occur,

especially at high temperatures.

Heat flow, mW
-5 =
exothermal
5
1
Q —
3
2
endothermal 4
-5 -
Temperature
-
I I I | | |
100 200 300 °C
B 1.1 DSCskrERE

L WGBSR 2 KIKAE K ;3 FR (MM DSC MiZR343) ;4 MRl ;5 4@ T iR
Figure 1.1 Schematic DSC curve
1 initial startup deflection; 2 evaporation of moisture; 3 part of DSC curve

with no thermal effects, i. e., baseline; 4 melting peak; 5 beginning of decomposition.

AT 3 ok ¥ 0 A0 -FE U R O X )
Y ER e AR 5 b DL — b2 RN
ATL ), T AL T 8945 R T Y
BHH _RIHRN S HEFL A W
B ARt 2 AT W R L (B 2R TR B
AR A K 5 — ITHR U P
B B R A St A AT

Physical transitions and chemical reactions can be differentiated
by cooling the sample and measuring it again-chemical reactions
are irreversible whereas crystalline materials melt then crystallize
again on cooling or on heating a second time. Glass transitions
are also reversible but not the enthalpy relaxation often observed

in the first heating measurement of a glass transition.
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Figure 1.2 Typical ADSC temperature program

Bu is the underlying heating rate, At the temperature amplitude,

t, period. The angular frequency w is defined as 2rn/P where P denotes the period of the sine wave.

1.54

| HH measured curve
2 o] l |
g osfl SIN tjl‘""‘hww\ i
)

Time in min

Alternating DSC (ADSC) is a particular type of temperature-
linear temperature program is overlaid with a small periodic
by the underlying heating rate, the temperature amplitude and the

duration of the periodically changing temperature (Fig. 1.2). With

quasi-isothermal measurements, the underlying heating rate can
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Figure 1.3 Separation of the measured ADSC curve into the underlying and the periodic signal components
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As a result of temperature modulation, the measured heat flow
changes periodically. This can be separated into two parts as
shown in Figure 1. 3. Signal averaging yields the underlying
signal (total heat flow), which corresponds to the conventional
DSC curve.

periodic signal component.

As additional information, one also obtains the
The reversing heat flow corresponds
to the heat flow component that is able to follow the heating rate
change directly and is computed from the in-phase heat capacity.
The difference between the total heat flow and the reversing heat
flow yields the non-reversing heat flow. One advantage of this
technique is that it allows processes that occur simultaneously to
be separated. For example, the change in heat capacity during a
chemical reaction can be measured directly.

The evaluation of the ADSC curves is based on Fourier analysis.
The modulus of the complex heat capacity ¢, * is calculated using

the equation

where Ap and A, denote the amplitudes of the modulated heat
flow and heating rate, and m the sample mass. The phase angle
between the ADSC heat flow signal and the heating rate is used

to calculate the in-phase c,.

IsoStep is a special type of temperature-modulated DSC. In this
method, the temperature program consists of a number of

dynamic segments that begin and end with an isothermal segment

(Fig. 1.4).
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1.1.2.3 TOPEM™
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IsoStep temperature program consisting of different isothermal and dynamic segments

The isothermal segments allow the isothermal drift of the
dynamic segments to be corrected. This results in better heat
capacity accuracy. The isothermal step may also contain kinetic
information, for example of a chemical reaction. Heat capacity
determinations can be made using a sapphire reference sample, and

kinetic effects can be separated from changes in heat capacity.

TOPEM™ is an advanced temperature-modulated DSC technique
that is based on the full mathematical analysis of the response of
a DSC (both the apparatus and the sample) to a stochastically
modulated underlying temperature program (Fig. 1.5). Due to
the randomly distributed temperature pulses, the system is
subjected to temperature oscillations over a wide frequency range
and not just at one single frequency (e. g. , ADSC). An analysis
of the correlation of the oscillating input signal (heating rate)
and the response signal (heat flow) provides much more information
than can be obtained using conventional temperature-modulated
DSC. Not only can reversing and non-reversing effects be separated,
but the quasi-static heat capacity of the sample is also measured
and frequency-dependent heat capacity values are determined.
This can be used to distinguish between frequency-dependent
relaxation effects (e. g. glass transitions) and frequency-independent

effects (e. g. chemical reactions) in one single measurement.
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Fig 1.5 Temperature curve of the furnace set value (black line) in a TOPEMTM method in which the furnace

temperature (gray curve) generates a heating rate that fluctuates around a mean value.

The heat flow to the sample also fluctuates irregularly as shown in the diagram on the right.

1.2 #HEHSH(TGA) Thermogravimetric Analysis
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This loss

of mass can result from vaporization or from a chemical reaction

When a sample is heated, it often begins to lose mass.

in which gaseous products are formed and evolved from the sample.
If the purge gas atmosphere is not inert, the sample can also react
with the gas. In some cases, the sample mass may also increase, e. g.

in an oxidation reaction if the product formed is a solid.

In thermogravimetric analysis (TGA), the change in mass of a
sample is measured as a function of temperature or time.

TGA provides information on the properties of the sample and its
composition. If the sample decomposes as a result of a chemical
reaction, the mass of the sample often changes in a stepwise
fashion. The temperature at which the step occurs characterizes
the stability of the sample material in the atmosphere used.
Figure 1. 6 shows a typical TGA curve. The composition of a
material can be determined by analyzing the temperatures and the
heights of the individual mass steps.

Volatile compounds such as water, residual solvents or added
oils are evolved at relatively low temperatures. The elimination
of such components depends on the gas pressure. At low
pressures (vacuum), the corresponding mass loss step is shifted
to lower temperatures, that is, vaporization is accelerated. ?
Loss of water of crystallization occurs usually above the
temperature at which volatile compounds evalporate (2).

At higher temperature, the main component decompose and

produces a rather high step (3). The gases used can be air or
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oxygen, or inert gases such as nitrygen. The analysis of
pyrolysis reactions in an inert atmosphere allows the content
(from the step height) and possibly even the type of material to
be determined.

The filler or ash is determined from the residue. Small changes
in the measurement curve due to buoyancy effects and gas flow

rate can be corrected by subtracting a blank curve.

TGA measurements are often displayed as the first derivative of
the TGA curve, the so-called DTG curve. Steps due to loss of
mass in the TGA curve then appear as peaks in the DTG curve.

The DTG curve corresponds to the rate of change of sample mass.
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Figure 1.6 Schematic TGA curve

1 loss of mass due to the vaporization of volatile components (moisture, solvents); 2 loss of water of crystallization;

3 decomposition; 4 residue (ash, fillers, carbon black or soot formed during decomposition in an inert atmosphere).
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The temperature range of the decomposition steps is influenced
to a certain extent by the ease with which the gaseous products
are able to diffuse out of the sample. When reactive atmospheres
are used, the efficiency of gas exchange at the surface of the
sample is crucial. The effects of diffusion on the measurement
can be reduced by using suitable crucibles (e. g. crucibles with
low wall-heights such as the 30-pL alumina crucible) and by

suitable sample geometry (several small pieces or powder).

In TGA, the change in mass of the sample is measured very

accurately. Unfortunately, however, the technique does not

provide any information about the nature of the gaseous
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decomposition products evolved. The products can however be
analyzed by coupling the TGA to a suitable gas analyzer (evolved

gas analysis, EGA).

Thermomechanical analysis

Thermomechanical analysis measures the dimensional changes of
a sample as it is heated. In this technique, the position or
displacement of a probe resting on the surface of the sample with
a certain force is' continuously measured as a function of
temperature or time. Figure 1. 7 shows a typical TMA curve.
The pressure exerted by the probe and the hardness of the
sample determine whether the TMA experiment is in fact an
expansion Oor a penetration measurement.

In the thermal expansion measurement, the probe exerts only a
low pressure on the surface of the sample. The sample is heated

The linear

coefficient of thermal expansion (CTE) is calculated directly

linearly over the temperature range of interest.

from the measurement curve.

In a penetration experiment, the probe exerts a much greater
pressure. The softening temperature can be directly measured
when the sample is heated. Materials soften at the glass
transition temperature or on melting.

If a periodically changing force is applied to the sample, the
sample dimensions also change periodically. This measurement
mode is called dynamic load TMA, DLTMA. The elastic

modulus ( Young’s modulus) of the sample can be estimated
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Figure 1.7 Schematic TMA curve

1 expansion below the glass transition; 2 softening (plastic deformation).



